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Preface

The accelerating pressures of climate change, soil degradation, and resource competition

have reshaped the global discourse on soil fertility management. No longer confined to yield

maximization, the concept of soil fertility has evolved into a holistic framework that integrates

biological, chemical, and physical processes to sustain both productivity and environmental

stewardship. This Special Issue, “Sustainable Soil Fertility Management: Recent Advances and Future

Directions”, brings together diverse contributions that highlight the critical intersections of agronomy,

microbiology, soil chemistry, and farmer-centered decision-making.

The collected works underscore several transformative themes. First, soil biological

indicators are advancing from experimental tools to decision-relevant variables, linking nutrient

cycling with climate mitigation. Second, sustainability in agriculture requires balanced nutrient

strategies that extend beyond nitrogen optimization to include potassium, magnesium, sulfur, and

phosphorus, while recognizing the role of microbial processes in nutrient mobilization. Third,

ecological land management practices—such as cover cropping, set-aside strategies, and organic

amendments—demonstrate measurable benefits for biodiversity, resilience, and long-term soil health.

Finally, the pathway from innovation to impact depends on farmer engagement, institutional

frameworks, and supportive policies that enable the adoption of conservation practices.

Together, these contributions point toward holistic soil fertility management dynamically

adjusted both for yield and also for sustainability outcomes, including greenhouse gas emission

mitigation, biodiversity restoration, and contaminant risk reduction. The studies presented here

provide both mechanistic insights and practical pathways, reinforcing the need for interdisciplinary

collaboration and long-term standardized research.

This Special Issue is suitable for researchers, practitioners, and policymakers alike, who look

forward to embracing soil as the underpinning of food security, climate resilience, and ecological

integrity. The advances documented here represent recent scientific progress on harmonizing

soil fertility and soil health, biological monitoring with precision agriculture, and sustainable soil

management.

Daniel Menezes-Blackburn, Bingjie Jin, and Dong-Xing Guan

Guest Editors
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Editorial

Sustainable Soil Fertility Management: Recent Advances and
Future Directions

Daniel Menezes-Blackburn 1,*, Bingjie Jin 2,3 and Dong-Xing Guan 3

1 Department of Soils, Water and Agricultural Engineering, Sultan Qaboos University (SQU), Al-Khoud,
Muscat 123, Oman

2 Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China;
dxguan@zju.edu.cn (D.-X.G.)

3 College of Environmental and Resource Sciences, Zhejiang University (ZJU), Hangzhou 310058, China
* Correspondence: danielblac@squ.edu.om

Sustainable crop production is increasingly constrained by climate change, soil degra-
dation, and competition for water and nutrients [1–6]. These pressures have accelerated
the transition from yield-focused soil fertility concepts toward integrated soil health frame-
works that incorporate biological, chemical, and physical processes [7,8]. At the same time,
conventional input-intensive systems have exposed limitations in nutrient-use efficiency
and increased risks of nutrient losses and environmental degradation [4,5,9]. Address-
ing these challenges requires integrated nutrient management strategies that combine
agronomic practices, environmental regulation, and biological processes [10–14]. The con-
tributions to this Special Issue address these themes from complementary angles, with
an emphasis on the soil biological regulation of nutrient cycling, farmer decision-making,
and interface between fertilization and contaminant mobility in the soil. Additionally, this
collection further examined the role of biological amendments in sustaining crop produc-
tivity under monoculture systems and the importance of land management practices, such
as set-aside strategies, in restoring soil biodiversity and biological fertility. The articles
included in this Special Issue are listed in List of Contributions:

Latini et al. (2026) [Contribution 1] systematically review whether soil microorganisms
drive the trade-off between soil carbon (C) sequestration and non-CO2 greenhouse gas
emissions (N2O and CH4) in European agricultural soils [1,8,12]. Importantly, this review
suggests that plant richness and diversity can align climate and fertility objectives by
accelerating C storage while constraining N2O emissions, although the outcomes are
context-dependent. Consequently, this review reframes soil biological monitoring not as a
descriptive add-on but as an essential infrastructure for credible assessments of soil-based
climate mitigation in European cropping systems.

Harasim and Kwiatkowski (2025) [Contribution 2] evaluated the interaction between
farming systems (organic, integrated, and conventional) and irrigation scheduling in shap-
ing soil physicochemical properties, microbial indicators, and enzymatic activity in a spring
wheat system. Their findings support the argument that soil quality outcomes cannot be
predicted based on input intensity alone. The integrated system, characterized by reduced
fertilizer and crop protection inputs, produced relatively balanced soil parameters. The or-
ganic system supported beneficial microbial community structures and favorable physical
properties. This study illustrates the need for water–nutrient stewardship frameworks that
jointly optimize fertility and soil physical resilience under climate variability. Biological
indicators are not only descriptive tools but are also functional drivers that, when inte-

Sustainability 2026, 18, 3359 https://doi.org/10.3390/su18073359
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grated with balanced chemical fertilization and precise water management, may create a
synergistic effect on crop resilience and carbon sequestration [10,14].

Hoidal et al. (2025) [Contribution 3] addressed the farm-scale and social dimen-
sion by examining soil health practices and decision drivers across diversified vegetable
farms [10,14]. The survey revealed a high interest in soil health and widespread cover
crop use relative to regional baselines; however, it also identified a recurring manage-
ment vulnerability: large-volume compost applications are often made without a clear
understanding of nutrient concentrations or soil test integration, creating the potential for
nutrient accumulation and off-farm losses. The study also identified structural barriers
to cover cropping and reduced tillage linked to intensive production schedules and labor
constraints. Organic certification was associated with the higher adoption of several soil
health practices, suggesting that institutional frameworks and market incentives can shape
management. Overall, this study highlights that sustainable nutrient management depends
on information access, interpretability of diagnostics, and supportive policies that compen-
sate farmers for the time and risks associated with conservation practices. Furthermore, as
global policy shifts toward regenerative mandates, future frameworks must move beyond
yield stability to value soil as a multifunctional asset for biodiversity and global cooling.

Janke et al. (2024) [Contribution 4] provide a soil microbiome-centered evaluation
of organic management and intercropping in arid-zone perennial orchard systems. Over
multiple years, organic management increased soil organic matter, Olsen P, and water-
holding capacity, whereas microbial enumeration and respiration measurements indicated
higher activity relative to conventional management. High-throughput sequencing further
revealed increased microbial richness and diversity. A key contribution of this study is
the demonstration that perennial horticultural systems can exhibit strong microbial and
structural responses to management shifts, despite arid constraints. This study strengthens
the case for diversification and organic inputs as mechanisms to advance soil biological
functioning without necessarily compromising orchard productivity [8,13,14].

Andrzejewska et al. (2025) [Contribution 5] address a persistent gap in agronomic
nutrient management: the tendency to optimize N fertilization while underestimating
the role of potassium (K), magnesium (Mg), and sulfur (S) in regulating N capture and
utilization. Through a multi-year field experiment on winter wheat, the authors demon-
strated that K source and Mg/S supplementation strongly influenced yield stability and
nitrogen use efficiency (NUE) indices, with Korn–Kali-based fertilization producing com-
paratively stable grain yields across years. Beyond yield responses, this study advances a
sustainability narrative by linking balanced fertilization to reduced residual inorganic N
at harvest, thereby lowering the risk of post-season nitrate losses. This work is a practical
reminder that closing the “N gap” tends to be a multi-nutrient problem, where secondary
macronutrients and K nutrition determine the efficiency frontier of N use [6,7,9].

Andrade-Sifuentes et al. (2024) [Contribution 6] addressed phosphorus scarcity and
low P bioavailability in organic amendments by integrating phosphate-solubilizing rhi-
zobacteria, phosphate rock, and Eisenia fetida during the vermicomposting of horse ma-
nure. Their experiments demonstrated synergistic increases in assimilable phosphate forms,
indicating that biological processing can convert geogenic P sources into plant-available
pools within organic substrates. This study links nutrient recycling with targeted functional
biology, moving beyond generic composting toward engineered organic amendments
with defined nutrient outcomes. Together, the studies of Andrzejewska et al. (2025) and
Andrade-Sifuentes et al. (2024) demonstrated that both mineral and biological nutrient
strategies converge toward improving nutrient-use efficiency through complementary
mechanisms [11,13].

https://doi.org/10.3390/su18073359
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Han et al. (2024) [Contribution 7] extended the understanding of the impact of sustain-
able nutrient management on environmental risk by investigating how different nitrogen
(N) fertilizer forms influence arsenic (As) mobility in paddy soils. The study showed that
N inputs altered soil properties and generally reduced soluble As. These results highlight
that fertilizer selection affects not only crop nutrition but also soil redox processes, enzy-
matic activity, and contaminant behavior, which is particularly relevant in flooded rice
systems [9,14]. This study strengthens the broader sustainability proposition that nutri-
ent recommendations should be evaluated using integrated soil chemistry–microbiology
frameworks rather than nutrient response curves alone. While certain fertilizers may
reduce arsenic mobility, the pathway from innovation to impact is often hindered by the
complexity and heterogeneity of living soil systems and their knowledge gaps.

Fabiani et al. (2026) [Contribution 8] evaluate how different set-aside management
systems influence soil biological fertility and biodiversity in agricultural soils. Their study
showed that set-aside practices could substantially increase soil biological quality by
increasing bacterial diversity and supporting the recovery of soil microarthropod commu-
nities. These results highlight the ecological value of temporary land-resting strategies in
restoring soil food web complexity and ecosystem functions, particularly in intensively
managed agricultural landscapes [3,8,14]. By demonstrating measurable increases in biolog-
ical indicators of soil health, this study reinforces the role of land management practices as a
complementary approach to fertilization strategies in sustainable soil fertility management.

Rymuza et al. (2026) [Contribution 9] investigated maize productivity under long-
term monoculture conditions and demonstrated that biological amendments can mitigate
yield declines associated with climatic variability and simplified cropping systems [10,14].
Field experiments showed that microbial and biostimulant-based products increased grain
yield and thousand-grain weight compared with untreated controls, while also increasing
economic returns. These findings highlight the potential of biological soil inputs to support
crop resilience and productivity in intensive cereal-based systems.

Three overarching conclusions emerged from these contributions. First, soil bio-
logical indicators are advancing from experimental measurements to decision-relevant
variables, especially when climate mitigation and nutrient cycling are treated as coupled
outcomes [8,12]. Second, agronomic sustainability depends on nutrient balance and man-
agement integration across water, chemistry, and biology, rather than on the isolated opti-
mization of a single input [7,10,11]. Third, the pathway from innovation to impact requires
farmer-centered evidence, including practical diagnostics and targeted incentives [10,14].
Fourth, several studies in this Special Issue demonstrate that biological amendments and
ecological land management strategies can stabilize crop yields and restore soil biodiver-
sity under intensive agricultural systems, including monoculture cropping and degraded
soils [3,8].

Future research should prioritize long-term standardized studies that simultaneously
measure SOC, non-CO2 emissions, microbial function, and nutrient loss [1,12]. Multi-
nutrient frameworks for NUE should be expanded to include mechanistic diagnostics and
evaluations under variable rainfall regimes [7,9]. The development of engineered organic
amendments and biofertilizers requires field trials to quantify their yield, nutrient budgets,
and environmental trade-offs [11,13]. Finally, nutrient management must incorporate
contaminant mobility and food safety risks, particularly for flooded systems and regions
with toxic metal contamination, to ensure that sustainability transitions do not substitute
one environmental harm for another [9,14]. The future of sustainable soil management
lies in the harmonization of biological monitoring with precision agriculture. The work
assembled in this Special Issue points to the next generation of fertility management

https://doi.org/10.3390/su18073359
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strategies that will need to be dynamically adjusted for not only yield but also sustainability,
considering greenhouse gas emissions and toxic metal bioavailability.

Author Contributions: Conceptualization, D.M.-B., B.J. and D.-X.G.; writing—original draft prepa-
ration, D.M.-B.; writing—review and editing, D.M.-B., B.J. and D.-X.G. All authors have read and
agreed to the published version of the manuscript.
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Effect of Different Set-Aside Management Systems on Soil
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Abstract

Soil health and agricultural sustainability are primarily threatened by organic matter
depletion and a decline in biodiversity. To mitigate these processes, managing set-aside
systems remains a simple practice to preserve biodiversity and functions essential to soil
fertility. The objective of this study was to evaluate the effectiveness of medium-term
set-aside management in preventing soil degradation using changes in microbial and
microarthropod communities, both of which are involved in organic matter degradation.
Three different set-aside managements, with mowing (May or July) and without mowing,
were compared to conventional rotation in three sites located in North, Central, and South
Italy. The microbial community was analyzed through both biochemical methods, such as
the assessment of soil respiration and microbial biomass, and molecular techniques, such
as Denaturing Gradient Gel Electrophoresis. Soil fertility was assessed by the Biological
Fertility Index, while soil biodiversity was assessed with microbial and microarthropod
indicators. All set-aside management showed a statistically significant separation from
conventional crop rotation for both microbial and microarthropod communities. Indicators
highlighted a lower efficiency of set-aside management in organic matter use compared to
conventional crop rotation, while microbial and microarthropod biodiversity increased in
all set-aside managements. The QBS-ar index showed good soil quality standards in each
set-aside management, benefiting the euedaphic microarthropods, whereas soil microbial
respiration highlighted a higher microbial activity in the same experimental context.

Keywords: soil biodiversity; diversity indices; microbial community structure; microbial
community activity; microarthropods community structure

1. Introduction

In recent decades, the expansion of intensive agriculture has exerted increasing pres-
sure on soil ecosystems, altering belowground biological communities [1,2]. The intensive
use of mineral fertilizers and pesticides, deep mechanical tillage, and simplified crop
rotations have been associated with either a reduction in the diversity and abundance
of soil microarthropods or with effects on the structure as well as functional capacity of
microbial communities [3,4]. Soil biodiversity represents one of the fundamental pillars of
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agroecosystem functioning and biological soil fertility, including a wide range of organisms
ranging from microorganisms to soil-dwelling invertebrates. Soil microbial biodiversity
plays a key role in biogeochemical cycles, soil fertility, and the sustainability of agricultural
production [5,6]. Microbial communities regulate essential processes such as organic matter
decomposition, nutrient mineralization, nitrogen fixation, and soil structure formation [7,8].
However, these processes do not occur in isolation but are closely interconnected with
the activity of soil fauna. Soil microarthropods represent a fundamental component of
the belowground biodiversity and play a key role in controlling microbial communities
and regulating ecosystem processes [9,10]. Through litter fragmentation, soil mixing, and
selective predation on bacteria and fungi, microarthropods influence nutrient availability
and organic matter dynamics, thereby enhancing microbial activity and promoting the
stabilization of soil aggregates [11,12]. The loss of soil biodiversity, encompassing both
microorganisms and arthropods, can compromise agroecosystem resilience, reducing soil
ability to provide essential ecosystem services and increasing reliance on external inputs to
sustain agricultural productivity [13,14]. In this context, agricultural policies play a critical
role in shaping land management practices and their impacts on soil biodiversity. The
Common Agricultural Policy (CAP) 2023–2027 of the European Union represents a key
framework aimed at promoting sustainable agriculture, explicitly recognizing soil protec-
tion and biodiversity conservation as strategic objectives. Nine Good Agricultural and
Environmental Condition (GAEC) standards have been defined within the CAP. Specifically,
GAEC Standard 8 is designed to protect soil biological communities and enhance biodiver-
sity through the maintenance, at farm level, of a proportion of arable land to non-productive
areas and features. There are several agronomic techniques suitable to comply with this
standard, including ecological set-aside, crop rotations, pastures or cover cropping. The
set-aside has been widely applied in Europe from 1988 to 2008, but its actual effectiveness
in maintaining or enhancing soil biodiversity is still a matter of controversy. Recent studies
highlight how set-aside practices may contribute to mitigate the simplification of soil food
webs induced by intensive farming, thus enhancing resistance to environmental stressors
such as climate change, soil degradation, and long-term fertility decline [15,16]. Several
authors studied the effect of set-aside on the soil microarthropod community, which evi-
denced an increase in terms of abundance and diversity of the populations and a better soil
biological quality [17–19]. In a Mediterranean agroecosystem, set-aside practices have been
shown to affect microbial communities and modify the composition of microarthropod
community, highlighting the importance of land-use and disturbance regimes in shap-
ing soil microbial and microarthropod populations [20]. Mocali et al. [21] investigated
the effects of set-aside management on soil microbial communities and ground-dwelling
arthropods: results indicated an increase in the abundance and diversity of microarthropod
populations, whereas no significant differences in microbial biodiversity were highlighted
between set-aside and conventional land.

The aim of this work was to evaluate the potential effectiveness of different medium-
term set-aside management systems on the biological fertility of soil across different geo-
graphical areas of Italy. The experimental sites were located in North, Central and South
Italy with different soils and climate conditions. Three set-aside management systems, with
mowing in May or July and without mowing, were compared to conventional rotation.
The effect of the set-aside management was evaluated by (i) the soil microbial activity and
biodiversity indicators, (ii) the soil microarthropod structure and biodiversity indicators,
and (iii) the relationship between environmental variables and biological indicators. The
hypothesis of this study was that set-aside management may improve the soil biological
fertility as well as bacterial and microarthropods biodiversity.
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2. Materials and Methods

2.1. Site and Treatment Description

The selected experimental fields used in this study were located in Caorle (Veneto,
North Italy), Fagna (Tuscany, Central Italy), and Metaponto (Basilicata, South Italy). They
had been managed as set-aside since 2008, after being previously used for cereal crops
with various conventional rotations. Specifically, the Caorle experimental site was selected
in the farm “Valle Vecchia” of Veneto Agricoltura (45◦37′51.21′′ N–12◦58′10.29′′ E) on a
lagoon plain at 1 m a.s.l. According to the Köpper climate types, this area was classified as
Cfb (temperate oceanic climate), and the characteristic crop rotation was maize/sorghum
(Table S1) [22]. The Fagna experimental site was located in the “Centro Sperimentale
di Fagna” farm of CREA in Scarperia, Florence (43◦58′53.28′′ N–11◦21′01.15′′ E), on a
hill at 253 m a.s.l. The climate was classified as Cfa (Humid Subtropical Climate), and
the wheat or barley (1 year)/alfalfa (4 years) rotation was applied. The Metaponto ex-
perimental site was located in the farm “Pantanello” of CREA in Metaponto, Matera
(40◦23′12.13′′ N–16◦47′40.08′′ E), on a plain at 4 m a.s.l. The climate is classified as Csa
(Hot-Summer Mediterranean Climate), and the durum wheat (3 years)/fallow (1 year)
rotation was applied. Soil chemical properties for each site were reported in Table 1.

Table 1. Soil chemical properties of the topsoil (0–20 cm) in Caorle, Fagna, and Metaponto sites
after five years of set-aside application. CR, crop rotation; MJ, set-aside with mowing in July; MM,
set-aside with mowing in May; NM, set-aside without mowing.

Soil Fertility
Caorle Fagna Metaponto

CR MJ MM NM CR MJ MM NM CR MJ MM NM

EC (μS cm−1) 0.5 ±
0.05

0.4 ±
0.05

0.6 ±
0.14

0.4 ±
0.04

0.3 ±
0.02

0.3 ±
0.02

0.3 ±
0.02

0.3 ±
0.03

0.4 ±
0.05

0.4 ±
0.04

0.5 ±
0.07

0.5 ±
0.06

Soil pH 8.3 ±
0.02

8.4 ±
0.04

8.2 ±
0.04

8.5 ±
0.05

8.3 ±
0.02

8.2 ±
0.03

8.4 ±
0.04

8.3 ±
0.03

8.6 ±
0.09

8.4 ±
0.04

8.4 ±
0.04

8.3 ±
0.06

Olsen P (mg kg−1) 28.2
± 2.3

8.4 ±
0.7

9.8 ±
2.3

7.9 ±
0.3

6.4 ±
1.0

8.2 ±
0.8

8.7 ±
1.1

10.4
± 1.3

10.7
± 0.8

16.4
± 1.2

20.0
± 1.4

18.8
± 1.3

TOC (g kg−1) 1.1 ±
0.04

1.1 ±
0.04

1.3 ±
0.04

0.8 ±
0.02

0.9 ±
0.03

1.2 ±
0.04

1.1 ±
0.03

1.1 ±
0.03

1.2 ±
0.02

1.4 ±
0.03

1.5 ±
0.04

1.4 ±
0.02

The same experimental design was applied in each site to compare three different
set-aside management systems with the conventional crop rotation: (i) set-aside with
mowing in May (MM) without removing the vegetation cover (agronomically more suit-
able period, but not allowed by the Directive 147/2009 CE to encourage bird breeding);
(ii) set-aside with mowing in July (MJ), avoiding the removal of the vegetation cover (an
agronomically less suitable period, but permitted by the Directive 147/2009 CE to en-
courage bird breeding); (iii) set-aside without mowing (NM), with “wild” plots (without
mowing) and thus similar to the abandonment; (iv) conventional crop rotation (CR), specific
to each site and characterized by different degrees of soil disturbance (as reported above).
The total experimental area in each site was 2 ha (corresponding to 0.5 ha per treatment)
with an ecotonal belt on at least one side.

2.2. Soil Sampling Design

In each study area, in 2012 and 2013, corresponding to the final years of the experiment
(years 4 and 5), soil samples were collected in spring (before mowing) and autumn (after
mowing) at three different points in each plot, spaced at approximately 20 m, 40 m, and
60 m from the ecotonal belt. For each examined parameter, three samples were collected
for every four treatments and four times, corresponding to a total of 48 samples.

https://doi.org/10.3390/su18052575
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To characterize microbial biomass, respiration, and eubacterial biodiversity, soil sam-
ples were taken at 0–20 cm depth. To characterize the soil microarthropod structure, an
additional set of soil samples was collected close to the previous ones. The sampling was
performed using a special 10 cm3 corer for mesofauna sampling, as reported by Parisi
et al. [23]. Soil samples were placed in a plastic bag and stored at 4 ◦C for microbial samples
and at room temperature for microarthropod samples. A sub-sample of about 50 g was
prepared from each soil sample and stored at −20 ◦C for the molecular analysis.

2.3. Soil Microbial Community Analysis

The direct extraction of DNA from the soil was carried out using the FastDNA® SPIN
Kit for Soil (MP Biomedicals, Irvine, CA, USA) following the manufacturer’s instructions.
The extracted DNA was amplified using bacterial 16S rDNA (GC986f–UNI1401r) [24]-
specific primers. Amplification reactions were performed according to Baiano et al. [25].
DGGE analysis was performed with the INGENYphorU-2 System (Ingeny International
BV, Goes, The Netherlands) loading 500 ng of amplified DNA on a 6% polyacrylamide
gel (acrylamide/bis ratio 37.5:1) under denaturation conditions (urea, 7 mol L−1; 40% for-
mamide with a denaturing gradient ranging from 42 to 58%). The gels were run in 1× TAE
buffer at 80 V for 17 h at a temperature of 60 ◦C and stained with SYBR® Green (Molecular
Probes®, Eugene, OR, USA; dilution 1:10.000 in 1× Tris-acetate-EDTA—TAE—buffer) for
30 min in the dark. Digital pictures were performed using a ChemiDoc™ Imaging System
(BioRad, Hercules, CA, USA). The richness of the obtained bacterial DGGE bands (S_bact),
together with biodiversity indices (Shannon diversity, H_bact; evenness, J_bact; Simpson
dominance, D_bact), were calculated.

Regarding microbial activity indices, microbial respiration was assessed according to
Isermeyer [26]; soil respiration was expressed as mg C-CO2 kg−1 soil d−1 and measured in
a closed environment after 1, 3, 7, 10, 15, 21, and 28 days for each soil using DL50-Rondolino
titrator (Mettler Toledo, Columbus, OH, USA). Cumulative respiration (CumR) represents
the amount of total C-CO2 production after 28 days of incubation. Basal respiration (BasR)
represents the value of mineralized C in a definite period when a steady-state condition has
been reached (this condition is established when the CO2 production rate does not change
over time, under constant conditions, generally after 28 days). Microbial biomass carbon
MBC (mg C kg−1 soil) was measured by the fumigation extraction method on air-dried soils
which were conditioned at −33 kPa water tension and preincubated for 10 days in open
glass jars at 30 ◦C. The extraction solution was K2SO4 0.5 M, and the calculation formula
was MBC (g C/g soil) = EC × 2.64, where EC is the difference between the amount of C of
fumigated and non-fumigated soils [27]. Several derived parameters were then calculated
in accordance with Mocali et al. [28]: (i) qCO2 (metabolic quotient), calculated by the ratio
BasR/MBC [(mg C-CO2 basal mg MBC−1) h−1]; (ii) qM (mineralization quotient), expressed
as mg C-CO2 kg−1 soil h−1 and calculated from cumulative respiration after 28 days by
the relationship: CumR/TOC; (iii) the Biological Fertility Index (BFI) was calculated as
proposed by Renzi et al. [29], and here briefly reported: BFI = BasR + CumR + MBC + SOM
+ qCO2 + qM, where SOM (%) is soil organic matter, obtained from TOC multiplied by a
conversion factor of 1.724. The biological fertility index is scored in increasing classes of
soil fertility. Class I, BFI < 9, is stressed soils with very low fertility; class II, 9 < BFI < 12, is
pre-stressed soils; class III, 13 < BFI < 18, is intermediate fertility soils; class IV, 19 < BFI < 24,
is good fertility soils; and class V, BFI > 24, is very high fertility soils.

2.4. Soil Microarthropod Community Analysis

Microarthropods were extracted using modified Berlese–Tullgren funnels follow-
ing the standard methodology [23], observed at the stereomicroscope, and identified at
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the order level. The edaphic microarthropod communities were characterized using the
(i) individual abundance (I_meso), (ii) richness (S_meso) determined by counting the
number of taxa, (iii) biodiversity indices (Shannon diversity, H_meso; evenness, J_meso;
Simpson dominance, D_meso), and (iv) soil biological quality (QBS-ar index) according to
Parisi et al. [23] in order to evaluate the soil biological quality by arthropod adaptation to
the edaphic habitat.

2.5. Multi-Level Biotic Response Statistical Analysis

For each site, the overall effect of treatment on the microbial and microarthropod
community and activity indices were tested using the Kruskal–Wallis test. For statistically
significant results (p-value < 0.05), pairwise differences between treatments were tested
using Dunn’s post hoc test with Benjamini–Hochberg (BH) multiple comparison correction.

Multivariate methods were performed to assess variation in soil biota indices (i.e.,
microbial activity, bacterial and microarthropods diversity) and soil physicochemical prop-
erties in different experimental contexts with different set-aside managements. Non-metric
multidimensional scaling ordinations (NMDS) on the Euclidean distance matrix on the
obtained indices and soil properties were performed using the vegan (version 2.6-6.1) [30]
R package [31]; to remove scale effect between different indices, each value was divided by
the maximum value of that variable, using decostand() command in the vegan package
(method = max; margin = 2). The effect of different experimental factors on the multivariate
set of indices was tested using PERMANOVA with 999 permutations. The overall analysis,
integrating soil biota indices, environmental parameters (soil physicochemical properties)
and experimental factors (year, season, management, site), was obtained using Multi Factor
Analysis (MFA) obtained with the FactoMineR package (version 2.11) [32]. In addition,
within sites, Canonical Correspondence Analysis (CCA) was performed using all soil biota
indices with respect to experimental/environmental constraints (sand, clay, EC, pH, TOC,
Olsen P, and management) using the vegan R package. Management was converted to 4 nu-
merical pseudo-variables for the analysis. The model and terms significance was assessed
using ANOVA, while the contribution of constrains to the canonical axes was assessed
using canonical regression coefficients obtained with the scores function in vegan. During
model fitting, one of the constrains (NM management) was automatically excluded by the
cca function because it was aliased with the constrains of other management practices due
to high collinearity.

3. Results

3.1. Bacterial Community and Microbial Activity Indices

The results of bacterial diversity and microbial activity are reported in Table 2. Overall,
samples from the Caorle, Fagna, and Metaponto sites showed a high degree of similarity in
terms of bacterial diversity. All biodiversity indices (S_bact, J_bact, H_bact, and D_bact)
displayed very similar values across all management practices and sites.

At the Caorle site, no significant differences were detected among treatments for
microbial biomass carbon (MBC), basal respiration (BasR), cumulative respiration (CumR),
qCO2, or the biological fertility index (BFI). In contrast, qM values were significantly higher
in MJ and NM soils than in CR and MM soils (Table 1; p < 0.05). Specifically, MJ and NM
soils showed qM values ranging from 4.405 to 4.823, with no significant difference between
them, whereas lower and comparable values were observed in CR (2.892) and MM (2.924).

In Fagna, microbial respiration parameters varied among management systems. Soils
under conventional crop rotation (CR) exhibited the lowest CumR value
(311.009 mg C–CO2 mg−1 soil), which was significantly lower than those observed in
the other treatments (Table 1; p < 0.001). In contrast, MJ, MM, and NM soils showed higher
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CcumR values than CR soils (+42.7%, +62.5%, and +50.3%, respectively), and BFI followed
a similar pattern. No significant differences were observed in basal respiration across
treatments. The lowest qM value was recorded in CR soils (3.343), although it did not
differ significantly from MJ (3.914) and NM (4.163). Notably, qM values in NM soils were
comparable to the highest values observed under MM management (4.702). Consistently,
BFI reached its highest value under MM management (+17.5% compared to CR), while MJ
and NM soils also showed higher BFI values (+14.0% and +14.6%, respectively).

Table 2. Bacterial community and microbial activity indices in soils managed with different practices
(CR, crop rotation; MJ, mowing in July; MM, mowing in May, NM, no mowing) in the three sites.
Table reports mean (and standard error in brackets) of each variable–management combination
in the three different sites. The effect of the different management practices on the indices was
assessed using the Kruskal–Wallis test and p-values were reported in table (column KW p-value). For
significant results (evidenced in bold) a post hoc comparison between different management practices
was performed using the Dunn test with Benjamini–Hochberg correction for multiple testing. Results
of the Dunn test are reported as letter notations.

CR MJ MM NM KW p-Value

Caorle
S_bact 18.25 (0.836) 18.25 (1.41) 18.333 (1.394) 18.182 (1.086) 0.9690
J_bact 0.944 (0.007) 0.930 (0.01) 0.919 (0.015) 0.921 (0.018) 0.6880
H_bact 2.727 (0.031) 2.662 (0.046) 2.635 (0.061) 2.649 (0.048) 0.3990
D_bact 0.074 (0.002) 0.079 (0.003) 0.082 (0.004) 0.082 (0.004) 0.2950
MBC 82.292 (12.128) 80.729 (10.724) 90.388 (13.987) 79.569 (13.853) 0.9880
BasR 6.047 (0.702) 10.337 (1.668) 9.079 (1.51) 9.123 (1.751) 0.2590

CumR 302.741 (28.432) 468.79 (64.282) 380.024 (50.779) 398.079 (58.99) 0.2610
qCO2 3.973 (0.753) 8.511 (2.94) 6.256 (1.944) 12.334 (5.767) 0.7960
qM 2.892 (0.256) b 4.405 (0.518) ab 2.924 (0.351) b 4.823 (0.601) a 0.0174
BFI 13.167 (0.638) 15.833 (1.043) 15.333 (0.94) 14.909 (1.132) 0.1170

Fagna
S_bact 20.417 (2.061) 20.833 (1.065) 21.333 (1.519) 19.667 (0.948) 0.54000
J_bact 0.916 (0.017) 0.907 (0.014) 0.909 (0.014) 0.857 (0.036) 0.61000
H_bact 2.719 (0.096) 2.74 (0.053) 2.75 (0.052) 2.531 (0.092) 0.24800
D_bact 0.078 (0.008) 0.073 (0.003) 0.073 (0.003) 0.093 (0.01) 0.39700
MBC 121.223 (18.565) 107.782 (16.607) 112.69 (20.649) 125.139 (13.111) 0.91900
BasR 7.404 (0.486) 8.24 (0.941) 9.27 (0.871) 8.714 (1.124) 0.39000

CumR 311.009 (20.675) b 444.192 (32.708) a 505.605 (25.206) a 467.46 (40.924) a 0.00089
qCO2 3.699 (0.875) 4.172 (0.777) 5.7 (1.372) 3.726 (0.99) 0.57000
qM 3.343 (0.236) b 3.914 (0.363) ab 4.702 (0.276) a 4.163 (0.36) ab 0.02320
BFI 14.25 (0.411) b 16.25 (0.579) a 16.75 (0.411) a 16.333 (0.711) a 0.01530

Metaponto
S_bact 21.167 (1.926) 22.75 (2.038) 23.083 (2.083) 22.75 (1.958) 0.9170
J_bact 0.905 (0.012) 0.915 (0.016) 0.931 (0.008) 0.897 (0.02) 0.3240
H_bact 2.712 (0.075) 2.81 (0.08) 2.872 (0.075) 2.751 (0.059) 0.5180
D_bact 0.081 (0.006) 0.072 (0.005) 0.068 (0.005) 0.076 (0.003) 0.4280
MBC 166.347 (24.441) 172.777 (14.53) 189.383 (16.723) 189.263 (16.984) 0.6130
BasR 6.953 (0.468) b 11.313 (1.122) a 11.035 (1.65) a 10.421 (1.147) ab 0.0390

CumR 316.54 (25.375) b 535.25 (50.505) a 615.392 (80.04) a 529.869 (42.988) a 0.0063
qCO2 2.343 (0.487) 2.955 (0.384) 2.752 (0.545) 2.505 (0.343) 0.5920
qM 2.682 (0.208) 3.768 (0.35) 3.972 (0.467) 3.695 (0.285) 0.0524
BFI 14.833 (0.441) b 18.333 (0.732) a 18.667 (1.025) a 18.25 (0.73) a 0.0091

At the Metaponto site (Table 2), microbial respiration differed significantly among
management systems for both basal (p < 0.05) and cumulative respiration (p < 0.01). BasR
ranged from a minimum of 6.953 mg C–CO2 mg−1 soil in CR soils to a maximum of
11.313 mg C–CO2 mg−1 soil under MJ management (+62.7% compared to CR). Similarly,
MM and NM soils exhibited significantly higher BasR values than CR soils (+58.7% and
+49.8%, respectively). The lowest CumR value was again observed in CR soils, whereas

https://doi.org/10.3390/su18052575
11



Sustainability 2026, 18, 2575

significantly higher values were recorded under MJ (+69.1%), MM (+94.4%), and NM
(+67.4%) management. Accordingly, the lowest BFI value was found in CR soils (14.833),
while it increased significantly under MJ (+23.6%), MM (+25.8%), and NM (+23.0%)
management (p < 0.01).

3.2. Microarthropod Structure Community and Biodiversity Indices

Twenty-one different microarthropod taxa were identified in soil samples collected in
the three sites. MDS analysis of microarthropod abundance showed a spatial separation
between set-aside management systems (MM, MJ, and NM) and traditional crop rotation in
all sites (Figure S1). One-way ANOSIM analysis of microarthropod abundance confirmed
these results (Table S2). Specifically, R values were highest in Caorle, ranging from 0.43
(p < 0.0012) in the MJ-CR pairwise comparison to 0.63 in the MM-CR (p < 0.0006) one. In
the Fagna site, they ranged from 0.27 (p < 0.0012) for the pairwise comparison of MM-
CR and NM-CR to 0.48 (p < 0.0006) for the MJ-CR one. Finally, R values were lowest in
the Metaponto site, ranging from 0.32 (p < 0.0048) in the MJ-CR pairwise comparison to
0.35 (p < 0.0012) in the NM-CR one. Total microarthropod abundance was higher in all
set-aside management systems than in conventional crop rotation in all sites, although only
the Caorle and Fagna sites showed statistically significant differences. Furthermore, the
highest abundances were found in the Caorle and Fagna sites, while the lowest abundances
were reported in the Metaponto site.

Analysis of taxa abundance relative to the mean Bray–Curtis dissimilarity among
these managements using SIMPER showed the highest overall dissimilarity values in the
Caorle and Metaponto sites, with 48.26% and 46.25%, respectively (Tables S3–S5). The
lowest total dissimilarity value was found in the Fagna site, corresponding to 36.05%.
Although the taxa-wise breakdown of similarity showed that a similar number of taxa
accounted for 95% of this similarity in each site (Caorle, 12 taxa; Fagna, 14 taxa; Metaponto,
14 taxa), a marked dominance of a few taxa was evident in the Caorle and Metaponto
sites. Specifically, Collembola and Hymenoptera were prominent, representing over 60%
of the cumulative contribution in the Caorle site, while, in the Metaponto site, Acarina
and Collembola, accounted for almost 70% of the entire cumulative contribution. In
contrast, in the Fagna site, Acarina and Collembola taxa represented only 45% of the entire
cumulative contribution.

The abundance of microarthropod taxa showed some significant differences between
the different management systems. In the Caorle site, the abundance of Collembola was
higher in MM and NM than in CR; the individuals of Acarina, Isopoda, and Araneae
were greater in MM than in the other management systems; the abundance of Diplura
and Coleoptera was greater in MJ than in the other management systems. Furthermore,
a high number of ants belonging to the species Solenopsis fugax Latreille (Hymenoptera:
Formicidae) were found in all set-aside management systems even though they were
non-significantly different compared to the CR. Some samples were discarded due to the
presence of ant nests. At the Fagna site, the abundance of Acarina was higher in MJ than in
CR, while the individuals of Collembola were greater in MM than in CR. Furthermore, the
abundance of Isopoda was higher in MM and MJ than in the other management systems.
In the Metaponto site, the abundance of Acarina was higher in MM than in CR.

The mean values of the richness (S_meso), Evenness (J_meso), Shannon diversity
(H_meso), evenness (J), Simpson Dominance (D_meso), and QBS-ar (Soil Biological
Quality—arthropods) indices for each management and related statistical analyses are
reported in Table 3. Overall, indices showed similar results across the three sites. S_meso
was significantly higher in MM and MJ compared to CR in the Caorle site and also for NM
in the other two sites. J_meso was significantly higher in CR and MJ compared to MM
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and NM in the Caorle site, while it was only significantly higher in CR in the Metaponto
site. No significant differences were found in the Fagna site for J_meso. D_meso evidenced
significantly higher values in CR than in the other managements and in the Caorle and
Metaponto sites; no significant differences were found in the Fagna site for it. On the
contrary, H_meso showed contrasting evidence. In fact, in the Caorle and Metaponto sites,
their highest values were recorded in CR. In contrast, while in the Fagna site, the highest
values were reported in MM and MJ. QBS-ar was always significantly lower in CR than in
all the set-aside management systems. Moreover, these values never reached 100, which is
the generally accepted value, considered the numeric threshold indicating healthy soil in
terms of biodiversity. On the other hand, QBS-ar indicated good soil quality in the other
managements, especially in the mowing management systems (MM and MJ).

Table 3. Microarthropod community indices in soils managed with different practices (CR, crop
rotation; MJ, mowing July; MM, mowing May; NM, no mowing) in the three sites. Table reports mean
(and standard error in brackets) of each variable–management combination in the three different sites.
The effect of the different management practices on the indices was assessed using the Kruskal–Wallis
test and p-values were reported in table (column KW p-value). For significant results (evidenced
in bold), a post hoc comparison between different management practices was performed using the
Dunn test with the Benjamini–Hochberg correction for multiple testing. Results of the Dunn test are
reported as letter notations.

CR MJ MM NM KW p-Value

Caorle
S_meso 6.25 (0.538) b 8.75 (0.617) a 9.08 (0.556) a 7.000 (0.492) b 0.00292
J_meso 0.727 (0.023) a 0.685 (0.045) a 0.429 (0.035) b 0.519 (0.033) b 0.00003
H_meso 1.388 (0.125) a 1.467 (0.149) a 1.065 (0.092) c 1.214 (0.116) b 0.00723
D_meso 0.744 (0.015) a 0.744 (0.024) a 0.71 (0.089) ab 0.642 (0.023) b 0.0149
QBS-ar 61.917 (6.803) b 104.917 (9.141) a 96.388 (5.73) a 80.333 (7.731) ab 0.0187
Fagna

S_meso 8.25 (0.446) b 11.5 (0.485) a 10.833 (0.649) a 10.000 (0.492) a 0.00111
J_meso 0.404 (0.031) 0.349 (0.029) 0.373 (0.022) 0.341 (0.023) 0.399
H_meso 1.248 (0.047) c 1.323 (0.071) b 1.467 (0.061) a 1.264 (0.071) c 0.0574
D_meso 0.606 (0.027) 0.594 (0.003) 0.645 (0.021) 0.585 (0.029) 0.639
QBS-ar 102.167 (8.565) b 138.917 (7.607) a 132.33 (8.768) a 119.917 (10.067) a 0.0197

Metaponto
S_meso 5.25 (0.552) b 8.083 (0.609) a 7.083 (0.514) a 8.667 (0.958) a 0.00201
J_meso 0.757 (0.033) a 0.363 (0.020) b 0.381 (0.032) b 0.313 (0.018) b 0.000003
H_meso 1.339 (0.079) a 1.109 (0.076) b 0.931 (0.056) b 0.993 (0.062) b 0.00668
D_meso 0.681 (0.022) a 0.486 (0.033) b 0.437 (0.033) b 0.442 (0.030) b 0.0000705
QBS-ar 56.083 (9.272) b 100.25 (12.601) a 91.75 (8.926) a 107.333 (10.407) a 0.00515

3.3. Relationship Between Environmental Variables and Biological Indicators

A non-metric multidimensional scaling (NMDS) ordination analysis was performed
on all the obtained indices (microbial activity, bacterial and microarthropods diversity) and
soil physicochemical properties to obtain a general overview of multivariate relationships
between different samples (Figure 1). The sampling site strongly influenced the ordination.
Caorle samples were positioned on the negative side of the first ordination axis, whereas
samples from Metaponto and Fagna clustered on the positive side (Figure 1A). In addition,
a difference was also observed based on the different sampling year. The year effect
on the indices results were even more evident in panels B–D of Figure 1, reporting the
ordination on the subsets of samples from Caorle, Fagna, and Metaponto, respectively.
Samples were always clearly clustered according to the year (shape of point) but also
based on management, particularly regarding conventional crop rotation (CR) which
appeared separated in respect to the different set-aside management systems (MM, MJ,
NM), especially for the Metaponto samples (Figure 1D).
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Figure 1. Non-metric multidimensional scaling ordination (NMDS) of all considered biodiversity
indices and soil physicochemical properties. Shape of the points represents sampling year, while
color of the points represents the sampling site in panel (A), or the management in the site-specific
ordinations in panel (B) (Caorle), (C) (Fagna), and (D) (Metaponto).

The PERMANOVA analysis (Table 4) confirmed these observations. All the tested
experimental factors (sampling site, season, year, management) were highly significant on
the whole samples group (p-value < 0.001). The sampling site was the most determining
factor (R2 = 0.331) while sampling season the least (R2 = 0.038). Also in this case, analysis
was additionally performed on the subsets of samples from Caorle, Fagna, and Metaponto.
All tested factors were highly significant in Caorle and Metaponto, while the sampling
season was not significant in Fagna. Interestingly, the importance of management and year
factors results were similar within the different sampling sites (R2 approximately 0.25, 0.16,
0.24 for Caorle, Fagna, and Metaponto, respectively).

Table 4. Results of permutational multivariate ANOVA (PERMANOVA) analysis for testing the effect
of different experimental factors (site, management, season and year) on all considered indices (using
the Euclidean distance matrix). Both overall and within-site testing are reported. Reported numbers
are R2. For the p-value, the following notation applies: n.s. = p-value > 0.05, *** = p-value < 0.001).

PERMANOVA Total Caorle Fagna Metaponto

Site 0.33104 ***
Management 0.09170 *** 0.25149 *** 0.16339 *** 0.24425 ***

Season 0.03791 *** 0.10066 *** 0.02023 n.s. 0.19014 ***
Year 0.11004 *** 0.25330 *** 0.15783 *** 0.23925 ***

The multiple factor analysis (MFA) confirmed the separation of samples on the first
ordination axis based on the different sampling sites (Figure 2A), distinguishing Caorle
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samples from the others (Figure S2) in accordance with the NMDS results. This separation
was mostly driven by soil texture (clay and sand content), together with microarthropod
community evenness determined by the strong increment of Acarina, Collembola, and
Hymenoptera taxa, especially in the Metaponto site (Figure 2C). Specifically, Caorle samples
results are characterized by higher values of sand and microarthropods evenness, while
Fagna and Metaponto have more clay soils, as evidenced by the plotting of the variables on
the ordination plot (Figure 2D).

Figure 2. Multiple factor analysis (MFA) of all considered indices. (A) Ordination of the samples,
where each point represents a sample, colored based on the management. The large dots with a
black border represent the centroid of the management group. Finally, a gray ellipse is shown,
representing site groups (the color of the ellipse border maps to site). (B,C) Bar plots reporting the
contribution of each numerical variable on the first (C) and second (B) ordination axis. During MFA,
each numerical variable was assigned to a variable group (i.e., bacteria, mesofauna and environment
variables set), each represented with a different color. (A) Red dotted line is reported to represent
the contribution threshold for identifying the most important variables (variables with contribution
above this threshold were highlighted with a black outline for the bar plot). (D) Positioning of each
variable (i.e., end of the vector) in the ordination plane. Only the most influencing variables (i.e.,
variables with contribution above the red dotted line in panels (B,C)) were labeled.

The MFA also highlighted a clear separation of the samples subjected to the different
soil managements, as highlighted by the group centroids position (Figure 2A). Specifically,
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set-aside managements (MM, MJ, and NM) centroids clustered together, separated from the
conventional crop rotation (CR) one. This separation was evident on both the ordination
axes, with results mostly guided by both soil texture on the first axis (Figure 2C), soil
community indices such as microarthropods evenness on the first axis (Figure 2C) and
MBC and microarthropods indicators (number of individuals, richness and QBS-ar index)
on the second axis (Figure 2B). The plotting of the variables on the ordination plot evidenced
that the set-aside samples are those characterized by higher values of microarthropods
indicators, compared to CR samples (Figure 2D).

Canonical Correspondence Analysis (CCA) was performed within each site
(Supplementary Table S6, Figure S3), to evaluate the site-specific association of biological
indicators and experimental/environmental parameters. Results were largely in accor-
dance with the evaluation given by MFA. Interestingly, the CR management showed the
highest canonical regression coefficient (to either CCA1 or CCA2) in respect to the other
managements for all sites, differentiating them from the set-aside managements. Indeed, in
both Caorle and Fagna sites, most of the community diversity indices, especially the meso-
fauna number of individuals, richness and QBS-ar index, tended to map in the quadrant
diametrically opposite to CR, in accordance with MFA. In Fagna and Metaponto, Olsen
P and TOC showed vectors pointing to the same direction and associated with set-aside
management (MJ and MM); in Caorle, on the contrary, Olsen P and TOC vectors pointed in
the opposite direction, with TOC associated with set-aside management (primarily MM)
and Olsen P associated with conventional crop rotation (CR). In Metaponto CCA, the
distribution of the indices’ variables was less grouped at the origin of the axes, with a more
homogeneous distribution within the plot.

4. Discussion

The selected sites, representing different Italian latitudes, allowed a broad evaluation
of the efficacy of the set-aside management system on a national scale. These sites were,
in fact, characterized by different climatic conditions, soil properties, and, consequently,
by different crop rotation systems. As already reported by Landi et al. [22], after five
years of application, the set-aside management strategies improved soil fertility in these
sites, particularly after intensive crop rotations. However, even though the organic carbon
content increased, the humification remained low. The best advisable set-aside practice
involved mowing in May, which produced the highest organic matter increments. After a
thorough investigation of the set-aside impact on the soil nematode community [22], in
this work, microbial activity, microarthropod community structure, and their biodiversity
indicators were assessed in the same sites.

4.1. Effects of Set-Aside on Soil Microbial Community Structure and Activity

The results of bacterial diversity of the three sites showed that no differences were
observed within each of the sites under different managements. In fact, although the
Shannon index (S_bact) showed increasing values across the three sites, ranging from an
average of 18.253 in Caorle to 20.562 in Fagna, and to 22.437 in Metaponto, such differences
did not cause the results to be significant. Similar variations were observed with J_bact,
H_bact and D_bact indices. Overall, such a lack of difference in terms of the bacterial
diversity within each site may likely be due to the low resolution of the DGGE technique
as compared to the DNA metabarcoding combined with high-throughput sequencing
approach, detecting only microorganisms present in high concentrations which may cause
an underestimation of rare species [33,34]. Nevertheless, DGGE is yet a molecular technique
successfully used for microbial community profiling and is still recognized as a powerful
and cost-effective approach to address soil microbial diversity shifts [35–37]. In this context,

https://doi.org/10.3390/su18052575
16



Sustainability 2026, 18, 2575

we used this technique as a comparative analysis aiming at evaluating potential major
changes in the dominant bacterial taxa. Thus, we rather suppose that such a lack of
bacterial diversity indices under different management across the three sites may be likely
related to the poor effects of soil management on the bacterial diversity of these soils,
as reported in other works [38–40]. On the other hand, in this study, MBC showed just
minor and not significant variation under different management, thus suggesting that
local nutrient levels, total organic carbon and other chemical–physical soil properties were
quite stable within each site. Nevertheless, in some occasions, this indicator was shown
to have poor sensitivity to differences in soil management, as previously reported by Dos
Santos et al. [41]. However, to some extent, what could explain this result is that the
microbial biomass has stabilized in the soil. And if the soil is under stable conditions for
a long period, the microbial biomass can also achieve a stable equilibrium with the soil
substrate, mainly related to the organic carbon supply [42]. Moreover, considering the
poor seasonal changes in organic carbon availability of these soils, which was shown in
a previous work [22], some of the microorganisms in these soils would probably be in a
latent state [43]. However, MBC is not an estimate of microbial activity, it only reflects
the total living mass of microorganisms, whether in the latent state or not [27], and it is
significantly correlated to climatic variables [35,44]. Thus, it is not surprising that MBC
values may differ across the three sites but not within each of them. In this context, microbial
respiration might play a more sensitive role to differentiating the management systems.
For example, in the Fagna site the CumR values in CR indicated a lower microbial activity
under conventional crop rotation, whereas BasR did not significantly change across the
different managements, suggesting that the composition of the available organic matter was
similar in all the samples. Nevertheless, the highest microbial respiration values have been
measured in MM soils, where the label fraction of the organic residues after mowing in May
was likely better mineralized under the favorable climatic conditions of the spring season.
On the other hand, the lower CumR values of CR soils may reflect the lower organic carbon
content due to the conventional agricultural intensity, as previously reported for these
sites [22]. Consequently, it may explain the low qM values in CR soils as compared to the
other managements, which were influenced by the higher proportion of organic material.
In fact, qM values have been shown to significantly vary with soil fertilization [28,45].
Consistently, the BFI values in CR soils are classified as soils with “intermediate fertility”.
It is in line with previous validation of BFI which showed its reliability as an indicator
to discriminate the soil biological fertility under different fertilization treatments [46,47].
Although MJ, MM and NM soils were also assigned to the same “intermediate fertility”
class, they showed higher BFI scores (>16) than CR, displaying a similar trend as what was
observed in the Metaponto site, thus confirming that the higher content of organic carbon
played a key role. Moreover, the high content of organic carbon of MM soils observed
across the three sites is reflected in the high value of microbial activity of MJ, MM, and NM
soils expressed as soil respiration.

4.2. Effects of Set-Aside on Soil Microarthropod Community Structure

On the whole, a high variability in the soil microarthropod community structure was
found across the three sites, which were characterized by different climatic zones, soil
properties, and cropping histories. However, in all cases, the MDS analysis showed a
separation between set-aside and crop-rotation management systems, demonstrating that
this practice altered the soil microarthropod community. It is known that the composition
and diversity of soil microarthropod communities depend more on their use than on geo-
graphic, climatic, and site-specific soil conditions [20]. In particular, deep soil tillage, along
with soil moisture and compaction, represents the most important conditions influencing
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soil life [48]. Furthermore, SIMPER analysis demonstrated that set-aside management
systems modified the composition of the microarthropod community primarily when
the fields had been previously managed with an intensive crop rotation, such as in the
Caorle and Metaponto sites. The overall mean dissimilarity was indeed not significantly
affected by the conversion from conventional to set-aside management in Fagna, a site
managed with a conservative rotation. This result is consistent with what was previously
reported by Landi et al. [22] for the soil nematode community in the same trial. In line with
what already reported by several authors, mites and springtails, the numerically dominant
taxa, increased their abundance in all sites in the set-aside management systems when
compared to the conventional crop rotation [20,21,49]. Specifically, mites were represented
mainly by Oribatids, which strongly increased in all set-aside managements as already
reported by Dubie et al. [50]. The feeding habits were favored by either the organic matter
increase or the absence of tillage [51] leading to the return of grass biomass to the soil. The
springtail community, characterized mainly by Entomobryomorpha and Poduromorpha
forms, maintained all the ecological functions and increased in abundance in all set-aside
managements [21]. In addition, in accordance with Landi et al. [20], the populations of
the euedaphic group, mainly Diplura, and the hemi-edaphic group, primarily Coleoptera,
Isopoda, Aranea, and Hymenoptera, also increased, especially in the mowing set-aside
(MM and MJ). In particular, the beetle community, characterized mainly by predators
belonging to Carabids, and to a lesser extent Staphylinids, increased in all set-aside man-
agements due to the augmented food availability represented by micro- and mesofauna [22].
It is worth noting that the most relevant increments were reported in sites located in North
and Central Italy, primarily because of the more suitable environmental conditions. On
the contrary, phytophagous beetles, mainly represented by the Elateridae family in Fagna
and Curculionidae in Metaponto, were not particularly abundant, being less than 20% of
the entire Coleoptera community. Moreover, the NM highlighted the dominance of several
groups, particularly the Formicidae in the Caorle site.

Among the indicators selected for this study, biodiversity indices appear to have
limited potential as a metric for the evaluation of healthy/unhealthy systems, as mi-
croarthropods were only identified at high taxonomic ranks and results of this trial were
not always consistent. However, some general considerations can be highlighted. The
increase in richness in all sites managed with the set-aside practice, compared to the CR,
indicated the improvement in biodiversity resulting from more natural, no-till manage-
ment systems. Only in the Caorle set-aside system without mowing, the richness remained
similar to crop rotation due to the dominance of certain taxa. The J index showed the
highest CR values in all sites, indicating a high level of uniformity in the distribution of
community individuals among the different species in a management system applied for
many years. This observation highlighted how the application of set-aside represented
a medium-term disturbance factor. The D index showed a reduction in dominance in all
set-aside management systems compared to conventional management systems; however,
the differences were negligible, except for the Metaponto site. The extremely warm cli-
matic conditions recorded in the Metaponto site likely emphasized in this area the positive
impact of set-aside in limiting the dominance of a few taxa. The H index showed very
inconsistent results. On the contrary, the QBS-ar performed very well as an ecological
indicator. In this trial, in accordance with what was previously reported for natural areas
and set-aside land use, the measured threshold ranged approximately from 90 to 100 EMI
(ecomorphological index); such an interval is generally accepted as an adequate soil quality
standard [18,19,23,46,52,53]. Moreover, the intensive cereal-based crop rotation applied in
the Caorle and Metaponto sites produced QBS-ar lower than 90 EMI, showing a distur-
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bance in the soil microarthropod community. On the other hand, the more sustainable crop
rotation based on cereal and alfalfa applied in the Fagna site achieved good soil quality.

4.3. Holistic/Combined Effects of Set-Aside Management

This study was designed to evaluate the effect of medium-term set-aside management
in different climatic and pedological settings. Indeed, results confirmed that the three
selected sampling sites were significantly different for several aspects of the microbial and
microarthropod communities, as well as in respect to soil physicochemical properties. More
specifically, Caorle clearly differentiated from the other two sampling sites. This separa-
tion was driven, among the considered variables, by soil texture, with Caorle samplings
characterized by sandy soils. These experimental settings, statistically supported by the
above-mentioned results, allow the following considerations on the effects of set-aside
management to be generalizable to different pedoclimatic contexts. Samples subjected to
conventional crop rotation were distinguished from set-aside managed ones. As already
observed by Landi et al. [20], this separation result was guided by both soil physicochem-
ical properties (specifically, soil texture) and soil biota indices, mainly microarthropod
indicators. Set-aside managements were, in fact, characterized by higher numbers of mi-
croarthropod individuals, richness, and QBS-ar index. Their highest values in set-aside
managed soils confirmed a general improvement in microarthropod biodiversity resulting
from more natural management systems, as previously discussed [20,54]. Conversely, mi-
crobial biomass carbon (MBC) was related to CR, demonstrating a higher potential activity
in conventional management.

In addition, the effect of the different management systems on soil biological and
physicochemical indicators results were more evident when the three different sampling
sites were separately considered. In the CCA, CR vectors were always very long and
pointed in the opposite direction in respect to those from set-aside managements. This sug-
gested that CR management differed most in terms of the observed biodiversity variables,
compared to the others. Furthermore, CR vectors consistently showed a negative correla-
tion with TOC and a positive correlation with all set-aside practices across all sites. This
suggests that increasing the organic carbon content was the primary driver for improving
both microbial parameters and microarthropod indicators. However, the response differed
between the two, with microarthropods showing a rapid and strong reaction compared to
a weaker response from the microbial community. This is well-evidenced by the greater
distance from the origin of microarthropod individuals. Therefore, set-aside practices
mainly positively influenced this indicator, demonstrating that certain taxa found optimal
conditions for growth, with Acarina and Collembola being primarily responsible for this
trend. On the other hand, although microbial parameters were positively affected by TOC,
they were located near the origin, indicating the low impact of organic matter increment
for the microbial community. Microbial community diversity was never among the con-
tributing variables in the system under consideration, whereas the indices of microbial
activity, particularly microbial biomass carbon (MBC), played a more relevant role [20].
As already observed by Hamer et al. [55], this may indicate that set-aside managements
did not induce shifts in the composition of microbial communities compared with the
conventional rotation, but rather modified the activity of the community, leading mainly to
a greater microbial population growth.

Comparing the different managements, in the CCA, the vector of MM management is
longer respect to that of MJ management, suggesting that MM differentiate more to CR, in
respect to MJ, especially in Caorle. Similarly to what has already been reported by Landi
et al. [22] on the soil nematode community in the same experimental sites, CCA in Fagna
highlighted a wider distribution of indices’ variables around the origin of the axes. This

https://doi.org/10.3390/su18052575
19



Sustainability 2026, 18, 2575

suggested that Fagna had a higher intra-site variability in respect to the other sites due to
its previously discussed, more conservative management strategy prior to the set-aside
application. Conversely, Caorle and Metaponto highlighted a stronger positive correlation
between soil microarthropod abundance and TOC than Fagna, demonstrating the positive
impact of set-aside management after more intensive rotations, as was already reported for
the soil nematode community.

In general, as is widely reported in the literature, microarthropod indicators and their
abundance are also influenced by microbial activity [54]. However, the low activity of
the microbial community reported in this context probably did not allow us to highlight
a strong relation. Indeed, as reported by Landi et al. [20], in a long-term condition this
relation was more evident.

5. Conclusions

The national scale evaluation of three different set-aside managements compared to
conventional crop rotation allowed the assessment of their effects on soil biological fertility
and the diversity of the soil microbial and microarthropod communities. The set-aside
practice improved soil biological fertility and microarthropod diversity. Nonetheless, the
set-aside efficacy depended on the previously applied crop rotation, with major advantages
particularly evident after intensive agricultural managements. Moreover, this study carried
out on soil biota at a multitrophic level highlighted a network complexity strongly related
to soil management. Among the indices selected for this work, microbial respiration and
QBS-ar appeared to have the greatest potential as quality indicators of the management
systems. The QBS-ar index indicated the achievement of an adequate soil quality standard
in each set-aside management favoring the euedaphic microarthropods, while soil microbial
respiration underlined a higher microbial activity in the same experimental conditions.

Our results suggest that the set-aside management is a medium-term beneficial prac-
tice for improving soil biodiversity and biological fertility.
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Abstract

Contemporary agriculture faces the challenge of sustaining crop productivity amid increas-
ing climatic pressures and simplified agronomic practices, such as monoculture. A field
experiment conducted from 2022 to 2024 aimed to determine the effects of meteorological
conditions and biological amendments on grain yield and yield structure in three maturity
groups of continuous maize (Zea mays L.; FAO 200, 230 and 260). The split-plot experiment
included applications of the biological amendments Neosol, Bactim Gleba and UGmax.
Deteriorating agrometeorological conditions over the years studied led to a progressive
decline in mean grain yield, reaching the lowest value in 2024 (5.06 Mg ha−1). The cultivar
belonging to the FAO 260 maturity group exhibited the highest yield potential. Appli-
cation of all biological amendments resulted in a significant increase in grain yield and
thousand-grain weight compared with the untreated control. The most effective treatment
was UGmax which increased mean grain yield by approximately 14% and thousand-grain
weight by 19% compared with the control. Path analysis revealed hierarchical relationships
among components of ear structure and grain yield. The primary direct effect on yield
increase was the number of kernels per ear, with thousand-grain weight also contributing
significantly depending on maturity group. In later-maturing cultivars, kernel number
per ear played the dominant role, whereas thousand-grain weight was more influential
in earlier-maturing ones. The economic analysis demonstrated that all of the applied
biological amendments generated a positive net profit, with the highest additional revenue
obtained following the application of UGmax (160 USD·ha−1). These results confirm that
biostimulant application affected grain yield formation, and reduced yield losses under
stress conditions.

Keywords: maize; monoculture; biological amendments; drought tolerance; sustainable
agriculture; yield structure

1. Introduction

Maize (Zea mays L.) ranks among the most important crop species grown world-
wide [1]. Its versatile uses make it a promising cereal [2,3]. Maize plays a key role in global
food and energy security, a significance that has become even more pronounced in 2026
amid escalating climatic pressures, geopolitical instability, and environmental constraints.
In many European regions practising intensive agriculture, maize has increased its share
in cropping systems, with a growing tendency towards monoculture. This shift is driven
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by economic viability, farm specialisation, and simplified production organisation [4]. The
results of numerous studies conducted under diverse soil and climatic conditions indicate
that simplifications in the cultivation system, including long-term monoculture, may lead to
reduced yield stability, increased susceptibility to abiotic stresses, and a gradual decline in
agroecosystem productivity [5–7]. Moreover, the observed increased sensitivity of plants to
abiotic stresses, including drought, may in the long term lead to yield reduction [8]. These
trends underscore the need for sustainable agronomic practices that integrate biological
and technical approaches to mitigate the drawbacks of monoculture, improve soil health,
and enhance production system resilience to water deficits [9]. It has been demonstrated
that the use of biological amendments can enhance plant productivity [10,11]. Moreover,
their application may strengthen plant resistance to environmental stress, which in turn can
improve both the quality and quantity of the yield [12]. Contemporary agriculture must
maintain maize productivity under increasingly unpredictable weather patterns and sim-
plified agronomic systems, including repeated cultivation on the same site—a practice not
uncommon for maize [13]. The use of biological amendments therefore becomes essential,
as they support plants during stress periods and help ensure satisfactory and relatively
stable yields across successive years. It is also important to understand how maize cultivars
of differing maturity respond to such interventions. Identifying these differences and the
mechanisms underlying yield formation in altered environments can guide the develop-
ment of cropping technologies that are both economically viable and environmentally
sustainable. In maize research, information on grain yield alone is often insufficient. To
achieve meaningful improvements in productivity, it is necessary to identify the specific
traits contributing to yield and their interactions [14,15]. Path analysis is particularly valu-
able in this context, as it quantifies the direct and indirect effects of traits on yield under
varying cropping conditions [16,17].

Because path analysis enables the identification of traits that genuinely determine
grain yield [18,19] rather than merely correlate with it, this study applies Wright’s path
coefficient method to address a significant gap in the existing literature. To date, research
on biological amendments in maize has largely focused on yield magnitude, with limited
attention given to the hierarchical structure of yield components and the causal relation-
ships underlying productivity formation under monoculture conditions. The novelty of
the present study lies in the integrated analytical framework combining classical analy-
sis of variance (ANOVA) with Wright’s path analysis in a long-term field monoculture
experiment. Such a methodological combination remains rarely applied in agronomic
studies evaluating biological amendments. While ANOVA identifies statistically significant
treatment effects, path analysis simultaneously clarifies biological cause–effect relation-
ships among yield components. This dual approach allows not only quantification of
productivity responses, but also explanation of the mechanisms driving those responses.
Moreover, the study jointly evaluates three interacting determinants of maize productivity:
interannual meteorological variability, cultivar maturity group (FAO 200, 230, 260), and bi-
ological amendment application. By integrating these factors within a single hierarchical
model, the research provides a more comprehensive understanding of yield-formation
mechanisms under monoculture stress. The theoretical contribution of this work therefore
lies in identifying cultivar-specific yield-formation strategies and amendment-induced
modifications in causal yield structure, which may support the design of climate-adaptive
and resource-efficient cropping systems.

This research focused on the productive effects of biostimulant application and their
influence on yield components, rather than on the dynamics of physicochemical soil
parameter changes occurring over time. This study aimed to evaluate the effects of varying
meteorological conditions and biological amendment applications on maize yield and yield-
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structure traits under monoculture conditions, and to determine hierarchical relationships
among yield components using path analysis.

2. Materials and Methods

The field experiment was set up as a split-plot arrangement with three replicates
and conducted from 2022 to 2024 at the Agricultural Experimental Farm in Zawady
(52◦03′ N, 22◦33′ E), which belongs to the University of Siedlce. Each year, the experiment
was established on the same site to achieve the effects of continuous monoculture cropping.
The harvest area of each plot was 30 m2. The experiment examined the following factors:

Factor A—Maize cultivars:

A1—Early-maturing hybrid, FAO 200;
A2—Medium–early-maturing hybrid, FAO 230;
A3—Medium–late-maturing hybrid, FAO 260.

Factor B—Biological amendments:

B1—Untreated control;
B2—Neosol;
B3—Bactim Gleba;
B4—UGmax.

The soil was classified as a proper lessive soil (podzolic group) with a sandy gran-
ulometric composition, a very good rye complex, and a quality class IVa [20]. Prior to
maize sowing, the soil nutrient status was analysed. The soil reaction was slightly acidic
(pH ranged from 5.67 to 5.70). The soil showed low available phosphorus and medium
available potassium and magnesium levels (Table 1).

Table 1. Soil content of available nutrients before establishing the experiment.

Parameter Unit Value

pH in KCL – 5.8
Phosphorus (P) mg·kg−1 40.5
Potassium (K) mg·kg−1 102.6

Magnesium (Mg) mg·kg−1 41.4

Soil pH was determined using the potentiometric method. The content of the available
forms of phosphorus and potassium was determined using the Egner–Riehm method (DL),
while magnesium content was determined using the Schachtschabel method.

The physio-chemical soil parameters were determined prior to the establishment of
the experiment. Detailed monitoring of the biological, chemical, and physical changes in
the soil properties during the three-year study period was not included in the experimental
design. The investigation focused primarily on the productive response of plants (yield
and yield components) as an indicator of soil–plant system functioning. Therefore, interpre-
tations concerning soil improvement refer to functional effects observed in plant responses
rather than to directly measured changes in soil parameters.

Maize was grown in monoculture. Following harvest of the preceding crop, post-
harvest tillage operations were performed, followed by winter ploughing to a depth of
25 cm. In early spring, agronomic practices were conducted to level the soil surface
and promote warming. Mineral NPK was applied before planting. Potassium was supplied
as potash salt at 250 kg ha−1, equivalent to 124.5 kg K ha−1. Nitrogen was applied at
100 kg N ha−1, corresponding to 291 kg ha−1 of ammonium nitrate (34.4% N). Fertilisers
were incorporated into the soil using a combined cultivator. Each spring, pre-plant applica-
tions of biological amendments were made, and they were mixed into the soil to a depth of
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5–10 cm. Bactim Gleba (Intermag sp. z o.o., Olkusz, Poland) is a bioproduct that accelerates
revitalisation of ‘fatigued’ soils, i.e., those degraded to varying degrees by intensive crop-
ping and unbalanced fertilisation. It contains Bacillus spp. bacteria isolated from natural
soil environments, occurring in the form of spores, and a humic co-formulator supporting
microbial development. It was applied as a soil spray at 1.5 L ha−1. Granular Neosol (PRP
Polska sp. z o.o., Warsaw, Poland) acts as an activator of soil microbial biomass, stimulates
humic acid production, promotes humus formation through enhanced biological activity,
and restores soil fertility. The active substance MIP SOIL in Neosol supplies minerals (iron,
zinc, boron, and manganese compounds on a calcium and magnesium carbonate matrix)
essential for soil microflora and for enzymes involved in organic matter transformations. It
was applied at 150 kg granules ha−1. UGmax (Agrowitan sp. z o.o., Skarszewy, Poland)
contains microorganisms along with key macro- and microelements. It improves soil physi-
cal, chemical, and biological properties, increases organic matter content, and enhances
soil structure. Its advanced formulation, including lactic acid bacteria (Lactobacillus) and an
organic matter content of at least 40%, accelerates the natural decomposition of organic
matter. UGmax was applied as a soil spray at 2 L ha−1.

Maize was sown using a pneumatic precision drill with simultaneous row fertilisation
using triple superphosphate (46% P2O5) at 71.8 kg ha−1, equivalent to 33 kg P ha−1. Seeds
were placed in rows spaced 75 cm apart.

During the growing season, the experiment was conducted under real rainfall condi-
tions and no additional irrigation was applied at the test sites.

Measurements were taken at full maturity (BBCH 89) on plants harvested from a 1 m2

area within each plot, excluding border rows. The following biometric traits were assessed:

• Number of kernel rows per ear;
• Number of kernels per row;
• Number of kernels per ear;
• Thousand-grain weight (TGW, g).

Grain yield was determined from mechanical harvest of the plot area and recalculated
to Mg ha−1 at 14% grain moisture.

2.1. Meteorological Conditions

Data on the air temperature and atmospheric precipitation sums during the maize
growing season were obtained from an automatic meteorological station located at the
Agricultural Experimental Farm (AEF) in Zawady, belonging to the University of Siedlce,
equipped with sensors and software manufactured by LAB-EL Laboratory Electronics sp.
z.o.o, Reguły, Poland and regularly calibrated under laboratory conditions. Due to its local,
institutional status, the station is not included in the Global Historical Climate Network
Daily (GHCN-D) database and does not have an RSM identification number.

These data served as the basis for evaluating the thermal and moisture conditions in
the years studied and their influence on maize growth and development. The Sielianinov
hydrothermal coefficient (K) was calculated, and the hydrothermic conditions were classi-
fied according to Skowera and Puła [21]. Nine moisture classes were distinguished. Values
of K ≤ 0.4 indicate extremely dry conditions. The range 0.4 < K ≤ 0.7 corresponds to very
dry conditions, while 0.7 < K ≤ 1.0 indicates dry conditions. The interval 1.0 < K ≤ 1.3
denotes fairly dry conditions. Values of 1.3 < K ≤ 1.6 are considered optimal from the
standpoint of moisture supply. The range 1.6 < K ≤ 2.0 characterises fairly moist conditions,
2.0 < K ≤ 2.5 moist conditions, 2.5 < K ≤ 3.0 very moist conditions, and K > 3.0 extremely
moist conditions.

Mean air temperature during the study period (2022–2024) ranged from 8.2 ◦C in
April to 21.0 ◦C in August (Table 2). The coolest month in the analysed half-year was April,
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while July and August were the warmest, favouring vigorous plant growth during the
growing season. Interannual temperature variability was moderate, with 2024 showing
the highest values in most months. Monthly precipitation totals exhibited substantial
variability, both seasonally and between years. Over the 2022–2024 period, the highest
average precipitation occurred in July (62.3 mm) and June (48.5 mm), consistent with the
typical summer convective rainfall maximum. The lowest average totals were recorded in
May (27.6 mm) and April (22.4 mm). Notably high precipitation was observed in July 2022
(95.7 mm), which may have caused temporary soil water excess. In contrast, precipitation
in May 2024 was very low (5.2 mm), suggesting the potential for short-term dry conditions.

Table 2. Meteorological conditions at the Zawady AEF station in 2022–2024.

Month/Year
April May June July August September

t P t P t P t P t P t P

2022 5.2 31.5 13.6 31.1 19.9 26.5 19.3 95.7 21.0 39.3 11.7 64.9

2023 8.7 12.4 13.4 46.5 18.0 53.6 20.3 31.4 21.3 25.0 18.0 16.6

2024 10.8 23.2 16.6 5.2 19.0 65.4 21.6 59.7 20.7 55.5 18.1 25.5

Mean 2022–2024 8.2 22.4 14.5 27.6 19.0 48.5 20.4 62.3 21.0 39.9 15.9 35.7
t—Mean monthly air temperature, P—monthly total precipitation.

Moisture conditions during the maize growing season from 2022 to 2024 showed con-
siderable variation, with a predominance of dry and very dry periods, particularly during
the critical developmental stages of the plants. In 2022, favourable conditions occurred only
in April (wet) and July (moist), whereas May (dry), June (very dry), and August (very dry)
exhibited moisture deficits that likely restricted plant growth and grain filling (Table 3). In
2023, dry and very dry conditions prevailed for most of the growing season, encompassing
key phases of intensive growth, flowering, and grain filling. In 2024, moisture conditions
were more variable, yet dry conditions still dominated during critical phases, especially in
May (very dry) and during flowering and grain filling.

Table 3. Values of Sielianinov hydrothermal coefficient (K).

Year/Month 2022 2023 2024

April 2.01 w. 0.48 v.d. 0.72 d.

May 0.74 d. 1.12 r.d. 0.10 ex.d.

June 0.44 v.d. 0.99 d. 1.15 r.d.

July 1.60 op. 0.50 v.d. 0.89 d.

August 0.60 v.d. 0.38 ex.d 0.86 d.

September 1.84 f.m. 0.31 ex.d 0.47 v.d.
Month: Extremely dry—ex.d., very dry—v.d., dry—d., rather dry—r.d., optimal—op., rather wet—r.w., wet—w.,
fairly moist—f.m.

2.2. Statistical Analysis

Because the experiment was conducted on the same site across successive years,
appropriate statistical methods were required to account for the repeated use of the location.
The blocks and sub-blocks randomly selected in the first year remained fixed in subsequent
years. In such cases, following standard principles for field experiments, the two-factor
split-plot design was subjected to a combined (three-year) analysis according to a split-
split-plot model, in which years were treated as main plots (factor A levels).
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Analysis of variance for each trait was performed using the following mathematical
model [22]:

yijlp = m + ai + gj + eij
/1/ + bl + abil + eijl

/2/ + cp + acip + bclp + abcilp + eijlp
/3/,

where
yijlp is the value of the trait for the i-th level of factor A (year), l-th level of factor B

(cultivar), and p-th level of factor C (biological amendment) in the j-th block (replicate).
Other terms are defined as follows:

m is the overall experimental mean;
ai, bl, and cp are the main effects of the respective factors;
gj is the effect of the j-th block;
eij

/1/ is the whole-plot error;
abil, acip, and bclp are the two-factor interaction effects;
eijl

/2/ is the sub-plot error;
abcilp is the three-factor interaction effect;
eijlp

/3/ is the sub-sub-plot error.

Means were compared and interactions evaluated using the Tukey’s Honestly Signifi-
cant Difference (HSD) test [22].

In addition to analysis of variance, Wright’s path analysis was applied to determine the
direct and indirect relationships between the yield components and final grain yield [14,23,24].
The analysis was based on a biologically justified hierarchical model that accounted for the
sequential development of generative organs and the grain-filling process. The model adopted
a sequential structure in which morphological traits (number of kernel rows and number
of kernels per row) determine the number of kernels per ear, which in turn, together with
thousand-grain weight (TGW), shapes the final yield.

Analysis of variance was conducted using Statistica 13.3 software (with the Zestaw
Przyrodnika add-on). Direct and indirect path effects according to Wright were calculated
using structural equation modelling (SEM) available in Statistica 13.3. All calculations were
performed at a significance level of α = 0.05.

2.3. Economic Analysis

To assess the practical applicability of the examined technology, a simplified economic
analysis was conducted using the gross margin method, which is commonly employed in
agronomic research to evaluate the profitability of a single technological factor [25]. The
analysis considered only the differences resulting from the application of soil conditioners,
assuming identical costs for all other technological components. Such an approach makes
it possible to determine the economic efficiency of the examined factor independently
of production cost variability across farms. The economic assessment used the long-
term average market price of maize grain, calculated on the basis of stock exchange
quotations from the end of December in 2022, 2023, and 2024 [26]. Using the average
grain price enabled an objective evaluation of the economic performance of the tested
products by eliminating the influence of substantial year-to-year market fluctuations. The
average purchase price of maize grain, converted to USD, amounted to 193 USD per
Mg. The estimated purchase costs of the products, depending on the supplier, were as
follows: UGmax (rate 2 L·ha−1), approximately 24–29 USD·ha−1; Bactim Gleba (rate 1.5
L·ha−1), approximately 22–27 USD·ha−1; and Neosol (rate 150 kg·ha−1), approximately
44–53 USD·ha−1 [27]. For data standardisation purposes, all costs and revenues were
converted from PLN to USD according to the average exchange rate of the National Bank
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of Poland on the last working day of December for each of the analysed years (1 USD =
4.14 PLN) [28].

3. Results

Statistical analysis revealed significant effects of the meteorological conditions across
the years studied, the genetic characteristics of the cultivars, and the applied biological
amendments on maize grain yield.

Deteriorating agrometeorological conditions contributed to a progressive decline in
plant productivity. The mean grain yield across all cultivars decreased by 2.25 Mg ha−1 over
the study period (from 7.31 to 5.06 Mg ha−1) (Table 3). The primary factors limiting yield in
the final year were precipitation deficits during the critical growth phase (May), combined
with elevated mean air temperatures, which intensified abiotic stress on the plants.

The cultivar with the highest FAO number (260) displayed the greatest stability
and yield potential, with a three-year mean grain yield significantly higher than those of
the other cultivars. Cultivars with shorter growing seasons produced significantly lower
yields, confirming that, under monoculture conditions, cultivars with greater biological
potential make more effective use of available environmental resources.

Cultivar responses to the prevailing conditions varied across the years studied. In
2022, the longest-season cultivar (FAO 260) and cv. FAO 230 yielded similarly. In 2023,
grain yield increased significantly with increasing length of the growing season. Under the
drought conditions of 2024, cv. FAO 200 and FAO 230 produced similar yields.

All applied biological amendments (Neosol, Bactim Gleba, UGmax) resulted in a
significant increase in grain yield compared with the untreated control. UGmax proved the
most effective, increasing mean grain yield by approximately 14% compared with the con-
trol. The statistically significant differences among the products confirmed that the applied
biological amendments improved plant performance under monoculture conditions.

The year × biological amendment interaction indicates that the efficacy of the amend-
ments depended on the meteorological conditions during the growing season. Only in
2022 were significant differences observed in the yield-promoting effects of each product.
In 2023 and 2024, yields obtained after the application of Neosol and Bactim Gleba were
similar and significantly higher than the control. UGmax exhibited a stabilising effect on
production, consistently producing the highest yields in every year (Table 4).

Table 4. Grain yield of maize (Mg ha−1) grown in monoculture by year, cultivar, and biological amendment.

Year

Cultivar 2022 2023 2024 Mean

FAO 200 6.69 B 6.02 C 4.83 B 5.84 C
FAO 230 7.54 A 6.57 B 4.85 B 6.32 B
FAO 260 7.72 A 6.89 A 5.49 A 6.70 A

Mean 7.31 a 6.49 b 5.06 c

Biological amendment 2022 2023 2024

Control 6.78 D 6.13 C 4.76 C 5.90 D
Neosol 7.19 C 6.38 B 5.02 B 6.20 C

Bactim Gleba 7.44 B 6.58 B 5.06 B 6.39 B
UGmax 7.84 A 6.86 A 5.42 A 6.73 A

Means in rows followed by different lowercase letters (a, b, c) differ significantly at p ≤ 0.05 (for years). Means in
columns followed by different uppercase letters (A, B, C, D) differ significantly at p ≤ 0.05 (for cultivars, biological
amendments, year × cultivar interactions, and year × biological amendment interactions).

Analysis of the results demonstrated a significant effect of cultivar and year-to-year
weather conditions on the thousand-grain weight (TGW) of maize (Table 5). The highest
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three-year mean TGW was recorded for cv. FAO 260 (300.28 g), a value significantly greater
than those of cv. FAO 230 and FAO 200. The cultivar with the shortest growing season
produced the lowest grain mass (252.26 g).

Table 5. TGW of maize (g) grown in monoculture by year, cultivar, and biological amendment.

Year

Cultivar 2022 2023 2024 Mean

FAO 200 266.06 a 249.19 b 241.54 c 252.26 C
FAO 230 297.22 a 286.82 b 274.44 c 286.16 B
FAO 260 306.63 a 309.67 ab 284.54 b 300.28 A

Mean 289.97 a 281.89 a 266.84 b

Biological amendment 2022 2023 2024

Control 268.2 a 255.3 b 242.0 c 255.16 D
Neosol 273.6 b 284.4 a 268.9 b 275.65 C

Bactim Gleba 299.8 a 289.9 a 264.4 b 284.70 B
UGmax 318.3 a 298.0 b 292.0 b 302.77 A

Biological amendment Cultivar

FAO 200 FAO 230 FAO 260

Control 237.16 B 260.84 C 267.48 D
Neosol 243.63 A 284.09 B 299.23 C

Bactim Gleba 257.82 A 288.29 B 307.99 B
UGmax 270.44 A 311.43 A 326.43 A

Means in rows followed by different lowercase letters (a, b, c) differ significantly at p ≤ 0.05 (for years, year × cultivar
interactions, and year × biological amendment interactions). Means in columns followed by different uppercase
letters (A, B, C, D) differ significantly at p ≤ 0.05 (for cultivars, biological amendments, and year × biological
amendment interactions).

Weather conditions during the 2022 growing season favoured the accumulation of
assimilates in the grain, resulting in the highest mean TGW (289.97 g). In subsequent years,
a decline in this parameter was observed, although it was statistically significant only
in 2024.

The application of biological amendments affected maize TGW. All of the tested
products increased grain mass compared with the untreated control (255.16 g). The most
beneficial effect was observed for UGmax, which increased mean TGW by approximately
19% compared with the control. Significant positive effects were also recorded for Bactim
Gleba (284.70 g) and Neosol (275.65 g).

Analysis of the interaction between biological amendments and years showed that only
in the control treatment did TGW decrease significantly from year to year (by 5% and 6%,
respectively). The weather conditions prevailing in 2023 favoured the highest TGW in
plants treated with Neosol and Bactim Gleba. UGmax contributed to maintaining TGW at
a relatively stable level; after three years of monoculture (and under the least favourable
climatic conditions), TGW did not decline markedly compared with 2023.

Cultivar responses to the applied biological amendments varied. The cultivar with
the shortest growing season (FAO 200) produced grains of similar weight across all amend-
ments, with values significantly higher than in the control. In cv. FAO 230, the TGW
obtained with Bactim Gleba (288.29 g) and Neosol (284.09 g) was statistically similar, yet
significantly lower than after the application of UGmax. In the longest-season cultivar,
each amendment significantly differentiated the TGW, with values ranging from 299.23 g
(Neosol) to 326.43 g (UGmax). In all maturity groups, the lowest TGW values were recorded
in the control treatments.

Based on the presented data, both the year studied and the cultivars exerted a signifi-
cant influence on the number of kernel rows per ear in maize. The overall mean number of
kernel rows across the experiment ranged from 13.32 to 14.81. The most favourable year
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for ear structure development was 2022, when the highest mean number of kernel rows
(14.64) was recorded. This value was statistically significantly higher than those achieved
in the other years. In 2023 and 2024, a decline in the number of kernel rows was observed,
although the difference between these two years was not statistically significant. This
indicates that conditions in 2023 and 2024 were less conducive to ear development than
those in 2022.

Analysis of the cultivar means revealed clear genetic differences. The later-maturing
cultivars (FAO 230 and FAO 260) developed significantly higher numbers of kernel rows
per ear (14.12 and 14.17, respectively). The difference between these two cultivars was not
statistically significant (Table 6).

Table 6. Number of kernel rows per ear in continuous maize by year and cultivar.

Year

Cultivar 2022 2023 2024 Mean

FAO 200 14.49 13.58 13.32 13.79 B
FAO 230 14.81 13.83 13.72 14.12 A
FAO 260 14.63 13.92 13.97 14.17 A

Mean 14.64 a 13.77 b 13.67 b
Means in rows followed by different lowercase letters (a, b) differ significantly at p ≤ 0.05 (for years). Means in
columns followed by different uppercase letters (A, B) differ significantly at p ≤ 0.05 (for cultivars).

The number of kernels per row was significantly influenced by all examined fac-
tors: the weather conditions during the years studied, the cultivars, and the biological
amendments (Table 7). The highest mean number of kernels per row was recorded in
2022 (37.15), a value significantly greater than that observed in 2024 (29.78). The year 2023
represented an intermediate period and did not differ statistically from the other years.
The later-maturing FAO 260 cultivar produced the highest number of kernels per row
(mean 36.53), a statistically significant difference compared with cv. FAO 200 and FAO
230 (approximately 31–32).

Table 7. Number of kernels per row of maize grown in monoculture by year, cultivar, and biologi-
cal amendment.

Year

Cultivar 2022 2023 2024 Mean

FAO 200 35.94 31.32 28.12 31.79 B
FAO 230 36.19 31.30 28.56 32.02 B
FAO 260 39.32 37.60 32.66 36.53 A

Mean 37.147 a 33.406 ab 29.78 b

Biological amendment 2022 2023 2024

Control 34.11 a 33.64 a 26.60 b 31.45 C
Neosol 37.29 a 33.38 b 30.02 c 33.56 B

Bactim Gleba 38.43 a 34.04 b 31.31 c 34.59 A
UGmax 38.77 a 32.56 b 31.20 b 34.17 AB

Biological amendment Cultivar

FAO 200 FAO 230 FAO 260

Control 30.30 B 30.02 B 34.03 B
Neosol 31.98 A 32.06 A 36.65 A

Bactim Gleba 33.93 A 32.54 A 37.31 A
UGmax 30.96 B 33.44 A 38.12 A

Means in rows followed by different lowercase letters (a, b, c) differ significantly at p ≤ 0.05 (for years, year × bio-
logical amendment interactions and cultivar × biological amendment interactions). Means in columns followed
by different uppercase letters (A, B, C) differ significantly at p ≤ 0.05 (for cultivars and biological amendments).
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All applied biological amendments had a beneficial effect on kernel number compared
with the control (31.45). The most favourable results were obtained with Bactim Gleba
(34.59) and UGmax (34.17). Neosol also significantly improved this trait compared with the
control, although it was less effective than Bactim Gleba.

Statistical analysis revealed significant interactions between the biological amend-
ments and year, as well as between the cultivars and biological amendments. In the
untreated control, a drastic reduction in kernel number occurred in 2024 compared with
the previous years. Products such as Bactim Gleba and Neosol helped maintain higher
yield-structure parameters even in less-favourable years, although a downward trend was
evident across all combinations. The analysis also showed that cultivar responses to biolog-
ical amendments varied depending on maturity group. In the earliest cultivar (FAO 200),
Neosol (31.98) and Bactim Gleba (33.93) significantly improved kernel number compared
with the control. For the cultivars with longer growing seasons (FAO 230 and FAO 260),
all tested amendments produced values significantly higher than the control. The highest
absolute value was recorded in FAO 260 following application of UGmax (38.12). Across
all maturity groups, the lowest kernel numbers per row were observed in the control.

The total number of kernels per ear showed trends similar to those observed for
kernels per row (Table 8). The year 2022 was clearly the most favourable for kernel set.
In 2023 and 2024, significant reductions were recorded—approximately 15% and 25%,
respectively, compared with 2022. Cv. FAO 260 produced an average of 517.74 kernels per
ear, a value significantly higher (by approximately 14–17%) than those of the other cultivars.
Biological amendments significantly increased the number of kernels per ear. Bactim
Gleba (493.75) was the most effective, while Neosol (469.24) also produced a significant
improvement compared with the control but was less effective than Bactim Gleba. The
untreated control had the lowest kernel number (435.43). Interaction analysis indicates that
in the most challenging year, 2024, the use of biological amendments, particularly Bactim
Gleba and UGmax, resulted in approximately 18–21% more kernels per ear compared with
the control, suggesting their role in mitigating environmental stress in maize monoculture.

Table 8. Number of kernels per ear of maize grown in monoculture by year, cultivar, and biologi-
cal amendment.

Year

Cultivar 2022 2023 2024 Mean

FAO 200 520.79 424.75 375.07 440.20 B
FAO 230 535.76 432.54 391.92 453.41 B
FAO 260 575.09 523.07 455.06 517.74 A

Mean 543.88 a 460.12 b 407.35 b

Biological amendment 2022 2023 2024

Control 494.33 a 452.50 b 359.47 c 435.43 C
Neosol 540.39 a 460.03 b 407.31 c 469.24 B

Bactim Gleba 568.29 a 476.07 b 436.89 c 493.75 A
UGmax 572.51 a 451.88 b 425.72 b 483.37 AB

Means in rows followed by different lowercase letters (a, b, c) differ significantly at p ≤ 0.05 (for years and year × bi-
ological amendment interactions). Means in columns followed by different uppercase letters (A, B, C) differ
significantly at p ≤ 0.05 (for cultivars and biological amendments).

The Wright’s path analysis conducted for the period 2022–2024 revealed varying
contributions of individual components to the formation of kernel number per ear and final
kernel yield. Over the study period, the number of kernels per ear was determined by
the number of kernel rows and the number of kernels per row (R2 = 0.99). The number of
kernels per row exerted the strongest direct effect (0.818), whereas the number of kernel
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rows had a significant but weaker direct influence (0.352). For kernel yield, the analysis
showed that the number of kernels per ear was the primary determinant, displaying a
strong direct effect (0.634). Thousand-grain weight (TGW), although significantly correlated
with yield, had a stronger indirect rather than direct effect on the yield through kernel
number (0.385 vs. 0.274). In 2022, a year characterised by a high coefficient of determination
for yield (R2 = 0.80), TGW played a dominant role. Its direct effect on yield (0.827) was
considerably stronger than that of kernel number per ear (0.094), which acted mainly
indirectly. In 2023, the structure of yield formation changed markedly. TGW almost entirely
determined yield through a direct effect (0.975), whereas the influence of kernel number
per ear was negative and operated solely through indirect mechanisms. This suggests that,
in this season, factors affecting grain filling were of paramount importance. In 2024, the
most balanced contribution from both components was observed. Both kernel number
per ear (0.537) and TGW (0.314) exhibited statistically significant direct effects, with kernel
number remaining the principal yield determinant (Table 9).

Table 9. Path coefficients for maize yield components in 2022–2024.

Year Outcome
Variable

Causal
Variable

Total
Correlation

Direct
Effect

Indirect Effect via Variable:

Value Variable Name

2022–2024

Number of
kernels per ear

(R2 = 0.99)

Number of rows
per ear

Number of kernels
per row

0.644 *
0.943 *

0.352 *
0.818 *

0.292
0.126

Number of
kernels per row
Number of rows

Grain yield
(R2 = 0.68)

TGW
Number of kernels

per ear

0.659 *
0.800 *

0.274 *
0.634 *

0.385
0.166

Number of
kernels per row

TGW

2022

Number of
kernels per ear

(R2 = 0.99)

Number of rows
per ear Number of

kernels per row

0.483 *
0.870 *

0.491 *
0.875 *

−0.008
−0.04

Number of
kernels per row
Number of rows

Grain yield
(R2 = 0.80)

TGW
Number of kernels

per ear

0.894 *
0.686 *

0.827 *
0.094

0.067
0.593

Number of
kernels per row

TGW

2023

Number of
kernels per ear

(R2 = 0.99)

Number of rows
per ear Number of

kernels per row

0.361 *
0.940 *

0.340 *
0.932 *

0.022
0.008

Number of
kernels per row
Number of rows

Grain yield
(R2 = 0.88)

TGW
Number of kernels

per ear

0.933 *
0.356 *

0.975 *
−0.092

−0.042
0.488

Number of
kernels per ear

TGW

2024

Number of
kernels per ear

(R2 = 0.99)

Number of kernels
per row

0.570 *
0.894 *

0.449 *
0.829 *

0.120
0.065

Number of
kernels per row
Number of rows

Grain yield
(R2 = 0.61)

TGW
Number of kernels

per ear

0.669 *
0.745 *

0.314 *
0.537 *

0.365
0.208

Number of
kernels per ear

TGW
*—significant relationships at p ≤ 0.05.

The application of different biological amendments modified both the strength and the
nature of relationships among maize yield components (Table 10). Combining correlation
analysis with path analysis made it possible to determine how individual products altered
the yield-forming structure relative to the control treatment. In the control, a very strong
correlation was observed between the number of kernels per ear and the grain yield
(r = 0.885). This association arose predominantly from the direct effect of that trait (0.723).
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Thousand-grain weight (TGW) was significantly correlated with yield (r = 0.733); however,
path analysis indicated that its direct effect was not significant (0.236). The high correlation
stemmed mainly from an indirect effect mediated through the number of kernels per ear
(0.497). Biological amendments altered these relationships. Following Neosol application,
the number of kernels per ear retained its dominant role as the main yield determinant
(direct effect 0.694). In this treatment, TGW exhibited the lowest correlation with yield
among all variants studied (r = 0.446), and its influence on yield was distributed between
direct and indirect pathways. With Bactim Gleba, the highest coefficient of determination
for yield was recorded (R2 = 0.88), indicating that the adopted model explained the yield
structure very precisely. Although the correlation between TGW and yield remained
high and significant (r = 0.715), path analysis showed that the number of kernels per ear
continued to act as a stable direct yield determinant (0.570), whereas TGW influenced yield
largely indirectly by increasing the number of kernels per ear (indirect effect 0.390). As
with the other amendments, UGmax application resulted in the number of kernels per
ear strongly and directly shaping yield (0.599). In this variant, however, a clear indirect
effect of TGW on final yield was evident (0.403), suggesting that the product enhances
interdependence between kernel size and kernel number per ear. Analysis of the ear
structural parameters revealed that, across all variants receiving biological amendments
(Neosol, Bactim Gleba, UGmax), the primary direct determinant of total kernel number
per ear was the number of kernels per row. These products strengthened the correlation
between the number of rows and total kernel number compared with the control, indicating
improved exploitation of the ear’s biological potential following soil biostimulation.

Table 10. Path coefficients for maize yield components across biological amendments applied.

Biological
Amendment

Outcome
Variable

Causal
Variable

Total
Correlation

Direct
Effect

Indirect Effect via Variable

Value Variable Name

Control

Number of kernels
per ear

(R2 = 0.99)

Number of rows per
ear

Number of kernels
per row

0.539 *
0.899 *

0.437 *
0.846 *

0.101
0.05

Number of kernels
per row

Number of rows

Grain yield
(R2 = 0.82)

TGW
Number of kernels

per ear
0.733 *
0.885 *

0.236
0.723 *

0.497
0.162

Number of kernels
per ear
TGW

Neosol

Number of kernels
per ear

(R2 = 0.99)

Number of rows per
ear Number of
kernels per row

0.650 *
0.395 *

0.375 *
0.807 *

0.275
0.128

Number of kernels
per row

Number of rows

Grain yield
(R2 = 0.62)

TGW
Number of kernels

per ear
0.446 *
0.765 *

0.208
0.694 *

0.238
0.071

Number of kernels
per ear
TGW

Bactim gleba

Number of kernels
per ear

(R2 = 0.99)

Number of rows per
ear Number of
kernels per row

0.707 *
0.946 *

0.360
0.787 *

0.346
0.159

Number of kernels
per row

Number of rows

Grain yield
(R2 = 0.68)

TGW
Number of kernels

per ear
0.715 *
0.793 *

0.325
0.570 *

0.390
0.222

Number of kernels
per ear
TGW

UGmax

Number of kernels
per ear

(R2 = 0.99)

Number of rows per
ear Number of
kernels per row

0.692 *
0.969 *

0.282
0.830 *

0.410
0.139

Number of kernels
per row

Number of rows

Grain yield
(R2 = 0.63)

TGW
Number of kernels

per ear
0.661 *
0.772 *

0.257
0.599 *

0.403
0.173

Number of kernels
per ear
TGW

*—significant relationships at p ≤ 0.05.

Path analysis revealed differences in the yield-forming strategies among maize culti-
vars differing in maturity group (Table 11). In all FAO groups, the model for the variable
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‘number of kernels per ear’ showed an almost perfect fit (R2 = 0.99). In early-maturing
cultivars (FAO 200), grain yield was determined to a nearly equal degree by thousand-grain
weight (TGW, direct effect 0.513) and by the number of kernels per ear (0.466). This points
to a balanced contribution from both yield components. In this maturity group, the number
of kernels per ear depended predominantly on the number of kernels per row (direct
effect 0.781), whereas the influence of the number of rows was exerted largely through
indirect pathways. In the medium–early-maturing group (FAO 230), the relationships
shifted towards ear structure. Here, the number of kernels per ear exerted a markedly
stronger direct effect on yield (0.677) than did the TGW (0.261). Kernel weight played a
secondary role, while the primary yield determinant was the number of kernels per row
(direct effect 0.776). The most pronounced differences appeared in late-maturing cultivars
(FAO 260). Path analysis indicated that, in this group, the sole key determinant of yield was
the number of kernels per ear (very strong direct effect 0.727). It should be emphasised that
TGW showed no significant direct influence in this FAO group (0.149); its correlation with
yield (0.569) arose almost entirely from an indirect effect mediated through the number
of kernels per ear (0.420). This indicates that, in late cultivars grown in monoculture, ear
architecture, particularly the number of kernels per row, rather than individual kernel
weight, governs yield success.

Table 11. Path coefficients for maize yield components according to cultivar earliness.

Cultivar Outcome
Variable

Causal
Variable

Total
Correlation

Direct
Effect

Indirect Effect via Variable:

Value Variable Name

FAO
2000

Number of kernels
per ear

(R2 = 0.99)

Number of rows per
ear

Number of kernels
per row

0.724 *
0.949 *

0.353 *
0.781 *

0.371 *
0.168

Number of kernels
per row

Number of rows

Grain yield
(R2 = 0.76)

TGW
Number of kernels

per ear
0.785 *
0.765 *

0.513 *
0.466 *

0.271
0.300

Number of kernels
per ear
TGW

FAO 230

Number of kernels
per ear

(R2 = 0.99)

Number of rows per
ear Number of
kernels per row

0.734 *
0.950 *

0.356 *
0.776 *

0.378
0.173

Number of kernels
per row

Number of rows

Grain yield
(R2 = 0.71)

TGW
Number of kernels

per ear
0.618 *
0.814 *

0.261 *
0.677 *

0.357
0.138

Number of kernels
per ear
TGW

FAO 260

Number of kernels
per ear

(R2 = 0.99)

Number of rows per
ear Number of
kernels per row

0.508 *
0.889 *

0.456 *
0.862 *

0.052
0.028

Number of kernels
per row

Number of rows

Grain yield
(R2 = 0.67)

TGW
Number of kernels

per ear
0.569 *
0.813 *

0.149
0.727 *

0.420 *
0.086

Number of kernels
per ear
TGW

*—significant relationships at p ≤ 0.05.

The economic analysis showed that all tested amendments generated a positive eco-
nomic return (Table 12). The highest additional revenue was obtained following the
application of UGmax (160 USD·ha−1), followed by Bactim Gleba (95 USD·ha−1). UGmax
also achieved the highest profitability ratio (5.50–6.60). In contrast, Neosol exhibited the
lowest economic efficiency due to its relatively high cost in relation to the yield increase
obtained, with a profitability ratio close to the break-even threshold (1.09–1.31).
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Table 12. Economic efficiency of using biological amendments in maize cultivation (means for
2022–2024).

Biological
Amendment

Yield Increase
vs. Control
(Mg·ha−1)

Additional
Revenue

(USD·ha−1)

Amendment
Cost

(USD·ha−1)

Net Economic
Gain

(USD·ha−1)

Profitability
Index (BCR)

Break-Even
Grain Price

(USD·Mg−1)

Neosol 0.3 58 44–53 +14 to +5 1.31–1.09 146–176
Bactim Gleba 0.49 95 22–27 +73 to +68 4.3–3.5 45–55

UG Max 0.83 160 24–29 +136 to +131 6.5–5.5 29–35

4. Discussion

The United Nations Sustainable Development Goals highlight the crucial role of the
agricultural sector in ensuring food security, protecting natural resources, and supporting
adaptation to climate change. In countries with a strong reliance on crop production,
such as Poland, technologies that stabilise yields under increasing environmental pressure,
particularly drought and soil degradation in monoculture systems, are gaining strategic
importance. Numerous long-term experiments have demonstrated that such systems
lead to reduced yield stability and the deterioration of soil quality [29–33]. The study
focused primarily on the productive response of plants (yield and yield components) as an
indicator of soil–plant system functioning. The combined use of ANOVA and path analysis
made it possible to assess the influence of the meteorological conditions, cultivar earliness,
and the action of the biological amendments on the mechanism of yield formation through
its individual components. ANOVA results obtained in this study showed that, under
monoculture conditions, maize grain yield was strongly determined by meteorological
conditions. Path coefficient analysis, in turn, enabled identification of the direct and indirect
effects of individual traits on the final yield variable [16,34], providing deeper insight into
the complex relationships between yield components and maize grain yield in monoculture.

Our findings demonstrated that the traits with the strongest direct influence on kernel
yield were the number of kernels per ear and the thousand-grain weight (TGW). These
results are consistent with observations by Huda et al. [35] and Matin et al. [16], who
indicated that these parameters constitute the primary determinants of maize productivity.
Path analysis further revealed that the relative importance of yield components varied
depending on weather conditions. In the year with favourable weather (2022), TGW played
the dominant role in shaping yield, while the effect of the number of kernels per ear
was indirect. This indicates that kernel-filling efficiency was the decisive factor. Under
water stress, the structure of relationships shifted: TGW exhibited a very strong direct
effect on yield, whereas the direct effect of the number of kernels per ear was negative
and insignificant. This suggests the presence of compensatory mechanisms, whereby plants
partially offset reductions in kernel number by increasing individual kernel weight. At the
same time, the application of biological amendments significantly mitigated the decline in
monoculture productivity, which is particularly important from a sustainability perspective,
as it contributes to yield stabilisation. The use of UGmax and Neosol led to a substantial
reduction in yield losses in years characterised by unfavourable hydrothermal conditions.
The observed response may be associated with soil-functioning improvement mechanisms
described in the literature [3,21].

This is supported by numerous studies showing that organic or biological amendments
can effectively mitigate the negative effects of monoculture [36–39]. UGmax produced the
highest mean yield across the three-year cycle (6.73 Mg·ha−1), exceeding the control by
more than 14%, while Bactim Gleba and Neosol increased yields to 6.39 and 6.20 Mg·ha−1,
respectively. These production effects align with earlier research on UGmax in maize
and potato, where yield increases and improved plant health were reported [40–43]. At the
same time, Piotrowska et al. [44] demonstrated that this product increased soil microbiolog-
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ical activity and the content of plant-available nutrients. Novák et al. [45] noted that Neosol
affected the physical properties of heavy soils as well as the physiological status of plants.
The stabilisation of yield components observed in the present study is consistent with
such findings. The plant response recorded in the present study may also be associated
with mechanisms described in the literature, including those related to water management
and soil aggregate structure [5,6,8].

From a physio-biological perspective, the plant responses observed here are consistent
with studies describing the role of conditioners and organic amendments in shaping the
rhizosphere microbiome and nutrient uptake efficiency [11,12,34].

ANOVA results further indicated that cv. FAO 260 achieved significantly higher
mean yield (6.70 Mg·ha−1) than FAO 230 (6.32 Mg·ha−1) and FAO 200 (5.84 Mg·ha−1).
Cv. FAO 260 also exhibited the highest TGW (300.3 g), suggesting a greater capacity
for assimilate accumulation even under declining water availability. This is consistent
with findings by Berzsenyi et al. [30] and Księżak et al. [31], who reported that, in long-
term monoculture, high-yielding cultivars utilise available resources more effectively than
earlier-maturing forms.

Path analysis revealed clear differences in yield-forming strategies between maturity
groups and biological amendment variants, confirming the usefulness of this method in
agronomic research [14,24]. The differences observed between maturity groups correspond
to the findings of Matin et al. [16] and Munawar et al. [46], who emphasised the variability
of yield-formation mechanisms depending on genotype and environmental conditions.
In cv. FAO 200, yield was shaped almost equally by TGW (direct effect 0.513) and the
number of kernels per ear (0.466), indicating a balanced compensatory strategy. Similar
mechanisms were reported by Rafiq et al. [15] and Soumya and Kamatar [47] who noted
that early cultivars often compensate limitations in one component through another. In
cv. FAO 230, the dominant role was played by the number of kernels per plant, with the
primary determinant being the number of kernels per row. A similar pattern was described
by Pavlov et al. [48] and Matin et al. [16], highlighting the importance of generative devel-
opment in shaping yield in medium–early-maturing cultivars. The higher productivity of
late-maturing cultivars, confirmed by ANOVA, resulted from the strong direct effect of the
number of kernels per ear as the main yield-forming trait. This relationship aligns with the
findings of Matin et al. [16] and Huda et al. [35], who emphasised that kernel number is
the trait with the highest potential to determine yield in maize. This suggests that, under
monoculture and water stress, cultivars which mature later in the season maintain pro-
ductivity primarily by preserving kernel number, which may be crucial for yield stability
under climate change.

Path analysis results for biological amendments are particularly noteworthy from
a sustainability perspective. In the control, yield was mainly affected by the number of
kernels per ear (direct effect 0.723), while TGW acted predominantly through indirect
pathways (0.497), indicating limited kernel-filling capacity under declining soil fertility.
After Bactim Gleba application, the number of kernels per ear remained the main and stable
determinant of yield (0.570), with strong indirect effects of TGW (0.390).

For UGmax, the interdependence between grain number and grain weight was addi-
tionally strengthened (indirect effect of TGW = 0.403), which may indicate more favourable
conditions for grain filling. This observation is consistent with the mechanisms described
by Piotrowska et al. [44], Keteku et al. [49], and Odugbenro et al. [50], who reported
links between biological amendments, soil structural properties, and nutrient uptake ef-
ficiency. From an agronomic perspective, this may imply the potential to stabilise yields
without increasing fertilisation intensity, which is particularly relevant in the context of
sustainable agriculture.
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From a practical perspective, the profitability of using biological amendments is of key
importance, as it depends on the balance between their cost and the resulting yield increase.
Our results confirm that microbial-based products (UGmax and Bactim Gleba) are cost-
effective solutions for mitigating the negative effects of maize monoculture. For Neosol,
the break-even price is higher, indicating that its use is more sensitive to market volatility.

Detailed economic analyses that would account for the full production costs and the
long-term effects of biological amendments on maize yield were beyond the scope of the
present study. However, incorporating such analyses in future research is essential to
fully assess the feasibility of implementing these solutions at the farm scale. The need
for continued investigation in this direction is further justified by the inherent limitations
of the current work. The most important of these include the relatively short, three-year
duration of the experiment, which may not fully capture the long-term consequences of
biostimulant use in maize monoculture. Moreover, this study focused on plant production
parameters without direct monitoring of physicochemical and biological changes occurring
in the soil. It should also be noted that the obtained results may have been influenced by
specific local conditions and interannual meteorological variability.

5. Conclusions

Maize productivity under continuous monoculture was strongly determined by in-
terannual meteorological variability. Increasing water deficit and heat stress during the
generative development stage led to a progressive decline in yield, primarily through
a reduction in the number of kernels per ear. This trait proved to be the key structural
determinant of yield stability under abiotic stress.

The integration of ANOVA with Wright’s path analysis provided new insight into
the biological hierarchy of yield formation in monoculture systems. The results demon-
strated that maturity class determines the mechanism of productivity maintenance: early
cultivars relied on a balanced contribution of kernel number and kernel weight, whereas
medium- and late-maturing cultivars depended mainly on preserving kernel number, with
thousand-kernel weight acting largely indirectly. These findings highlight the central role of
reproductive structure preservation in sustaining yield under simplified cropping systems.

From a practical perspective, the targeted use of biological amendments combined
with appropriate cultivar selection (in the present conditions particularly FAO 260) may
improve yield stability in simplified cropping systems. Microbial-based products showed
the most stable economic performance, with UGmax providing the highest profitability due
to both yield increase and a favourable cost–benefit relation, whereas other amendments
were more dependent on market conditions.

The study was limited by the relatively short three-year monoculture period and by
the lack of direct measurements of the soil physical, chemical and biological properties.
Therefore, long-term experiments integrating crop productivity with direct soil quality
indicators are necessary to fully explain the mechanisms underlying yield stabilisation in
monoculture maize systems.
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Abstract

In agricultural practice, in addition to determining the nitrogen (Nf) dose, it is necessary to
effectively control its effect on currently grown crops. Meeting these conditions requires not
only the use of phosphorus (P) and potassium (K), but also nutrients such as magnesium
(Mg) and sulfur (S). This hypothesis was verified in a single-factor field experiment with
winter wheat (WW) carried out in the 2015/2016, 2016/2017, and 2017/2018 growing
seasons. The experiment consisted of seven variants: absolute control (AC), NP, NPK-MOP
(K as Muriate of Potash), NPK-MOP+Ki (Kieserite), NPK-KK (K as Korn–Kali), NPK-
KK+Ki, and NPK-KK+Ki+ES (Epsom Salt). The use of K as MOP increased grain yield
(GY) by 6.3% compared to NP. In the NPK-KK variant, GY was 13% (+0.84 t ha−1) higher
compared to NP. Moreover, GYs in this fertilization variant (FV) were stable over the years
(coefficient of variation, CV = 9.4%). In NPK-KK+Ki+ES, the yield increase was the highest
and mounted to 17.2% compared to NP, but the variability over the years was also the
highest (CV ≈ 20%). The amount of N in grain N (GN) increased progressively from 4%
for NPK-MOP to 15% for NPK-KK and 25% for NPK-KK+Ki+ES in comparison to NP.
The nitrogen harvest index was highly stable, achieving 72.6 ± 3.1%. All analyzed NUE
indices showed a significant response to FVs. The PFP-Nf (partial factor productivity of Nf)
indices increased on NPK-MOP by 5.8%, NPK-KK by 12.9%, and NPK-KK+Ki+ES by 17.9%
compared to NP. The corresponding Nf recovery of Nf in wheat grain was 47.2%, 55.9%,
and 64.4%, but its total recovery by wheat (grain + straw) was 67%, 74.5%, and 87.2%,
respectively. In terms of the theoretical and practical value of the tested indexes, two indices,
namely, NUP (nitrogen unit productivity) and NUA (nitrogen unit accumulation), proved
to be the most useful. From the farmer’s production strategy, FV with K applied in the form
of Korn–Kali proved to be the most stable option due to high and stable yield, regardless
of weather conditions. The increase in the number of nutritional factors optimizing the
action of nitrogen in winter wheat caused the phenomenon known as the “scissors effect”.
This phenomenon manifested itself in a progressive increase in nitrogen unit productivity
(NUP) combined with a regressive trend in unit nitrogen accumulation (NUA) in the grain
versus the balance of soil available Mg (Mgb). The studies clearly showed that obtaining
grain that met the milling requirements was recorded only for NUA above 22 kg N t−1

grain. This was possible only with the most intensive Mg treatment (NPK-KK+Ki and
NPK-KK+Ki+ES). The study clearly showed that three of the six FVs fully met the three
basic conditions for sustainable crop production: (i) stabilization and even an increase in
grain yield; (ii) a decrease in the mass of inorganic N in the soil at harvest, potentially
susceptible to leaching; and (iii) stabilization of the soil fertility of P, K, and Mg.
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1. Introduction

Nitrogen, provided that there is sufficient water availability, is a decisive factor for
crop plant growth and the formation of yield components [1,2]. Moreover, the nitrate
nitrogen ion (N-NO3) is considered as crucial for plant morphogenesis. This inorganic N
form, acting as a plant morphogen, affects both roots and shoots growth. Its deficiency
in the growth medium changes the morphology of the root system, which forces it to
grow in areas rich in nitrates [3,4]. This specificity of crop plants; response to soil nitrate
availability is considered a key factor in breeding new varieties. The steep, cheap, and
deep breeding concept focuses on exploring nitrate resources in the soil [5]. The critical
stages of wheat yield formation and demand for N are well defined [6]. Despite this
knowledge, the nitrogen use efficiency of nitrogen fertilizers (NUE) is low. As thousands
of field experiments have shown, the recovery of applied Nf is in the range of 30–50% [7].
The remaining Nf is dispersed in the environment, thus posing a threat to the stability of
natural ecosystems [8].

The consequence of inefficient Nf use by crops is the yield gap, or more precisely, the
nitrogen gap (N gap) [9]. In the case of wheat, it is significant and results not only from the
impact of environmental factors [10]. The N gap amelioration strategy requires a holistic
view of the plant’s demand for nutrients during the formation of the yield structure [11].
The key reason of the N gap is not only, as it is generally believed, an inappropriate N dose,
N form, or Nf application date (N term) [12]. The key reason for low NUE in the second
stage/level of growth factor validation is the imbalance between the amount of inorganic
N in the soil/plant system during the growing season and the availability of nutrients that
condition N uptake and its use by the plant [13]. Nutritional factors must, therefore, be an
important factor determining sustainable N management in the agroecosystem [9,13].

The first nutrient in the above approach is P [14,15]. However, in intensive agricultural
practice, P is excessively applied, and, therefore, its recovery is low [2,16]. For example, in
nutritionally well-nourished winter oilseed rape, P remobilization from vegetative parts
during the seed filling period has remained unchanged for over 50 years, but yields have
doubled [17–19]. The nutrient taken up by high-yielding crop plants in the largest amount is
potassium (K). This rule does not apply only to root and tuber crops, which is documented
and widely recognized. In the case of potatoes, it has been recently documented that
the narrower the K:N ratio, the higher the NUE obtained, and, thus, the higher the tuber
yield [20,21]. There are only a few examples of higher K uptake by cereals compared to
N during the pre-flowering growth [22,23]. Projections of global K consumption for the
future (2050) do not take into account these relationships [24]. Finally, it should be clearly
emphasized that even in some academic textbooks, the recommended K:N ratio used in
fertilizers is below 1.0 [25]. As a result, the use of K fertilizers by farmers in crop production,
despite this well-documented knowledge, is far below the realistic needs of high-yielding
seed crops [26]. A consequence of current practice is an imbalance of N and K, resulting in
Nf inefficiency, leading to the formation of the N gap [2,9,20,21].

K has many functions in the plant, starting from photosynthesis, through ions transport
in the xylem, plant growth, and finally, yield [27]. The role of K in the uptake and transport
of inorganic N ions is well known. This cation dominates, among others, in the process
of NO3

− uptake, according to the rule (2K+ × NO3
−) [14,28]. In the case of crop plants,

the role of K concerns the physiological and molecular processes responsible for the daily
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cycle of stomata [29,30], hence the important role of K in alleviating, at least partly, water
stress in crop plants [31,32]. No less important is K for the quantity and quality of the
yield. K ions are involved in the transport of assimilates from leaves to storage organs (root
and tuberous plants) or to generative organs (seeds and grains). N management during
the vegetation of seed plants is confirmed by the dynamics of K uptake, as well as the
dynamics of plant growth during this period [22,33]. On this basis, it is justified to state
that K is a key nutrient determining N use efficiency (NUE), regardless of its source (i.e.,
soil, atmospheric N2 fixation, N dose in the applied fertilizer).

The sustainable strategy of high-yielding crops fertilization with N cannot be limited
to P and K. A good Nf management strategy requires the use of nutrients, referred to in
agricultural practice as secondary nutrients [34]. In fields with regulated soil pH, these
requirements are met by magnesium (Mg) and sulfur (S). Both nutrients play a very
important role in the metabolism of crop plants and in the yield formation [35,36]. Both
nutrients are present in magnesium sulfate, which is easily soluble in water (i.e., Kieserite,
MgSO4 × H2O and Epsom Salt (ES), MgSO4 × 7H2O). Kieserite is usually applied to the
soil, and ES as an aqueous solution on plant leaves in the form of a spray [37]. The key
function of Mg in the plant is its presence as a component of chlorophyll. Its necessity
for all energy conversion processes, including N uptake and transport in the plant, has
been well documented [38]. In turn, S, being in a stable relationship with N, is necessary
for the synthesis of sulfur amino acids. In this way, it determines the quality of plant
proteins [39,40].

The above presented considerations on the role of nutrients controlling yield-forming
effect of Nf are consistent with the assumptions of the sustainable intensification of agricul-
ture (SIA) concept. Its key assumption is the effective use of critical means of production,
such as fertilizer nitrogen (Nf) [9,41]. Achieving this goal is only possible if Nf is used
efficiently and its utilization rate does not lead to yield reduction. Furthermore, the Nmin

content after harvest of the currently cultivated crop should be at a level that does not pose a
threat to the environment [2,8,12]. The second assumption of rational nutrient management
is to maintain a stable level of soil fertility, in accordance with the Law of Return [13,42].
The degree of crop plants’ response to nutritional growth factors can best be assessed by
analyzing the sensitivity of N productivity indices to the effects of other nutrients. Classic N
efficiency indices can be generated using field experiments with so-called absolute control.
Operational indices, however, do not require this database because they are based on the
direct measurement of the yield and N accumulation [1,2,43,44].

It was assumed that in naturally fertile K soil, a moderate dose of K fertilizer, but
supported by an appropriate amount of Mg and S, guarantees a significant increase in the
GY of winter wheat. The expected increase in winter wheat yields results from increased
Nf productivity, which is the effect of the active exploration of nutrients from both applied
fertilizers and soil resources. Based on this hypothesis, the following set of objectives was
established. The primary objective was to assess the effect of balanced K–MgS fertilization
on grain yield, its components, and N accumulation in winter wheat at harvest. The
second objective was to determine the best set of K and MgS fertilization regimes to
maximize winter wheat grain yield. The third objective was to assess the effect of K and
Mg application in different fertilizer variants on the nutrient balance in wheat and soil. The
fourth objective was to assess the usefulness of differently developed NUE indices for a
reliable and practical assessment of N economics in winter wheat.
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2. Materials and Methods

2.1. Experimental Site

Studies on the effect of balanced fertilization of winter wheat were carried out in the
growing seasons 2015/2016, 2016/2017, and 2017/2018 at the Brody Experimental Far,
Poznan University of Life Sciences (52◦26′ N, 16◦18′ E, 92 m a.s.l.), Poznań, Poland. The
field experiment was conducted on Albic Luvisol formed from loamy sand underlined
by light loam. The soil pH was slightly acidic, being the lowest in the growing season
2017/2018. The organic carbon (Corg) content was low (<20 g kg−1). The content of
available nutrients, measured before applying fertilizers, was very high in all growing
season and stable for phosphorus (P). The content of potassium (K) was on the border
of the low and medium availability classes. The content of available Mg was in the high
class in the first growing season and in the medium class in the other two growing seasons.
The content of calcium (Ca), despite the year-to-year variability was in the low class. Of
the four micronutrients examined, the most stable content in the years of the study was
found for iron (Fe) and manganese (Mn), which were in the medium class. The content of
available copper (Cu) was in the low class in the first and the third growing season, and in
the medium class in the second growing season. The content of zinc (Zn) showed the same
trend as for Cu but was a class higher. The amount of mineral N (Nmin), measured just
before the spring regrowth of winter wheat in the 0.0–0.6 m layer, was generally moderate,
ranging from 48 to 66 kg ha−1 (Table 1).

Table 1. Soil agrochemical characteristics of the topsoil in consecutive growing seasons 3.

Soil Characteristics
Growing Seasons

2015/2015 2016/2017 2017/2018

pH 1 6.1 ± 0.2 6.1 ± 0.3 5.7 ± 0.2
Corg

2, g kg−1 15.8 ± 3.3 16.0 ± 2.6 15.9 ± 2.8
N mineral, kg ha−1 66 ± 16 64 ± 18 48 ± 14

P 5, mg kg−1 210 ± 15VH 4 212 ± 20VH 286 ± 32VH
K 5, mg kg−1 145 ± 15L 152 ± 12L 155 ± 16M

Mg 5, mg kg−1 120 ± 11H 97 ± 10M 91 ± 12M
Ca 6, mg kg−1 740 ± 125L 1195 ± 130L 840 ± 95L
Cu 7, mg kg−1 0.9 ± 0.4L 2.2 ± 0.5M 1.4 ± 0.6L
Zn 7, mg kg−1 2.4 ± 0.9M 4.1 ± 1.2H 4.8 ± 1.4M
Mn 7, mg kg−1 36 ± 12M 57 ± 16M 54 ± 14M
Fe 7, mg kg−1 299 ± 66M 285 ± 58M 365 ± 84M

1 1.0 M KCl soil/solution ratio 1:2.5 m/v; 2 loss on ignition; 3 Mehlich 3 [45]; 4 availability classes: L—low;
M—medium; H—high; VH—very high [46–48] 5–7.

2.2. Weather Conditions

The local climate in the geographical area of the field experiment is classified as a
moderate climatic zone (transitional between Atlantic and Continental). In the summer
months, continental conditions dominate, with high temperatures, thunderstorms, and
locally distributed rains. The climate of the study area in the period 1964–2015 was
characterized by an average annual temperature of 8.1 ◦C (in the range from 6.6 to 10 ◦C)
and total precipitation of about 580 mm per year (in the range from 310 to 840 mm). Weather
conditions were very variable in subsequent growing seasons (Table 2).
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Table 2. Main meteorological characteristics during the winter wheat growing season relative to
long-term averages at Brody Experimental Farm during the study.

Months 2015/2016 2016/2017 2017/2018
Long-Term
1961–2015

T 1 P 2 T P T P T P

September 17.9 57.9 17.4 9.9 13.8 60.7 13.3 67.3
October 5.8 40.6 8.4 76.6 11.1 79.4 8.5 48.8

November 8.1 21.7 3.3 31.8 5.4 51.7 3.7 40.7
December 5.8 45.1 2.2 37.6 2.7 31.3 0.0 45.5

January 5.9 38.0 −2.4 12.5 2.1 57.6 −1.6 47.7
February −1.7 28.5 1.2 30.4 −2.5 3.7 −0.6 40.2

March 3.7 33.9 7.1 40.5 0.7 20.6 2.9 32.3
April 4.1 31.2 7.9 25.7 12.9 65.3 8.1 39.2
May 8.8 29.7 14.0 49.2 17.1 19.2 13.2 37.4
Juni 15.3 76.1 17.6 106.0 19.1 31.5 16.6 57.4
July 18.0 94.8 18.4 160.8 20.7 134.9 18.3 63.8

1 Temperature, ◦C; 2 precipitation, mm.

In the 2015/2016 growing season, the most unfavorable conditions were revealed in
early January, when temperatures were below −10 ◦C for several consecutive days. From
early February, temperatures remained in the range of 0–5 ◦C, which was high enough
to break the winter dormancy of wheat plants. As a result, the crop reached the full
tillering phase at the end of winter. Suitable temperatures for growth of wheat dominated
throughout the spring part of the wheat growing season. Extreme temperatures occurred
in June.

In general, the meteorological conditions in the 2016/2017 growing season were very
favorable for winter wheat growth. Sufficiently high temperature and high precipitation
in October resulted in an accelerated rate of plant growth. Temperatures in February and
especially in March were high enough to break plant dormancy and initiate intensive
regrowth of plants. The total amount of precipitation was favorable for plant growth in
the critical stages of yield formation (i.e., stem elongation, germination and flowering,
grain filling).

In general, meteorological conditions in the 2017/2018 growing season were unfa-
vorable for winter wheat. Extremely high temperatures, which significantly exceeded
long-term averages, were first recorded at the end of March. This trend was observed
throughout most of the spring part of the growing season. In the third decade of July, the
difference reached almost 3 ◦C, which accelerated the rate of plant ripening. The amount
and distribution of rainfall was unfavorable for wheat. There was a deficit of precipitation
throughout the whole spring vegetation. Total rainfall from February to the end of June
was 140 mm, but the long-term average is 207 mm. In May, the amount of rainfall was
19.2 mm against the long-term average of 37.4 mm.

2.3. Experimental Design

The data used in this study were based on a one-factor field experiment replicated
four times. Details of the experimental design (fertilization variants, and FVs) are shown in
Table 3. The total area of a single plot was 30 m2 (2 × 15 m). The winter wheat was sown
annually after winter oilseed rape in the first week of October at 300 grains m−2. The crop
was harvested the following year at the end of July from an area of 19.5 m−2 (1.5 × 13 m).
Nitrogen fertilizer was applied to the top using a fertilizer spreader. It was applied in the
form of ammonia nitrate (34:0:0; producer Grupa Azoty Puławy, Puławy, Poland) in line
with the following experimental schedule:
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(1) The first N dose of 80 kg N ha−1 was applied at the end of winter, just before the start
(regrowth) of winter wheat vegetation.

(2) The second N dose of 70 kg N ha−1 was applied at the beginning of the shoot elonga-
tion phase (BBCH 31/32).

Table 3. The experimental design and nutrient doses.

Treatment
(Acronyms) Fertilization Variants

N P2O5 K2O MgO
[kg ha−1]

AC Absolute Control—AC 0 0 0 0
NP NP 150 40 0 0

NPK-MOP NPK–MOP 150 40 80 0
NPK-MOP+Ki NPK–MOP+Kieserite 150 40 80 30

NPK-KK NPK–Korn–Kali 150 40 80 12
NPK-KK+Ki NPK–Korn–Kali+Kieserite 150 40 80 12 + 18

NPK-KK+Ki+ES NPK–Korn–Kali+Kieserite+EPSO Top 150 40 80 12 + 18 + 6.4

Phosphorus was applied in the form of triple superphosphate (46% P2O5; producer:
Grupa Azoty Fosfory, Gdańsk, Poland). Potassium was applied in accordance with experi-
mental schedule in two forms: (i) muriate of potash (MOP, 60% K2O; producer: K+S, Kassel,
Germany) and (ii) Korn–Kali (K-MgO-Na2O-SO3 → 40-6-3-12.5; producer: K+S, Kassel,
Germany). Magnesium was applied as ESTA Kieserite (25% MgO, 50% SO3 producer: K+S,
Kassel, Germany). All these fertilizers were applied to the soil two weeks before wheat
sowing. EPSO Top (16% MgO, 32% SO3) was applied to the wheat foliage in accordance
with the schedule presented in Table 4. Plant protection was conducted in accordance with
the principles of the Code of Good Practice.

Table 4. Schedule winter wheat foliar fertilization during the growing season using EPSO Top.

Application
Maximum

Concentration
Rate [kg ha−1] BBCH Code Description

1st 5%
(5 kg in 100 dm3 of

water)

10 19 Nine leaves unfolded (autumn)
2nd 15 30 Beginning of stem elongation
3rd 15 55 Early ear emergence

2.4. Plant Material Sampling and Analysis

The plant material used to determine dry matter and the N content in grain and straw
of winter wheat was collected at the full ripening stage (BBCH 90). The N content was de-
termined in plant material using the standard macro Kjeldahl method [49]. The results were
expressed on a dry matter basis. The mass of N in winter wheat parts was calculated based
on the grain and straw biomass and the N content. For mineral nutrients, the collected plant
sample was dried at 65 ◦C and then mineralized at 550 ◦C. The obtained ash was dissolved
in 33% HNO3. The P concentration was measured using the vanadium–molybdenum
method with a Specord 2XX/40 (Analytik Jena, Jena, Germany) at a wavelength of 436 nm.
The concentrations of K and Mg were determined using flame-type atomic absorption
spectrometry. The results were expressed on a dry matter basis. The mass of the nutrients
in winter wheat at harvest was calculated based on the grain and crop residues biomass
and the content of a given nutrient.
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2.5. Calculated Parameters

Equations for calculating the amount of N in grain or total biomass of winter wheat,
as well as algorithms for N management indicators and N use efficiency (NUE) indicators,
are presented below [50].

1. Grain density, GD

GD = NE × GE, number grains m−2 × 1000

2. Harvest index

HI =
GY
TB

× 100%

3. Nitrogen accumulation in grain, GN

GN = GY × N, kg N ha−1

4. Nitrogen accumulation in straw, SN

SN = SY × N, kg N ha−1

5. Total accumulation of nitrogen in wheat biomass, TN

TN = GN + SN, kg ha−1

6. Nitrogen harvest index, NHI

NHI =
GN
TN

× 100%

7. Nitrogen unit accumulation in grain, NUA-GN

NUA-GN =
GN
GY

kg N × t−1

8. Nitrogen unit accumulation in total wheat biomass, NUA-TN

NUA-TN =
TN
GY

kg N × t−1

9. Nitrogen unit productivity—grain, NUP-GN

NUP-GN =
GY × 1000

GN
kg grain × kg−1 N

10. Nitrogen unit productivity—total N, NUP-TN

NUP-TN =
GY × 1000

TN
kg grain × kg−1 N

11. Partial factor productivity of fertilizer N, PFP-Nf

PFP-Nf =
GY × 1000

Nf
kg grain kg−1 N f

12. Agronomic nitrogen efficiency, ANE

ANE =
GYN × 1000 − GYAC × 1000

Nf
kg grain × kg−1 Nf

13. Nitrogen recovery, R-GN

R-GN =
GN − GNAC

Nf
× 100%

14. Nitrogen recovery, R-TN

R-GN =
TN − TNAC

Nf
× 100%
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15. Physiological nitrogen efficiency, PhNE-GN

PhNE-GN =
GYN × 1000 − GYAC × 1000

GNAC − GNAC
kg grain kg−1 N

16. Physiological nitrogen efficiency, PhNE-TN

PhNE-TN =
GYN × 1000 − GYAC × 1000

TNAC − TNAC
kg grain kg−1 N

where

GY—grain yield, t ha−1;
N—N content in grain or crop residues;
g kg−1 DW, NAC—nitrogen control;
Nf—treatments fertilized with nitrogen.

The crop nutrient balance (CNB) is the difference between the amount of nutrients
introduced in fertilizers and accumulated in the biomass of winter wheat during harvest.
The crop residue replacement ratio (CRRR) was calculated as the ratio of a given nutrient
in harvest residues and CNB. Both indices were calculated using algorithms:

CNB = Nuin − Nuout, kg ha−1

CRRR =
Nu

CNB
where

Nu—nutrients: N, P, K, Mg, kg ha−1;
in—nutrient input in applied fertilizers, kg ha−1;
out—nutrient output in winter wheat biomass, kg ha−1.

The net nitrogen balance (NNb) during the winter wheat growing season was calcu-
lated using the formula

NNb = (Nmins + Nf )− (TNh + Nminh), kg N ha−1

where

Nmin—the amount of mineral N in soil, kg N ha−1;
s, h—sampling time, spring, harvest;
TN—the amount of N in winter wheat biomass at harvest, kg N ha−1.

The nitrogen mass balance during the spring vegetation of winter wheat and the
balance of available P, K, and Mg forms were calculated using algorithms:

Nb = Ns − Nh, kg ha−1

Mgb = Mgb f − Mgh, mg kg−1

where

N—mass of Nmin, kg ha−1;
Mg (P, K)—content of available Mg, mg kg−1;
b—nutrient balance, kg ha−1 or mg kg−1;
s, h, bf —soil sampling dates: spring, harvest, and before winter wheat sowing.

2.6. Statistical Analysis

The effects of the experimental factor (fertilization variants, FVs) in subsequent years
of the study were assessed for primary or aggregate winter wheat characteristics and
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developed N management and NUE indicators. The examined variables were evaluated
based on the coefficient of variation (CV) using ranges proposed by Wilding and Drees [51].
According to the proposed ranges, CV <15%, 15% < CV < 35%, and >35% indicate low,
moderate, and high variability in the obtained data, respectively. Means were separated
by honest significant difference (HSD) using Tukey’s method when the F-test indicated
significant factorial effects at the level of p < 0.05. In the second step of the diagnostic proce-
dure, stepwise regression was applied to discriminate the set of plant traits determining the
grain yield. In the computational procedure, a consecutive variable was removed from the
multiple linear regressions in a step-by-step manner. The best regression model was chosen
based on the highest F-value [52]. Pearson correlation and linear regression STATISTICA
12 software was used for all statistical analyses (StatSoft Inc., Tulsa, OK, USA, 2013).

3. Results

3.1. Grain Yield and Yield Components

The grain yield (GY) of winter wheat significantly depended on fertilization variants
(FVs), but it was variable in subsequent years of the study (Table 5). The average GY
was 6.6 ± 1.5 t ha−1, showing moderate variability in response to the Y × FVs interaction
(CV = 22.9%). The key reason of the observed year-to-year variability was weather in 2018.
In this particular year, GY was 22% lower compared to 2017, which was the highest. GY
at the absolute control (AC) was twice as low compared to the most intensive FVs, i.e.,
NPK-KK+Ki+ES. At the same time, no significant differences were found between GYs in
the AC variant in subsequent years (Figure 1). The same level of GY stability, as indicated
by CV <10%, was achieved for NP and NPK-KK (Table S1). However, GY for the latter FV
was 13.1% greater compared to NP. The highest GY combined with the highest year-to-year
variability (CV = 19.8%) was the NPK-KK+Ki+ES attribute. It was 18% (+1.14 t ha−1) higher
compared to NP. GY was significantly, except for thousand grain weight (TGW), correlated
with primary yield components (Table A1). The strongest direct effect was exerted by the
number of grain per ear (GE). The relationship obtained was best described by a quadratic
regression model (Figure S1):

GY = −0.011GE2 + 0.65GE − 6.31 f or n = 21, R2 = 0.57, p ≤ 0.01

 

Figure 1. The effect of fertilization systems on the grain yield of winter wheat in subsequent years
of the study. Means followed by the same letter within a column indicate the lack of a significant
difference between the treatments. The vertical bar in the column is the standard error of the mean.
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The maximum GY of 6.82 t ha−1 was found for GE of 35.4 grains ear−1. Such values
and ones higher were recorded only once in 2016, three times in 2017, and four times in 2018.
The highest GE obtained in 2018 was associated with the lowest number of ears per m2

(NE, Table 5). At the same time, the highest NE in 2016 was associated with the lowest
GE. In 2018, NE was lower by 22.3% compared to 2016, whereas GE was higher by 24.3%.
The variability in NE, resulting from the effect of FVs and years, expressed by coefficient
of variation (CV) was in the low class (<14.3%), while that of GE was in the medium class
(21.3) (Table 5). Both wheat traits did not show any response the Y × FVs interaction. The
third primary GY component, i.e., thousand grain weight (TGW), responded significantly
to the examined interaction (Table 5). The average TGW was 46.1 ± 3.1 g and resulted
from a significant decrease in 2018 compared to 2016 down to (−10 and −9 g, respectively)
(Figure A1). The TGW variability assessed by CV was the highest, exceeding 10%, for
NPK-MOP and NPK-KK+Ki+ES. The most stable FV was NPK-KK+Ki, for which TGW
reached 47 g, but CV was only 0.9% (Table S1). Although TGW did not show any significant
relationship with GY, together with GD, it explained 99.9% of the variability in GY:

GY = −6.58 + 0.48GD + 0.14TGW f or n = 21, R2 = 99.6, p ≤ 0.001

Straw yield (SY), averaged across the tested factors, was 7.7 ± 1.6 t ha−1, being at the
same level of variability as found for GY (Table 5). It was significantly correlated with GY and
especially with the total wheat biomass (TB) at maturity. At the same time, SY was significantly
associated with NE and GD, but not with GE (Table A1). The yield structural index, which is
the harvest index (HI), reached, on average, 46 ± 3%, being significantly driven by the Y × FVs
interaction (Table 5). Both, SY and HI explained the 99.3% variability in GY:

GY = −10.8 + 0.86SY + 23.4HI f or n = 21, R2 = 99.3, p ≤ 0.001

3.2. Nitrogen Accumulation−N Management Indicators

Nitrogen accumulation in wheat grain (grain nitrogen, GN) was affected by FVs, but the
values were significantly variable between years. The average GN was 125.2 ± 34.4 kg ha−1

(CV = 27.5%). However, no interaction between these two factors was found (Table 6).
Significantly higher GN compared to both other years was recorded in 2017. The effect of
the tested FVs was very specific. The application of NP doubled GN (+123%) compared
to AC. A significant increase of 18.2%, compared to NP, was recorded the first time for
NPK-KK+Ki. This upward trend continued up to NPK-KK+Ki+ES and amounted to 6.3%
compared to the previous FV. To sum up, the increase in GN in this particular FV compared
to NP was 25.5%. The highest GN stability over the study years was found for NPK-KK
(CV = 6.3%) and the highest variability for NP (CV = 17.4%) (Table S1).

The average amount of N in straw (SN) was 46.7 ± 12.6 kg ha−1 (CV of 26.9%). Similarly to
GN, the highest SN was recorded in 2017. The amount of N in the NP plot was almost 1.5 times
higher compared to AC. However, no significant differences were found between FVs. The total
N (TN) accumulated by winter wheat at maturity was 171.9 ± 46.1 kg ha−1 (CV of 26.8%). This
wheat trait was almost completely dependent on GN (r = 0.99 ***), and only slightly weaker on
SN (r = 0.95 ***) (Table A2). All these wheat traits showed a strong effect on GY, being slightly
weaker for SN (r = 0.82 ***). No significant relationship was found between the studied N traits
and yield components such as NE and TGW. At the same time, a strong response of GE was
noted, which was the highest for GN (r = 0.82 ***). A significant HI response to discussed N
traits was revealed only for GN and TN. The nitrogen harvest index (NHI) was the only winter
wheat trait that did not show any significant response to the tested factors and their interaction.
The average NHI was 72.6 ± 3.1%, and CV was only 4.3% (Table 6). This wheat trait did not
correlate significantly with all the characteristics studied, except HI (r = 0.82 ***; Table A2).
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The first of the discussed N management indices, i.e., PFP-Nf, showed the same trend
as GY (Table 6). This state results directly from the method of calculation. However,
CV of this index was slightly smaller compared to that of GY, reaching 22%. The basic
operational indicators of N management by a crop plant are N unit productivity (NUP) and
N unit accumulation (NUA). Both were calculated based on GN or TN. All responded to
experimental factors, but not to the interaction between them. This method of calculating
presupposes lower values for NUP-TN, which was noted. The average NUP-GN was
55.5 ± 8.9, and CV of 16%. The average NUP-TN was lower by 1/3 compared to NUP-GN
and amounted to 39.8 ± 5.8 with CV of 14.5%. The highest NUP was recorded in 2016. The
highest values of this index, regardless of the tested FVs, were found for AC. For NUP-GN,
it was higher by about 25% compared to NPK-MOP and NP. The lowest, amounting to
50 kg grain kg−1 GN, was recorded for the FVs with Mg. In the case of NUP-TN, its values
compared to AC decreased by 22%, which was found for NPK-MOP and NPK-KK. The
greatest decrease in NUP-TN relative to NUP-GN was noted just for AC and NP variants.
The most stable in this respect were FVs intensively fertilized with Mg. The effect of the
year factor on NUA indices was much more pronounced for NUA-TN than for NUA-GN.
In the latter case, its value in 2017 was intermediate to the other years. In contrast, NUA-TN
followed the order 2016 < 2017 < 2018. The largest difference between both indices revealed
in 2018. The highest values of both indices were recorded for FVs with KK and Mg and
the lowest for AC. This difference was about 37.5% for both indices. At the same time, the
increase in NUA-TN compared to NUA-GN was 37% for AC and 42% for NP, which was
the highest.

For NUP-type indices, which also include AC, higher R2 values, expressing stronger
correlation between both wheat traits, were obtained for TN as an independent variable.
The obtained relationships are presented in the following set of equations:

(1) Grain nitrogen, GN:

GY = −0.01NUP2 + 1.13NUP − 23.7 f or n = 21, R2 = 0.49, p ≤ 0.05

(2) Total nitrogen, TN:

GY = −0.03NUP2 + 2.63NUP − 44.7 f or n = 21, R2 = 0.71, p ≤ 0.01

The cardinal values, i.e., the maximum grain yield (GYmax) and the optimal NUP
(NUPop) value, were 8.01 t ha−1 and 56.3 kg grain kg−1 accumulated N in grain and
7.63 t ha−1 and 40 kg grain kg−1 N in the total biomass of winter wheat during harvest.
The FV that met both of these conditions turned out to be NPK-MOP.

3.3. Nitrogen Use Efficiency Indicators

Five classic nitrogen use efficiency (NUE) indices were calculated (Table 7). The
agronomic nitrogen efficiency (ANE) indicator was the only one among those tested that
showed a significant response to the Y × FVs interaction (Figure A2). It reached, averaged
across the studied factors, the value of 22.5 ± 7.9 kg grain kg−1 Nf. However, at the same
time, it showed a high variability, as indicated by the coefficient of variation (35.2%). The
key driver of ANE was the course of the weather during the growing season (Table 2). In
the first growing season, this index was the largest, slightly exceeding 30 kg grain kg−1

Nf. In this particular growing season, its values extended from 25 kg grain kg−1 Nf in the
NP plot, and 27 kg grain kg−1 Nf in NPK-MOP, to 36 kg grain kg−1 Nf in NPK-KK+Ki+ES.
The ANE index in 2017/2018 was 2.2 times smaller compared to the previous season. The
variability of ANE was high. In four out of six FVs, CV exceeded 35% (the high CV class)
(Table S1). The lowest CV of 28% was recorded in NPK-KK and was significantly higher,
but still in the medium variability class (15–35%). The highest CV, approaching 50%, was
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recorded for the most intensive FV, i.e., NPK-KK+Ki+ES. ANE was significantly but weakly
correlated with NE and with TGW (moderately) but not with GE. At the same time, it
showed strong correlation with SY (r = 0.80 **) (Table A3).

Table 7. Nitrogen use efficiency indicators.

Factor Level of Factor
ANE R-GN R-TN PhNE-GN PhNE-TN

kg grain
kg−1 Nf

%Nf in GN %Nf in TN
kg grain
kg−1 GN

kg grain
kg−1 TN

Year 2015/2016 23.2 b 51.4 b 63.3 b 50.1 a 38.2 a
(Y) 2016/2017 30.5 a 67.8 a 96.6 a 45.4 a 32.0 b

2017/2018 13.7 c 47.6 b 68.6 b 29.3 b 20.4 c

Fc, p 131 *** 14.5 *** 30.8 *** 25.0 *** 44.8 ***

Fertilization NP 17.8 c 44.0 c 64.1 c 42.2 28.1
variants NPK-MOP 20.4 bc 47.2 bc 67.0 bc 45.2 31.7

(FVs) NPK-MOP+Ki 23.5 ab 58.4 a–c 78.5 a–c 40.7 30.5
NPK-KK 23.4 ab 55.9 a–c 74.5 a–c 43.9 32.9

NPK-KK+Ki 24.3 ab 63.6 ab 85.7 ab 38.5 28.7
NPK-KK+Ki+ES 25.5 a 64.4 a 87.2 a 39.2 29.2

Fc, p 7.6 *** 4.4 ** 4.4 ** 0.7 ns 1.0 ns

Source variation for the studied interaction

Y × FVs ** ns ns ns ns

Average 22.5 55.6 76.2 41.6 30.2

Standard deviation 7.9 12.8 18.0 9.9 8.0

Coefficient of variation, % 35.2 23.0 23.6 23.8 26.7
Similar letters in the column mean no significant differences in the Tukey test; *** and ** indicate significant
differences.at p < 0.001 and p < 0.01, respectively; ns—non-significant. Legend: ANE—agronomic nitrogen
efficiency; R-GN—nitrogen recovery in grain; R-TN—nitrogen recovery in total N in winter wheat biomass;
PhNE—physiological efficiency of N in grain; PhTN—nitrogen efficiency of N in winter wheat biomass.

Two Nf recovery (R) indices were calculated. The first was based on N accumulated
only in grain (GN) and the second was based to the total N in wheat biomass at harvest
(TN). Logically, R-GN values were generally lower compared to R-TN (Table 7). The effect
of the year factor on the R indices was high, but not as great as in the case of ANE. The
highest Nf recovery, regardless of the type of R index, was recorded in the 2016/2017
growing season. In the case of R-TN, it approached 100%. In relation to the FVs studied,
the highest R indicators, regardless of its type, were found for the NPK-KK+Ki+ES variant.
For this plot, R-GN was higher than NP by 17.2 p.p. and higher than NPK-MOP by 6 p.p.
In the case of R-TN, these differences were 20.2 and 8.7 p.ps., respectively. Both indices did
not correlate with primary yield components. However, a strong correlation coefficient,
especially for R-GN with GY, was found (Table A3).

Indices of physiological N use efficiency (PhNE) were calculated in the same way as
R indices. The growing season (year) was revealed as the only factor differentiating the
PhNE values. Therefore, almost the same seasonal trends were observed. The highest
PhNE values were recorded in the 2015/2016 growing season. Only for TN did significant
differences between the first two seasons occur. The lowest values, significantly, were
recorded in the 2017/2018 growing season. Both indices correlated significantly and
strongly with NE and TGW. At the same time, a negative correlation with GE was noted,
and it was significant for PhNE-GN (Table A3). The obtained relationships with GY are
presented in the following set of equations:
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(1) Grain nitrogen, GN:

GY = −0.005PhPN2 + 0.45PhPN − 3.02 f or n = 18, R2 = 0.77, p ≤ 0.01

(2) Total nitrogen, TN:

GY = −0.008NPhPN2 + 0.58PhPN − 2.15 f or n = 18, R2 = 0.79, p ≤ 0.01

The cardinal values of the obtained equations were 7.80 t ha−1 and 48 kg grain kg−1

accumulated N in grain and 7.88 t ha−1 and 34.8 kg grain kg−1 N in the total biomass of
wheat during harvest. The FV that met this condition for GN turned out to be NPK-KK in
the first two growing seasons. With respect to TN as the predicator of PhPN, the closest to
this condition was also NPK-KK, but only in 2016/2017 growing seasons.

3.4. Crop Nutrient Balance

The nutrient balance in winter wheat clearly showed the dependence of this trait for
a given nutrient on the Y × FV interaction (Table 8). Negative balance values indicate an
increase in nutrient mass in crop biomass at winter wheat harvest in response to its input,
i.e., fertilizer rate. The N balance clearly indicates the dominance of the year factor. The
average for 2017 was almost twice as high as those recorded in the other growing seasons.
Nevertheless, the FV effect was highly specific (Figure 2). The most negative Ncb values, with
little variation between years, were recorded for AC (CV = 8.4%). The lowest value of this trait,
also showing the greatest variation between years, was recorded for NP (CV = 232%). Ncb
doubled for NPK-MOP compared to NP. The presence of Mg in each FV increased the index
value compared to NPK-MOP, which was twice as high for NPK-KK-KI+ES. At the same time,
a decrease in the variability of this trait between years was noted (CV: 45% vs. 59%). The most
stable Nbc in the growing seasons, but lower by 20 kg N ha−1, was observed for NPK+KK
(CV = 21%). The N replacement ratio (Nr) coefficient showed a dominance of the year factor.
In the 2017/2018 season, it was twice as high as in 2016/2017 and three times higher than in
2015/2016 (Table 8). The imbalance in Nr was mainly revealed in AC, for which it was only
0.3. This coefficient for the remaining FVs, except for the highly unbalanced NP (CV = 341%),
was above 1.0. The most stable FV turned out to be NPK-KK (Figure S2).

 

Figure 2. Nitrogen balance in winter wheat during the growing season in subsequent years of the
study. Means followed by the same letter within a column indicate the lack of a significant difference
between the treatments. The vertical bar in the column is the standard error of the mean.
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Phosphorus balance (Pcb) showed an inverse annual trend compared to Ncb. In the
second growing season, it was more than twice as low as in the other years (Table 8).
The effect of the year factor on the variability of Pcb (CV) between fertilizers ranged from
31% for NPK-KK to 48% for NPK-MOP (Figure S3). The P replacement ratio (Pr) clearly
indicated that only in the second growing season, excluding AC, were winter wheat crop
residues able to cover the Pcb (Figure S4).

Potassium balance (Kcb) was at the same level in the first two growing seasons, but
significantly lower in the 2017/2018 (Table 8). The impact of FVs was variable in subsequent
growing seasons (Figure A3). The largest, negative balance, exceeding 100 kg K ha−1, was
observed for NP, which also showed the greatest variability between growing seasons
(CV = 51%). The impact of the remaining FVs was almost twice lower, ranging from −41
to −57 kg K ha−1 for NPK-MOP and NPK-KK+Ki, respectively. Again, NPK-KK proved
to be the most stable FV (CV = 11%). The K replacement ratio (Kr), despite variability in
subsequent growing seasons, was lower than 1.0 only for AC and NP. For the remaining
FVs, its value significantly exceeded the threshold, showing the lowest variability for
NPK-KK (CV = 7%) (Figure A4).

Magnesium balance (Mgcb) showed an inverse trend compared to Kcb. In the 2017/2018
growing season, it was significantly higher compared to the first growing seasons (Table 8).
The effect of FVs was variable in subsequent growing seasons (Figure 3). The deepest nega-
tive balance was recorded for NP and NPK-MOP, amounting to −17.5 kg M ha−1. At the
same time, it was very stable for these two FVs (CV, 16.9% and 6.2%, respectively). Negative
Mgcb values were also recorded for NPK-KK in all three seasons. In the 2017/2018 growing
season, Mcb was at the same level as recorded for non-magnesium FVs. A completely
opposite situation was observed for NPK-KK+Ki+ES, where net positive Mgcb was detected.
MOP and KK variants with Kieserite were characterized by low Mgcb values, but at the
same time, showed a high year-to-year variability (CV). The values of the Mg replacement
ratio (Mgr) were strongly dependent on a given FV (Figure S5). For magnesium-free FVs, it
was at the level of 0.6. For NPK-KK, it increased to 0.8. However, for the magnesium-FVs, it
was positive, i.e., the applied Mg was not fully utilized by winter wheat.

 

Figure 3. The effect of fertilization variants in consecutive years of the study on the magnesium
winter wheat balance. Means followed by the same letter within a column indicate the lack of a
significant difference between the treatments. The vertical bar in the column is the standard error of
the mean.
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3.5. Soil Nutrient Balance

The analysis of soil nutrient content, carried out at the harvest of winter wheat,
included both the Nmin mass and the content of available P, K, and M and their balance
during the growing season. The key factor influencing the studied soil properties was the
weather in the subsequent growing seasons (Table 9). The only exception was Mg balance
(Mgb). Among the studied nutrients, only for P indices was no response to FVs and to the
interaction of Y x FV found. The most important factor was the growing season. In the first
two consecutive years, the P content was in the high class, and in the third year, it was in
the very high class. The P balance (Pb) was at the same level in the first and third years,
and more than twice lower in the second year.

The amount of Nmin at harvest depended on the Y × FV interaction. However, the
dominant factor was weather in subsequent growing seasons (Table 9). The amount
of Nmin mass at harvest decreased in subsequent years of the study. In 2018, it was
2.5 times lower than in 2016. The average Nmin balance—in fact, its decrease compared to
the beginning of the spring vegetation of winter wheat—averaged for the experimental
factors was approximately 41 kg N ha−1 and showed very low variation (CV < 10%)
(Figure 4). Among the FVs studied, the most stable Nmin balance was the attribute of the
NP plot (<4%). Compared to NP, CV increased more than 4-fold on NPK-MOP and 10-fold
on NPK-KK+Ki+ES (Table S1).

 

Figure 4. The effect of fertilization systems on the mineral N balance in subsequent years of the
study. Means followed by the same letter within a column indicate the lack of a significant difference
between the treatments. The vertical bar in the column is the standard error of the mean.
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Net nitrogen balance (NNb) showed significant variability between years and in
response to the experimental factor, but not to the interaction between both factors (Table 9).
The values of the studied indicator were negative only in the second growing season. In the
first one, they were positive and in the third, they approached zero. Fertilization treatments
revealed the presence of four FVs groups, consisting of the following:

1. AC; NNb was negative, meaning that the relative N increase was 50%.
2. NPK-KK+Ki and NPK-KK+Ki+ES; NNb was negative, and the N increase was at least

twice as low as AC.
3. NPK-MOP+Ki and NPK-KK; NNb fluctuated around zero.
4. NP+NPK-MOP; NNb was positive, which means that inorganic resources were not

fully utilized by wheat.

The relationship between Nout and NNb was negative, as shown by the follow-
ing equation:

NNb = −0.83Nout + 173.5 f or n = 21, R2 = 0.87, p ≤ 0.001

This means that an increase in Nout resulted in a linear decrease in NNb. The equilib-
rium value between the two traits was reached for Nout, which was 209.8 kg Nout ha−1.
Only above this critical value did NNb become negative. Among the N characteristics
and indices of winter wheat, the strongest correlation with NNb was observed for GN and
TN, as well as for R-GN and R-TN. The following set of equations is presented for GN
and RGN:

1. GN:

GN = −0.84NNb + 138.9, f or n = 18, R2 = 0.88, p ≤ 0.001

2. R-GN:

R-GN = −0.57NNb + 56.8 f or n = 18, R2 = 0.83, p ≤ 0.001

According to the obtained equations, the values of both wheat traits increased with
decreasing NNb values.

The content of available K, unlike N and P, showed significant variability in response
to FVs (Table 9). Despite the dominance of the year factor, confirmed by the variability
of K availability classes, the effect of FVs was noticeable (Figure S6). The content of K in
the NP plot, in each growing season, especially in the second and third, showed a clear
decrease in relation to AC. The largest K gap was noted in 2017 (−20%) and the gap was
much lower in the remaining two seasons. The most important characteristic obtained
was the stable content of K in FV NPK+KK (CV = 13.1%). Firstly, in each season, it was
in the medium content availability class. Secondly, in this FV, the CV value was in the
low class. The greatest variability of K content was noted for FV NPK+KK (47%). The
soil K balance (Kb) during the growing season showed a completely opposite trend to
the K content at harvest (Table 9). Its greatest balance was recorded in the first season,
on average, amounting to almost 58 mg kg−1 soil. In the third season, it was more than
10 times smaller (Figure 5). The highest inter-seasonal variability of the K balance K was
noted for NPK+MPK (CV = 182%, Table S1). This resulted from the fact that only for this
FV was a positive balance K noted (+29 mg kg−1 soil). On the other hand, the most stable
was NPK-KK (CV = 43%) (Table S1).
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Figure 5. The effect of fertilization systems (FVs) on the balance of available K in subsequent years
of the study. Means followed by the same letter within a column indicate the lack of a significant
difference between the treatments. The vertical bar in the column is the standard error of the mean.

The content of available Mg was in the high class and did not show any significant
response to the year factor and FVs. The variability in response to the Y × FV interaction
was dominated by the year factor. The average value of CV was extremely low (<2%),
being two times higher in two FVs, i.e., NPK-KK and NPK-KK+Ki+ES (5%; Table 9). The
Mg (Mgb) balance showed a completely different trend. The Mgb in 2016 was more than
four times and 90 times higher than that recorded in 2017 and 2018, respectively. The CV,
averaged over FVs, was 60%, ranging from 90% for AC to 159% for NPK+KK (Table S1).
The net increase in the available Mg content was noted for three FVs, including AC, NP,
and NPK+KK.

The content of N and K at harvest was negatively associated with its balance. The
strongest correlation was found for K (r = −0.99 ***) and a slightly weaker one for N
(r = −0.56 **) (Table A4). However, for P and Mg, these relationships were nonsignificant.
The amount of residual N at harvest was negatively correlated with the content of available
P and K, but not with Mg. The content of P was positively correlated with the content
of K, but not with Mg. At the same time, it was negatively correlated with Kb and Mgb.
The most important are, however, the relationship between K soil characteristics and Mgb

balance, as shown below:
K content:

Mgb = −0.34K + 51.7 f or n = 21, R2 = 0.66, p ≤ 0.001

K balance:

Mgb = 0.38Kb − 1.45 f or n = 21, R2 = 0.63, p ≤ 0.001

The first equation clearly shows that the higher the content of available K in the soil at
harvest, the lower the value of the Mg balance. The second equation clearly indicates the

62



Sustainability 2025, 17, 6705

synergy in the decrease in the content of both nutrients in the soil during the winter wheat
vegetation period.

Among the soil nutrient characteristics, the greatest influence on the basic character-
istics of winter wheat was exerted by the content and balance of K (Table A5). The latter
trait, although in opposite ways, affected GY, TGW, and SY. P content showed a negative
effect on NE, TGW, and SY and P balance on HI. Mg balance had a positive effect on NE
and TGW. N management indices showed a variable response to both the soil nutrient
content at harvest and to their balance during the growing season (Table A5). The highest
sensitivity was shown for both NUP indices (five characteristics). They were positively
correlated with N mass at harvest and Kb and Mgb and, at the same time, were negatively
correlated with P and K content. The same set of soil characteristics was noted for NUA-TN,
but the correlation was reversed. PFP-Nf showed only a relationship with Nb (positive).
However, for NHI, no significant relationship with the studied soil characteristics was
noted. Nitrogen efficiency indices showed the greatest and a generally negative response
to both P content and its balance (Table A6). The strongest relationship with soil properties
was shown by both PhNE indices. Positive correlations occurred for the residual N mass
and were especially strong for K and Mg balance. Negative correlations were found for the
content of both of these nutrients in the soil.

4. Discussion

A sustainable crop production system is based on several pillars, assuming efficient
use of production inputs [2,41]. This basic goal is achieved but only provided that first, Nf

and secondly, inorganic N present in the soil or released from soil resources during the
growing season are effectively used by the currently grown crop. Achieving these two main
goals is only possible if Nf is used efficiently and its utilization rate does not lead to yield
reduction [9]. The assumption of effective N management cannot ignore the sustainability
of soil fertility [13,53].

4.1. Balanced Fertilization−Grain Yield–Yield Components−Stability

In food production systems, the most important indicator is the stability of staple
crop production, which is decisive for the continuous global food supply [54]. The grain
yield of winter wheat harvested in the NPK-KK variant was the most stable among the
examined FVs, reaching, on average, 7.2 t ha−1 (CV = 9.4%). It was 13% (+0.84 t ha−1)
higher compared to NP and almost two-fold higher (+95%) compared to AC. Such high
stability for all these three FVs, as well as the difference in yield, indicates, first of all,
high natural soil fertility and good fore-crop, which was winter oilseed rape [55] From the
farmer’s production strategy view, the FV with K applied in the form of Korn–Kali seems
to be the most stable production option. The moderate but, at the same, stable yields for
NPK-KK were found with the fertilizer formula of Korn–Kali, which contains a certain
amount of Mg and S [37]. However, the amount of N in grain was below the threshold
value of 21.7 kg N t−1 grain (11.5% protein content) (Table S2). A too-low value of this
winter bread wheat trait in this particular FV clearly indicates Nf as a critical factor in
bread wheat production [56]. The response of winter wheat to fresh K clearly indicates
that the soil K content at the border between the low and medium availability class for
soil developed from sandy loam is high enough for this crop [57]. Moreover, the obtained
relationships are consistent with observations made in other geographical areas [58,59].

A much higher yield increase was obtained in FVs with Kieserite, containing Mg and S,
applied together with K. However, these FVs were moderately instable for GY. The effect of
Kieserite was revealed only in years with favorable weather in the spring part of the winter
wheat growing season. In these years (2016 and 2017), soil with Kieserite applied resulted
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in a GY (on average) of 0.72 t ha−1 (10%) and, supported by foliar spray with Epsom salt,
of 1.11 t ha−1 (15%). The increase in GY did not limit nitrogen accumulation under optimal
weather conditions, which, in the NPK-KK variants with Kiserit, exceeded the threshold
value of 11.5%. However, in the dry year 2018, no increase in GY or in protein content
in these FVs was observed. The obtained results confirm the complex response of winter
wheat to the use of fertilizers containing Mg and S [37,60]. In regions where winter wheat is
grown, with variable weather conditions, it is rational to use these nutrients together with
K during the growing season, an example of which is Korn–Kali. Additional application of
these nutrients, soil-applied (Kieserite) or foliar-applied (Epsom salt), is justified only in
optimal weather conditions during the spring growing season of winter wheat [61–63].

Among the main yield components, the strongest impact on GY was found for the
number of grains per ear (GE). This wheat trait is formed in the period extending from the
booting phase to the watery stage of the grain growth [6,28]. The GE value emphasizes the
key role of N in forming grain yield: first, because N supply defines the size of GE [64]; and
secondly, GE feedback generates the sink for both the grain mass and simultaneously for
the N mass [65]. In the studied case, the N use resulted in GE increase by 73% compared
to the absolute control (19 vs. 33 grains per ear). The relationship between both traits
was not linear but curvilinear and was best described by a quadratic regression model
(Figure S1). The effect of applied K and Mg fertilizers on GE cannot be explained without
taking into account the compensation mechanism between the number of ears per m2 (NE)
and GE. This is the yield component that mainly determines wheat grain yield is NE [6,28].
It was observed that an increase in NE in the N fertilized plots resulted in a decrease in GE
(Figure S7).

The in-season interaction of these two yield components (NE and GE) is responsible
for the number of grains per m2 (grain density, GD). This yield component is considered
as the crucial GY predicator, which was fully proved in the conducted study [66,67]. The
significant increase of GD compared to NP, and even more to NPK-MOP, was recorded
in treatments with Kieserite (NPK-MOP+Ki and NPK-KK+Ki+ES). The discussion cannot
ignore the role of nutrients in the formation of TGW [6]. The size of this yield reflects the
conditions of the kernel growth after flowering [63]. These conditions were the best and,
therefore, the most stable, on NPK-KK+Ki, which is emphasized by the extremely low CV
value (0.9%). The obtained effect of Kieserite application to winter wheat fully corroborates
the conclusions by Potarzycki et al. [68]. These authors clearly stated that Kieserite applica-
tion within the main period of yield formation extended from the beginning of shooting
to the beginning of flowering results in GD increase, regardless of the status of primary
yield components.

4.2. Balanced Fertilization−Control of Soil Fertility Sustainability

The second goal of sustainable N management in crop production is the efficient use
of available N resources in the soil. Furthermore, the Nmin content after harvest of the
currently cultivated crop should be at a level that does not pose a threat to the environ-
ment [2,8,12]. The content of residual Nmin in the soil at wheat harvest was significantly
lower than the initial period (before the application of fertilizer) in spring. The efficiency
of Nf in relation to N accumulation in grain was 83.4%, and it was 114.6% for the total N
mass in wheat biomass. This difference indirectly indicates the significant contribution of
inorganic soil N to wheat biomass and grain.

The first operational goal of sustainable N management is to increase the productivity
of the applied Nf, which was achieved. It was even met applying N together with P
fertilizer (114%). The further GY increase was due to the action of K and Mg fertilizers. The
application of K in the form of MOP increased N utilization by winter wheat by 30 kg ha−1,
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which doubled when Korn–Kali was applied together with Kieserite and supported with
Epsom Salt. The obtained N use efficiency clearly indicates the important role of inorganic
nitrogen (Nmin) present in the soil at the beginning of the spring vegetation of winter wheat.
The amount of Nin released from soil resources during the growing season of winter wheat
cannot be ignored [44]. The Nmin efficiency in the soil/wheat system, averaged over FVs,
was 101%. This system was most effective in the AC plot, but yields were low. Based on
the net nitrogen balance, the tested FVs can be divided into two main groups. The first, the
low-effect group, included two FVs, i.e., NP and NPK-MOP. In these two variants, wheat
used the available N resources in 91%. In the second, the high-effect system, Nmin use
efficiency reached 106%. This group included KK variants with Kieserite. The NPK-KK
variant, despite its high stability for GY, showed only a moderate Nmin utilization, which
was 98%.

The amount of depleted Nmin during the winter wheat growing season was signifi-
cantly associated with the amounts of depleted K and Mg, but not with P. This relationship
clearly indicates that the uptake of N by plants was conditioned by the available resources
of K and Mg. This is consistent with the general mechanism of the uptake of nitrate N
from the soil by plants [69,70]. Therefore, low values of residual Nmin at harvest indicate
an optimal state and availability of K and Mg for its utilization by winter wheat. It is worth
emphasizing one highly important fact, namely, that the uptake of both of these nutrients
from the soil showed mutual synergism. Therefore, it can stated that both of these soil
nutrients met the assumptions of sustainable N management in winter wheat, and the
conditioning factor was the weather.

The role of K and Mg was evident in each growing season. In the wet season
(2016/2017), plants absorbed almost twice as much N from the soil as in the dry season
(2017/2018). The main reason for the increase in GY in response to K was the conditions of
its uptake from soil resources. The highest K depletion was obtained in 2016 under optimal
weather conditions, despite the lowest content of available K in the soil. The lowest K
depletion was revealed in the dry 2018, despite the optimal content of K in the soil. K
ions are taken up in significant amounts by plant roots from the soil solution by diffusion,
the efficiency of which depends on soil moisture [71]. Hence, in drought conditions, this
process was significantly inhibited, as shown by the obtained results. Despite strong K
depletion, the K balance was not potentially disturbed. Wheat crop residues left in the field
would have fully compensated for the negative its balance in the soil. The average value of
K replacement ratio was 1.37, exceeding the threshold value of 1.0 in each growing season.

The GY increase compared to the NPK-MOP variant was significantly greater in the
KK variants with Kieserite. The stimulating effect of Mg fertilizer was revealed regardless
of the level of available Mg, but only under optimal weather conditions. Therefore, the key
to effective N management, even in conditions of high soil Mg content, turned out to be
Mg management. The significant factor determining N uptake in this particular season was
not its soil resources, but the uptake conditions. Under water stress conditions, a series of
processes occur that limit the efficient uptake of Mg ions from the soil solution. The first is
a decrease in both transpiration and the soil diffusion coefficient. The second is a decrease
in the rate of Mg ion uptake by roots from the soil, caused by the high water requirements
of these ions and competition with Ca ions [14,37,72]. As a result, Mg uptake from soil
was significantly inhibited in the dry 2017/2018 season. This is confirmed not only by the
low balance of available Mg in the soil but also by the net increase in this nutrient in the
variants with intensive Mg fertilizer application. In the non-Mg variants, maintaining a
balanced level of soil fertility may be disturbed because crop residues are too poor a source
of this nutrient.
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The yield-forming effect of nutrients in the tested FVs results from their influence
on the processes responsible for yield components formation [63]. The critical period for
the formation of this wheat trait extends from the beginning of stem elongation to full
heading [28]. The nutritional determinant of ear and grain formation in the ear is the
availability of N, but supported by other nutrients, including in the lines K and Mg [11].
The role of Mg, or more precisely, its balance in the growing season, is presented by
the equation

NE = 430 + 3.5Mgb f or n = 21, R2 = 0.41, p ≤ 0.01

This equation clearly shows that the positive Mg balance during the winter wheat
growing season was important for the number of formed ears. This process was limited in
2018 due to drought. The discussion cannot ignore the role of nutrients in the formation
of TGW [6]. The size of this yield component reflects the conditions of the kernel growth
after flowering [63,66]. These conditions were the best, and, therefore, the most stable,
on NPK-KK+Ki, which is emphasized by the extremely low CV value (0.9%). The role of
nutrients, or more precisely, the balance, is presented by the equation

TGW = 48.6 − 0.15Pb + 0.21Mgb f or n = 21, R2 = 0.64, p ≤ 0.001

This equation clearly confirms the limiting effect of Mg balance on TGW, which was
noticeable in the dry 2018. It is obvious that Mg plays an important role due to its role in the
current photosynthesis and in the transport of assimilates to the growing grain [35,60,61].

4.3. Balanced Fertilization−Evaluation of NUE Indicators

The impact of balanced N fertilization on grain yield was assessed based on direct and
aggregated N traits in winter wheat, management N indicators, and nitrogen use efficiency
(NUE) indicators. Direct traits concern the mass of N in grain and straw. Aggregated traits
include the total N amount in the wheat canopy at harvest and its division between grain
and straw.

The first two groups of N traits at winter wheat maturity responded significantly to
the studied FVs, but they were variable in subsequent growing seasons. However, no
interaction between them was found. Th total N amount (TN) was significantly correlated
with GN (r = 0.99 ***) and SN (r = 0.95 ***). As a consequence, the obtained value of
N redistribution between grain and straw, known as the nitrogen harvest index, was
72.6 ± 3.1%. It is not so high, because in optimal conditions, it can even approach 85%, and
it is an important GY predictor [66]. Moreover, the CV was only 4.3%, which means high
NHI stability in response to the factors studied. The low variability of both HI and NHI
confirms the conservative status of this wheat trait [67].

The most stable GN over years was recorded for AC and NPK-KK (6.2%). The latter
FV was, therefore, the most stable FV considered for both, GY and GN, which confirmed
the close relationship between both traits of winter wheat. However, the achieved GY
stability did not guarantee protein content at the formal level of 11.5% as is required for
flour production [73,74]. This condition was met, provided that Kieserite was included in
fertilization system for winter bread wheat. On average, for the years studied, it concerned
two FVs, namely, NPK-KK+Ki and NPK-KK+Ki+ES. It can be concluded that the N dose
of 150 kg ha−1 was too low to obtain high quality grain. Therefore, a higher N dose is
required to reach two goals of bread wheat production: yield and protein content [74].

The efficiency of N accumulated in winter wheat during the growing season was
evaluated using 10 indicators. Three questions were formulated to assess the practical
and methodological usefulness of the studied indicators. The key question is as follows:
Does balanced Nf fertilization, supported by the use of K and Mg fertilizers, result in
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increased N productivity? The second question concerns the sensitivity of the N indicators
to the current state and change of the resources of basic soil nutrients. The methodological
question is as follows: Which NUE indicator best reflects the effect of both tested nutrients
on N productivity?

Based on the strength of associations (R2) between the evaluated N indicators, they
were divided into two groups. The first one includes four indicators, basically evaluating
productivity of Nf: (i) the partial factor productivity of Nf (PFP-Nf); (ii) the agronomic
nitrogen efficiency (ANE), and (iii) the nitrogen recovery (R) for GN and TN. ANE was
found to be equivalent to PFP-Nf in assessing the effect of K and Mg on N productivity.
These indicators clearly confirmed an increase in Nf productivity in response to the appli-
cation of K and Mg. A greater increase was recorded for Mg. At the same time, they were
positively and strongly correlated with GN and SN. For these three indices, the best FV
was NPK-KK+Ki+ES.

The second group of N indicators characterizes the utilization efficiency of N accu-
mulated in the plant during the growing season [44]. It comprises three double indices,
calculated based on GN or TN. They were (i) the unit N productivity (NUP), (ii) the unit
nitrogen accumulation (NUA), and (iii) the physiological N efficiency (PhNE). All discussed
indices were strongly correlated each other (Table S4). The relationships between the ob-
tained indexes and GY were, in fact, not linear, but best fitted a quadratic regression model
(Figures S8 and S9). These relationships clearly indicate the sensitivity of these indexes
to changes in the directions of physiological processes in wheat. The value of both PhNE
indices showed a significant and very strong but negative relationship with the content of
available P. The same relationship was obtained for both NUP indices. This trend clearly
indicates that the P content at wheat harvest was not a factor limiting the physiological effi-
ciency of N accumulated in the plant. However, the values of NUA increased progressively
with the increase in the content of available P in the soil. However, this is only a superficial
assessment of the observed phenomenon, which may lead to an erroneous evaluation. The
criterion correcting the assessment of the reaction of the indicators turned out to be the soil
nutrient balance. The stepwise analysis for PhNE-GN clearly showed that the increase in
the P balance (actual loss from the soil during the growing season due plant uptake) led to
a decrease in the index value, i.e., the physiological productivity of N accumulated in the
grain. On the other hand, the component determining the increase was Mg. The developed
dependency is as follows:

PhNE = 46.5 − 0.42Pb + 0.7Mgb f or n = 18, R2 = 0.80, p ≤ 0.01

Two indices, NUP and NUA, which are mutually mathematically reversible, deserve
special attention (Figure S10). Both have practical significance, as they serve basic data to
determine the productivity and nutritional N requirement for N of the cultivated plant [2].
The highest NUA increase compared to the NPK-MOP plot was recorded for NPK-KK+Ki,
which was 10.2% for NUA-GN and 6.9% for NUA-TN. This difference clearly indicates
the yield-forming role of Mg. All three indices showed a significant relationship with
both the N mass in the grain and the Mg and K balance, which were strongly correlated
with each other. This relationship fully confirms the yield-forming role of Mg during the
crop formation period and grain filling [63]. In the assessment of NUP and NUA, it is
necessary to indicate their specific feature resulting from the calculation methodology, i.e.,
reversibility in accordance with the exponential function (Figure S6). The relationship
obtained by analyzing the effect of Mg on both indicators can be defined as the scissors effect.
The unit productivity of nitrogen accumulated in grain increased linearly, while the value
of the unit nitrogen accumulation decreased (Figure 6).
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Figure 6. Scissors effect of nitrogen productivity on the background of available Mg balance during
the growing season of winter wheat.

5. Conclusions

A sustainable model of crop production comes down to controlling the efficiency of
nitrogen in the soil/plant system, but under the condition of maintaining soil fertility. This
general assumption was fully realized for the tested project. The Nf efficiency in relation to
N accumulation in grain was 83.4%, and for the total N in wheat biomass, it was 114.6%.
This difference indirectly indicates the significant contribution of inorganic N to wheat
biomass and grain. Meeting the second condition depends on the farmer’s actions, as there
has been expected a decrease in the content of available forms of P, K, and Mg. The mass of
nutrients in wheat crop residues is able to replenish K and Mg resources in the soil after
winter wheat harvest.

The key nutritional factors for effective nitrogen management in the soil/winter wheat
production system were the resources of available K and Mg in the soil. The mobilization of
these resources determined the effective management of N, both introduced in the fertilizer
and present in the soil during the wheat vegetation period. The grain yield obtained in
the NPK variant with Korn–Kali as a K carrier guaranteed the most stable grain yield,
regardless of the weather conditions during the growing season. However, this fertilization
variant did not provide the required grain quality. The effect of K and Mg generally oriented
on GY was less effective in increasing the accumulation of N in grain. Maximizing the
amount of nutrients in applied fertilizers to winter wheat, focused on grain yield increase,
may have a return effect, resulting in the dilution N effect, which has been termed the
scissor effect. The amount of N in the grain, and, therefore, its potential milling value, can
be increased, as studies have shown, by using a potash fertilizer manufactured with Mg
(Korn–Kali) or by additionally using a Mg fertilizer, for example, Kieserite. The positive
effect of K and Mg on grain yield was fully confirmed by all tested nitrogen use efficiency
indicators. The conducted studies showed the presence of two groups of indices, which
were separated on the basis of a high degree of mutual correlation. All the tested indicators
meet the requirements for evaluating the results of field experiments. The nitrogen unit
accumulation index has proven its usefulness in science and practice. The analysis of this
indicator shows that the mass of N in grain exceeding 22 kg 1 t−1 grain also meets the
minimum quality requirement. Two fertilizer variants met this requirement, i.e., NPK-
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KK+Ki and NPK-KK+Ki+ES. The study clearly showed that three of the six FVs fully met
the three basic conditions for sustainable crop production: (i) stabilization and even an
increase in grain yield; (ii) a decrease in the mass of inorganic N in the soil at harvest,
potentially susceptible to leaching; and (iii) stabilization of soil fertility of P, K, and Mg.
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Abbreviations

The following abbreviations are used in this manuscript:

Acronyms Full name

ANE Agronomic nitrogen efficiency
CRRR Crop residue replacement ratio
CNB Crop nutrient balance
GD Grain density, number of grains per m2

GE Number of grains per ear
GY Grain yield
GN Grain nitrogen, nitrogen accumulated in grain
HI Harvest index
KK Korn–Kali
MOP Muriate of potash
NE Number of ears per m2
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NUA-GN Nitrogen unit accumulation in grain
NUA-TN Nitrogen unit accumulation in total wheat biomass
PFP-Nf Partial factor productivity of fertilizer nitrogen
PhNE-GN Physiological nitrogen efficiency of N in grain
PhNE-TN Physiological nitrogen efficiency of N in winter wheat biomass
NNb Net nitrogen balance
NUP-GN Nitrogen unit productivity in grain nitrogen
NUP-TN Nitrogen unit productivity in total winter wheat biomass
NHI Nitrogen harvest index
R-GN Nitrogen recovery in grain nitrogen
R-TN Nitrogen recovery in total N in winter wheat biomass
SN Straw nitrogen—nitrogen accumulated in straw
SY Straw yield
TN Total N mass in winter wheat at harvest

Appendix A

Table A1. Correlation matrix for the grain yield and yield components, n = 21.

Traits NE GE GD TGW SY TB HI

GY 0.47 * 0.64 ** 0.96 *** 0.15 0.84 *** 0.96 *** 0.44 *
NE 1.00 0.30 0.36 0.41 0.74 *** 0.63 ** −0.32
GE 1.00 0.77 *** −0.46 * 0.32 0.49 * 0.62 **
GD 1.00 −0.13 0.78 *** 0.90 *** 0.47 *

TGW 1.00 0.25 0.21 −0.16
SY 1.00 0.96 *** −0.11
TB 1.00 0.17

***, **, * indicate significant differences between yield traits at p < 0.001, p < 0.01, and p < 0.05, respectively. Legend:
GY—grain yield; NE—number of ears per m2; GE—number of grains per ear; GD—grain density, number of
grains per m2;.TGW—thousand grain weight; SY—straw yield; TB—total biomass of winter wheat at harvest;
HI—harvest index.

Table A2. Correlation matrix of the nitrogen indicators with grain yield and yield components,
n = 21.

Traits SN TN NHI PFP-Nf NUP-GN NUP-TN NUA-GN NUA-TN GY NE GE TGW SY HI

GN 0.91 *** 0.99 *** 0.22 0.93 *** −0.73 *** −0.70 *** 0.71 *** 0.64 ** 0.93 *** 0.22 0.82 *** −0.11 0.69 ** 0.55 *
SN 1.00 0.95 *** −0.16 0.82 *** −0.70 *** −0.80 *** 0.69 ** 0.73 *** 0.82 *** 0.26 0.75 *** −0.20 0.74 *** 0.29
TN 1.00 0.12 0.92 *** −0.74 *** −0.74 *** 0.71 *** 0.68 ** 0.92 *** 0.23 0.81 *** −0.13 0.72 *** 0.49 *

NHI 1.00 0.17 −0.29 0.08 0.21 −0.07 0.17 −0.34 0.29 0.05 −0.29 0.82 ***
PFP-Nf 1.00 −0.44 * −0.42 0.40 0.33 1.00 0.47 * 0.64 ** 0.15 0.84 *** 0.44 *

NUP-GN 1.00 0.93 *** −0.98 *** −0.92 *** −0.44 * 0.35 −0.85 *** 0.56 ** −0.12 −0.61 **
NUP-TN 1.00 −0.95 *** −0.99 *** −0.42 0.21 −0.79 *** 0.59 ** −0.27 −0.32
NUA-GN 1.00 0.96 *** 0.40 −0.34 0.83 *** −0.58 ** 0.12 0.53 *
NUA-TN 1.00 0.34 −0.28 0.76 *** −0.63 ** 0.17 0.32

***, **, * indicate significant differences between nitrogen indicators and yield traits at p < 0.001, p < 0.01, and
p < 0.05, respectively. Legend: GN—N mass in grain; SN—N mass in straw; TN—total N mass in winter
wheat at harvest; NHI—nitrogen harvest index; PFP-Nf—partial factor productivity of fertilizer nitrogen; NUP-
GN—nitrogen unit productivity in grain N; NUP-TN—nitrogen unit productivity in total N in winter wheat
biomass; NUA-GN—nitrogen unit accumulation in grain N; NUA-TN—nitrogen unit accumulation in total N in
winter wheat biomass at harvest; GY—grain yield; NE—number of ears per m2; GE—number of grains per ear;
GD—grain density, number of grains per m2; TGW—thousand grain weight; SY—straw yield; HI—harvest index.

Table A3. Correlation matrix of the nitrogen use efficiency indicators with grain yield and yield
components, n = 21.

Traits R-GN R-TN PhNE-GN PhNE-TN GY NE GE TGW SY HI

ANE 0.86 *** 0.77 *** 0.63 ** 0.65 ** 0.99 *** 0.51 * 0.06 0.65 ** 0.80 ** 0.35
R-GN 1.00 0.94 *** 0.16 0.24 0.86 *** 0.17 0.38 0.35 0.49 * 0.62 **
R-TN 1.00 0.02 0.02 0.73 ** 0.04 0.47 0.20 0.40 0.54 *

PhNE-GN 1.00 0.96 *** 0.63 *** 0.75 *** −0.52 * 0.79 *** 0.81 *** −0.23
PhNE-TN 1.00 0.69 ** 0.72 ** −0.46 0.82 *** 0.76 *** −0.06

GY 1.00 0.52 * 0.06 0.66 ** 0.79 *** 0.38
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Table A3. Cont.

Traits R-GN R-TN PhNE-GN PhNE-TN GY NE GE TGW SY HI

NE 1.00 −0.76 *** 0.52 * 0.77 *** −0.32
GE 1.00 −0.41 −0.33 0.56 *

TGW 1.00 0.63 ** 0.09
SY 1.00 −0.26

***, **, * indicate significant differences between nitrogen use efficiency indicators and yield traits at p < 0.001,
p < 0.01, and p < 0.05, respectively. Legend: ANE—agronomic nitrogen efficiency; R-GN—nitrogen recovery in
grain; R-TN—nitrogen recovery for total N in winter wheat biomass at harvest; PhNE—physiological nitrogen
efficiency of N in grain; PhTN—physiological nitrogen efficiency of N in TN in winter wheat biomass; GY—grain
yield; NE—number of ears per m2; GE—number of grains per ear; GD—grain density, number of grains per m2;
TGW—thousand grain weight; SY—straw yield; HI—harvest index.

Table A4. Correlation matrix of relationships between soil nutrient characteristics and basic winter
wheat traits, n = 21.

Traits N Nb NNb P Pb K Kb Mg Mgb

GY 0.22 0.14 0.09 −0.28 −0.38 −0.25 0.25 0.25 0.11
NE 0.44 * 0.21 0.14 −0.73 *** 0.08 −0.58 ** 0.55 * 0.28 0.64
GE −0.15 −0.14 0.11 0.40 −0.29 0.31 −0.28 0.14 −0.49 *

TGW 0.31 0.43 −0.15 −0.69 ** −0.31 −0.66 ** 0.65 ** 0.02 0.60 **
SY 0.34 0.18 0.18 −0.55 * −0.11 −0.55 * 0.54 * 0.38 0.36
HI −0.14 −0.05 −0.03 0.37 −0.54 * 0.41 −0.40 −0.20 −0.38

Nminh 1.00 −0.56 ** 0.04 −0.64 ** 0.22 −0.62 ** 0.60 0.02 0.71 ***
Nb 1.00 −0.10 −0.24 −0.44 * −0.13 0.15 0.14 −0.08

NNb 1.00 0.03 0.19 −0.14 0.12 0.01 0.26
P 1.00 −0.01 0.89 *** −0.87 *** −0.26 −0.81 ***
Pb 1.00 −0.17 0.13 0.31 0.36
K 1.00 −0.99 *** −0.26 −0.81 ***
Kb 1.00 0.25 0.77 ***
Mg 1.00 0.05

***, **, and * indicate significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively; ns—non-significant.
Legend: GY—grain yield; NE—number of ears per m2; GE—number of grains per ear; GD—grain density, number
of grains per m2; TGW—thousand grain weight; SY—straw yield; TB—total biomass at harvest; HI—harvest
index; N, P, K, Mg—nutrients; b—soil nutrient balance; NNb—net nitrogen balance.

Table A5. Correlation matrix of relationships between soil nutrient characteristics and indicators of
nitrogen management in winter wheat, n = 21.

Traits N Nb NNb P Pb K Kb Mg Mgb

GN −0.11 0.40 −0.94 *** −0.13 −0.58 * 0.06 −0.04 0.17 −0.28
SN −0.40 0.52 * −0.68 ** 0.11 −0.69 ** 0.19 −0.14 −0.08 −0.54 *
TN −0.20 0.46 −0.94 *** −0.08 −0.65 ** 0.10 −0.07 0.12 −0.374

NHI 0.11 −0.03 −0.58 * −0.07 −0.13 0.09 −0.11 0.27 −0.03
PFP-Nf 0.18 0.55 * −0.62 ** −0.65 ** −0.50 * −0.44 0.44 0.25 0.24

NUP-GN 0.50 * 0.14 0.53 * −0.78 *** 0.23 −0.80 *** 0.76 *** 0.09 0.86 ***
NUP-TN 0.54 * 0.18 0.33 −0.84 0.14 −0.79 *** 0.75 *** 0.20 0.86 ***
NUA-GN −0.44 −0.26 −0.44 0.81 *** −0.09 0.79 *** −0.78 *** −0.13 −0.77 ***
NUA-TN −0.52 * −0.25 −0.29 0.87 *** −0.07 0.80 ** −0.76 *** −0.20 −0.83 ***

***, **, * indicate significant differences between nitrogen use efficiency indicators and yield traits at p < 0.001,
p < 0.01, and p < 0.05, respectively. Legend: GN—amount of nitrogen in grain; SN—amount of nitrogen in
straw; TN—total amount of nitrogen in winter wheat biomass; NHI—nitrogen harvest index; PFP-Nf—partial
factor productivity of fertilizer nitrogen; NUP-GN—nitrogen unit productivity in grain N; NUP-TN—nitrogen
unit productivity in total N in winter wheat biomass; NUA-GN—nitrogen unit accumulation for grain N; NUA-
TN—nitrogen unit accumulation in total N in winter wheat biomass; TB—total winter wheat biomass; N, P, K,
Mg—nutrients; b—soil nutrient balance; NNb—net nitrogen balance.
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Table A6. Correlation matrix of relationships between soil nutrient characteristics and indicators of
nitrogen use efficiency in winter wheat, n = 21.

Traits N Nb NNb P Pb K Kb Mg Mgb

ANE 0.17 0.57 * −0.64 ** −0.64 ** −0.58 * −0.430 0.43 0.19 0.19
R-GN −0.02 0.43 −0.91 *** −0.27 −0.58 * −0.07 0.08 0.18 −0.16
R-TN −0.21 0.48 * −0.92 *** −0.07 −0.71 ** 0.11 −0.08 0.07 −0.41

PhNE-GN 0.49 * 0.35 0.13 −0.89 *** −0.16 −0.82 *** 0.80 *** 0.09 0.74 ***
PhNE-TN 0.54 * 0.28 0.07 −0.90 *** −0.08 −0.81 *** 0.77 *** 0.19 0.79 ***

***, **, and * indicate significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively; ns—non-significant.
Legend: ANE—agronomic nitrogen efficiency; R-GN—nitrogen recovery in grain; R-TN—nitrogen recovery in
total N in winter wheat biomass; PhNE—physiological efficiency of N in grain; PhTN—nitrogen efficiency of N in
winter wheat biomass; N, P, K, Mg—nutrients; b—soil nutrient balance; NNb—net nitrogen balance.

 

Figure A1. Effect of fertilization variant in consecutive years of the study on thousand grain weight.
a Similar letters in the column mean no significant differences in the Tukey test.

 

Figure A2. Effect of fertilization variant in consecutive years of the study on the agronomic nitrogen
efficiency. a Similar letters in the column mean no significant differences in the Tukey test.
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Figure A3. The effect of fertilization variants in consecutive years of the study on the potassium
winter wheat balance. Means followed by the same letter within a column indicate the lack of a
significant difference between the treatments. The vertical bar in the column is the standard error of
the mean.

 

Figure A4. The effect of fertilization variants in consecutive years of the study on the potassium
replacement ratio. Means followed by the same letter within a column indicate the lack of a significant
difference between the treatments. The vertical bar in the column is the standard error of the mean.
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wheat in the Critical Cereal Window. Agronomy 2024, 14, 3018. [CrossRef]

12. Johnston, A.M.; Bruulsema, T.W. 4R nutrient stewarship for improved nutrient use efficiency. Procedia Engin. 2014, 83, 365–370.
[CrossRef]

13. Grzebisz, W.; Diatta, J.; Barłóg, P.; Biber, M.; Potarzycki, J.; Łukowiak, R.; Przygocka-Cyna, K.; Szczepaniak, W. Soil fertility
clock–crop rotation as a paradigm in nitrogen fertilizer productivity control. Plants 2022, 11, 2841. [CrossRef] [PubMed]

14. Marschner, H. Mineral Nutrition of Higher Plants, 2nd ed.; Academic Press: London, UK, 1995; 899p.
15. Krouk, G.; Kiba, T. Nitrogen and phosphorus interactions in plants: From agronomic to physiological and molecular insights.

Curr. Opin. Plant Biol. 2020, 57, 104–109. [CrossRef] [PubMed]
16. MacDonald, G.K.; Bennett, E.M.; Potter, P.A.; Ramankutty, N. Agronomic phosphorus imbalances across the world’s croplands.

Proc. Natl. Acad. Sci. USA 2011, 108, 3086–3091. [CrossRef] [PubMed]
17. Holmes, M.R.J. Nutrition of the Oilseed Rape Crop; Applied Science Publishers Ltd.: London, UK, 1980; 158p.
18. Grzebisz, W.; Szczepaniak, W.; Barłóg, P.; Przygocka-Cyna, K.; Potarzycki, J. Phosphorus sources for winter oilseed rape (Brassica

napus L.) during reproductive growth—Magnesium sulfate management impact on P use efficiency. Arch. Agron. Soil Sci. 2018,
64, 1646–1662. [CrossRef]

19. FAOSTAT. Food and Agriculture Organization of the United Nations. Available online: http://faostat.fao.org/site/567/default.
aspx#ancor (accessed on 5 April 2025).
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Abstract: Soil health is at the root of agricultural sustainability, and small-scale vegetable
farmers are becoming an increasingly important part of the US food system. These farmers
face unique challenges when it comes to managing soil on their farms. These challenges
include reliance on intensive production practices, the use of primarily organic inputs
with difficult to calculate nutrient concentrations, and lack of access to formal education
tailored to their needs. We surveyed farmers at 100 small-scale vegetable farms in Min-
nesota to (1) develop a better baseline understanding of how small-scale vegetable farmers
utilize key soil health practices including nutrient management, cover crops, and tillage;
(2) explore how farm demographics influence the adoption of soil health practices; and
(3) determine educational priorities to better support these growers. Here, we report a lack
of understanding about the nutrient contributions of compost, which is often applied at
very large volumes without guidance from soil test results, with implications for nutrient
loading in the environment. Farmers in our study had high rates of cover crop adoption
relative to other farmers in the region despite several barriers to using cover crops. More
experienced farmers were more likely to utilize more tillage, with more use of deep tillage
implements on larger farms. Overall, organic certification was correlated with higher
adoption of soil health practices including utilization of soil tests and cover crop use, but
it was not correlated with tillage. Other demographic variables including land access
arrangement and race did not meaningfully influence soil health practices. Our findings
suggest a need for more research, outreach, and education targeted to vegetable farmers
about how to interpret laboratory soil test results, and how to responsibly utilize organic
inputs including vegetative compost and composted manure at rates appropriate for crop
production in a diversified farm setting. We also report a need to compensate farmers for
their labor to incentive cover crop use on small farms, and a need for more research and
support for farmers in the 3–50-acre range to utilize reduced tillage methods.

Keywords: compost; cover crops; emerging farmer; tillage; nutrient management; small-
scale farming; fruit and vegetable

1. Introduction

Sustainable agriculture is defined as the ability of a crop production system to contin-
uously produce food without environmental degradation [1]. A sustainable agricultural
system integrates biological, physical, chemical, and ecological principles to utilize prac-
tices that are not harmful to the environment [2]. Soil is at the center of sustainable farming
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systems: sustaining soil health and fertility is key to maintaining food production as well
as agricultural ecosystems [3].

Small-scale vegetable production is a growing industry in the Upper Midwest, but the
soils and soil management strategies on these farms are understudied. With each recent
census cycle, Midwest states such as Minnesota and Wisconsin lost thousands of farmers
overall but gained hundreds of small-scale (<50 acres) fruit and vegetable farmers [4–6].
Due to lower barriers to entry than other types of farm enterprises, beginning farmers
who do not come from farming backgrounds and who lack formal training often grow
vegetables [7–10]. Increasingly, small-scale vegetable farms grow in both open fields and
high tunnels. High tunnels are defined as plastic-covered enclosed growing structures
without supplemental heating, and in-ground crop production [11]. To date, the United
States Natural Resource Conservation Service has funded 26,216 high tunnels nationally,
including 694 in Minnesota [12].

Studies of beginning small-scale vegetable farmers with limited agricultural back-
grounds have characterized them as people with a desire to positively contribute to the
natural environment while providing nutrient-dense fresh fruits and vegetables to their
communities [13]. These farmers often lack both formal and informal training in produc-
tion, stewardship, and business practices [9]. In Minnesota, these farmers are often referred
to as “emerging farmers”, defined as “those who traditionally face barriers to the education
and resources necessary to build profitable agricultural businesses, including immigrant
farmers and farmers of color” [7]. These farms tend to be highly diverse, with farmers
growing many, sometimes dozens of crops at a time [7,9,13].

The United States Natural Resource Conservation Service has determined key soil
health principles to guide their work, which include minimizing disturbance, maximizing
soil cover, maximizing biodiversity, and maximizing the presence of living roots [7]. The
agency posits that healthy soils contribute to agricultural sustainability by producing high
yields, reducing production costs, and therefore improving profits, protecting natural re-
sources on and off the farm, reducing nutrient loading and sediment runoff, and sustaining
habitat for wildlife and microorganisms [14]. Two key practices for achieving these goals
are the use of reduced tillage and cover crops. The benefits of these practices are well
documented: conservation tillage practices can increase soil microbial activity, soil moisture,
organic matter, aggregate stability, cation exchange capacity, and crop yield [1,15–18].

While the benefits of reduced tillage and cover crops are well documented, small-scale
vegetable farmers face unique barriers to implementing these practices. Many small-scale
farmers do not inherit land from family and, therefore, must farm in a way that allows them
to be profitable with limited land, infrastructure, and equipment [9,13]. Therefore, small-
scale direct market vegetable production is typically characterized by intensive cultivation
methods to produce high yields on a limited scale with tools that allow for season extension
(e.g., high tunnels), succession planting to achieve multiple crop cycles per season, and
reliance on hand tools or light machinery [19]. Due to the intensive nature of production,
small-scale vegetable farms often have few opportunities for fallow periods (including
cover crops), particularly in the context of high tunnels, which are most profitable when
farmers take advantage of off-season production windows [20]. Despite the intensive
nature of production, these farmers often prioritize soil health and reduced chemical
inputs, and conceptualize their own practices as being directly in opposition to a more
harmful paradigm of industrial agriculture [10,13]. For all of the above reasons, small-scale
vegetable farmers represent a unique demographic of farmers with unmet educational
needs. Understanding their practices and motivations can inform educational outreach
programs, as well as research priorities and the development of best practices.
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University Extension programs across the country have begun to invest in local foods
programs with dedicated local foods educators and researchers, urban agriculture pro-
gramming, and small farms content [21–23]. However, small-scale direct market vegetable
farmers have historically been underrepresented in university outreach programs. In
Minnesota, three needs assessments shed light on the lack of contact between university
and extension programs and this growing sector of the farming population. A 2019 needs
assessment of mostly white fruit and vegetable farmers in Minnesota found that only 19%
sought information from Extension or a university entity about farming practices [24]. An-
other survey of Hmong and Hispanic farmers in Minnesota found that only 5% would turn
to Extension or a university entity about farming practices [25]. Finally, the 2020 emerging
farmers report to the Minnesota state legislature cited that while Extension is a key resource,
small-scale farmers felt that Extension needs more educators who could better support
nontraditional farms [7]. Rather than seeking support from traditional “experts” or support
people, farmers are likely to turn to each other as sources of information [24]. They also
often turn to “master classes”, YouTube, and podcasts led by “celebrity” farmers who have
an outsized influence on small-scale vegetable production, as evidenced by subscriptions
to these channels. A study of beginning farmers in the Southeastern United States found
that YouTube videos, inspirational speakers, and books were some of the most common
sources of inspiration for first-generation farmers, both to start farming and to influence
their practices [13]. Another study of farmers in Hungary and the UK found that farmers
increasingly trust one another over “experts”, and that farmer influencers are becoming a
more important source of information and influence [26]. As of March 2024, The No-Till
Growers YouTube channel had 315K subscribers, Neversink Farms channel had 74.1k
subscribers, and JM Fortier’s Market Gardener Institute’s channel had 59.8k subscribers. A
common theme tying these channels and celebrity farmers together is vegetable production
systems based on reduced or no tillage, intensive production on a small scale, and heavy
inputs of compost.

One practice in particular, deep compost mulch, has emerged as a unique soil manage-
ment strategy among many influential farmers. Deep compost mulch involves using large
volumes of compost to quickly increase soil organic matter, suppress weeds, and improve
soil moisture retention [27]. This system was first popularized by books like Regenerative
Agriculture: A Practical Whole Systems Guide to Making Small Farms Work [28] and The Living
Soil Handbook: The No-Till Grower’s Guide to Ecological Market Gardening [29]. While this
system is aesthetically pleasing and can result in many soil health benefits (e.g., increased
organic matter, increased soil available water, improved nutrient retention, and increased
biodiversity such as more earthworms), researchers have begun to identify concerns about
the accumulation of nutrients, particularly nitrates and risks to surface and groundwater
from this practice [27].

A 2019 needs assessment of 315 fruit and vegetable farmers in Minnesota identified
soil health and fertility as the top educational priority [24]. Despite relatively low rates
of organic certification, the use of organic practices is common among emerging farm-
ers in Minnesota [7] and among fruit vegetable farmers in Minnesota [24]. Soil fertility
can be particularly challenging for farmers relying primarily on organic practices due to
nutrient imbalances between organic inputs and crop needs [30] and because macronu-
trient concentrations are highly variable across compost and manure products, and, thus,
more expensive and time-consuming to calculate [31]. A recent survey and focus groups
with emerging farmers in Minnesota identified significant confusion about inputs. The
term “compost” was used interchangeably among participants to describe composted yard
waste and food scraps, composted manure, and commercial fertilizer products containing
composted animal products [32]. Additionally, Extension educators at the University of
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Minnesota reported working with farmers who, between 2021 and 2022 experienced chal-
lenges after applying large volumes of compost on their farms. Examples included two
urban farms that applied multiple cubic meters of compost to plots less than ¼ acre in size
to mitigate compaction, resulting in high soluble salts that killed their plants. In another
situation, a farmer added >6 tons of composted poultry manure to a single high tunnel
attempting to use a deep compost mulch system, resulting in excessively high nutrient
concentrations and high soluble salts.

Small-scale vegetable farmers, therefore, face a series of unique challenges when it
comes to managing the soil on their farms: the influx of new farmers means this group
may have more educational needs than a typical farmer. Reliance on intensive production
due to space constraints limits opportunities for cover crops and fallow periods. The
tendency to use organic inputs reduces opportunities to employ reduced tillage strategies
and makes nutrient management more complicated. Finally, the lack of formal outreach
and education for these farmers is often replaced by previously mentioned “celebrity” or
otherwise influential farmers and “master classes”, which may or may not be based on best
management practices and research-based information.

Based on these experiences and identified needs, a project was developed to study the
soils at 100 diversified vegetable farms growing their crops in open fields or under high
tunnels. The objectives of this project were the following:

1. To develop a better baseline understanding of how small-scale vegetable farmers
utilize key soil health practices including cover crops, reduced tillage, and nutrient
management (including how the use of organic inputs like vegetative compost and
composted manure factor into nutrient management decision-making).

2. To explore how farm demographics such as size, organic status, experience, land
ownership, race and ethnicity, and production system (open fields vs. high tunnels)
influence soil health practices.

3. To determine educational priorities for Extension and other farmer-focused
education programs.

2. Materials and Methods

2.1. Recruitment

A team of 16 University of Minnesota Extension educators visited 100 small-scale
(<50 acres) diversified vegetable farms between April and June 2023 to conduct soil tests
and a soil management survey. In each region of the state, testing was completed as soon as
fields were dry enough to sample following spring snowmelt. The county-based educators
on the team first reached out to farmers in their local areas through local newsletters and
personal contact. Following this local outreach, statewide staff posted a recruitment flier
in the “University of Minnesota Fruit and Vegetable News” (1757 subscribers). Farmers
were accepted into the trial until a total of 100 participants joined. Recruitment was carried
out in this way versus a more random approach to ensure the geographic distribution of
farm sites and to match educator capacity for conducting soil tests. A total of 200 vegetable
sites (100 open fields, and 100 high tunnels) were identified on the participating farms.
Participants with both high tunnel and field-grown vegetables were prioritized and made
up the majority of trial sites (83 farms). On these 83 farms, one open field and at least one
adjacent high tunnel were sampled, reducing variability by sampling one of each treatment
group on the same soil type and location. The additional 17 farms did not have high
tunnels, so a second high tunnel from one of the nearby 83 farms was included. Figure 1
illustrates the geographic location of the sites used in this study.
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Figure 1. Location of 100 participating farm sites. Each farm site is indicated with a red dot. Names
of major cities are included in the map for reference, and dark gray areas on the map show major
bodies of water.

Extension educators collected soil and water for testing at each site, and during each
visit, participants completed a survey collecting information on agricultural practices and
land use history, administered via Qualtrics. Participants were not directly compensated
for completing the project. Rather, they received free soil testing and consultation.

2.2. Survey

A 20-question survey questionnaire was developed using Qualtrics to learn about soil
health and nutrient management practices on small-scale vegetable farms in Minnesota.
The first draft of the survey was developed by the PI, and then it was reviewed for technical
content and functionality by three University of Minnesota soil scientist colleagues, as well
as four local Extension educators. The questionnaire was approved for distribution by the
University of Minnesota Institutional Review Board (study #00018630).

The survey was divided into five sections: demographics and site history, fertility
decisions and practices, soil health practices, compost use, and land tenure. It included a
mix of multiple-choice and fillable text questions.

Participants completed the survey online via smartphone while the educator visiting
their farm completed soil testing. In areas with limited internet access, they were given the
link via email and encouraged to complete the survey when they had access to the internet.
Participants completed a survey for each site sampled at their farm (e.g., one survey for
their field and another for their high tunnel). The survey had an 88% response rate. Survey
data were cleaned by the PI, which included de-identifying participants with a code for
each farm and formatting the data for analysis in R. Unanswered questions were left blank
in the dataset, and later filtered during statistical analysis.

2.3. Soil Tests

University of Minnesota Extension educators collected soil tests at each site between
7 April and 5 June 2023. Soil samples were collected with a standard soil probe from 0
to 15 cm, moving away any mulch present. Between 15 and 20 cores were collected from
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each site and aggregated into a single composite sample. The composite samples from each
location were sent to the University of Minnesota Research Analytical Laboratory (RAL) to
quantify Bray-P1 phosphorus, exchangeable potassium, and nitrate [33,34]. Additional soil
testing was completed, which will be reported in a future publication.

2.4. Tillage Score

The tillage score was calculated based on survey results and an equation developed
by the project team based loosely on the STIR rating [35], which attempts to assign a
quantitative value to tillage intensity rather than classifying farms into vague qualitative
groups like “no till”, “low till”, or “conventional till”. Following the approach of Büchi
and colleagues [36], a weight was assigned to different types of tillage, and participants
were asked to report the average frequency of each type of tillage. They reported on
the number of deep (rototiller or moldboard plow), shallow (e.g., harrow or tilther), and
manual (broadfork) tillage passes per year. The equation used was as follows:

Tillage score = (# deep tillage passes per year × 2) + (# shallow tillage passes
per year × 1) + (# manual tillage passes per year × 0.5)

(1)

To further assess tillage differences, we created a farm size variable. Sites were grouped
by size and production type: high tunnels, ≤1-acre fields, 1.1–3-acre fields, 3.1–5-acre fields,
and >5-acre fields. These categories were chosen based on equipment suitability at each
scale (based on author experience and observations): one can feasibly manage a 1-acre
farm using only hand tools, whereas two-wheel tractors and other motorized equipment
such as rototillers become more common at the 1–3-acre scale and larger equipment such
as tractors become more common around the 5-acre scale.

2.5. Statistics

Survey and soil data were analyzed using R v4.2.2 [37]. Graphs were generated
with the ggplot2 package, and summary statistics were generated using basic commands
within the dplyr package. A basic chi-square test was used to assess differences between
non-ordered categorical variables. For ordered categorical variables, we also used the
Spearman correlation coefficient. Variable levels were assigned a rank in R (e.g., for organic
certification, conventional = 1, using mostly organic practices = 2, using exclusively organic
practices = 3, and certified organic = 4). Finally, Kruskal–Wallis was used to compare
categorical values with continuous variables.

3. Results

3.1. Farm Demographics

Participating farms had an average of five acres in production, with fields in vegetable
production for an average of seven years. A total of 23% of participants had less than 5 years
of experience farming, 25% had 5–10 years of experience, and 49% had more than 10 years
of experience. Three percent did not share their level of experience. Participants self-
identified as belonging to the following racial and ethnic groups: white (75%), American
Indian or Alaska Native (6%), Asian, Native Hawaiian, or other Pacific Islander (4%), Black
or African American (5%), and Hispanic or Latino (1%). Nine percent chose not to answer.
While only 14% of participants were certified organic, 44% claimed to use exclusively
organic practices, and an additional 18% used mostly organic practices. In total, 11% of
participants used conventional practices, while 13% chose not to specify.

Land use history (how the site was managed prior to growing vegetables, as reported
by study participants) varied substantially. The largest category of previous land use was
row crop farming (32%), followed by “other” (16%), fallow (13%), grazing animals (9%),
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specialty crop production under a different manager or owner (6%), woodland (5%), prairie
(5%), and former industrial site (1%). The remaining respondents did not specify (13%).
Write-in responses included hay or alfalfa, lawn, mixed use, and fruit production (7, 4, 3,
and 2% of the total responses, respectively).

3.2. Demographics and Soil Testing

Farmers in our study were equally likely to test their soil in high tunnels versus fields,
and the decision to collect soil for testing was not impacted by the farmer’s race or ethnicity
(Table 1). Across all testing sites (including fields and high tunnels), organic certification,
farmer experience, and land access situation were all significantly correlated with the
frequency of soil testing (Table 1). In general, certified organic farmers were the most
likely to test their soil at regular intervals. Farmers who claimed to use organic practices
without certification were not more likely than those who self-identified as conventional
farmers to do regular soil tests. Less experienced farmers were also less likely to have
tested their soil than those with at least five years of experience. While land access was
significantly correlated with soil testing frequency, it did not follow a clear pattern, and
having more stable land access did not necessarily make someone more or less likely to
test their soil (Table 1).

Table 1. Impacts of various demographic factors of survey participants on how often they test their
soil. For each variable, the chi-square test is reported. For ordered variables (e.g., experience), the
Spearman correlation coefficient is also reported. Responses (% of total response) for each category
are listed for variables that were significantly correlated with soil test frequency. Variables with
significant correlations are shaded in gray.

Soil Test Frequency Never Once 4+ Years 2–3 Years Every Year

Tunnel vs. field: χ2 = 0.609, p = 0.9620
Race or ethnicity: χ2 = 31.51, p = 0.1396

Organic certification χ2 = 32.063, p = 0.0014; rs = 0.26, p = <0.001
Conventional 12% 24% 24% 29% 12%

Mostly organic 34% 14% 6% 40% 6%
Exclusively organic, not certified 20% 16% 22% 31% 11%

Certified organic 7% 0% 7% 52% 34%
Experience: χ2 = 27.823, p = 0.0005; rs = 0.087, p = 0.265

<5 years 41% 16% 0% 38% 6%
5–10 years 16% 11% 11% 36% 27%
>10 years 11% 15% 24% 38% 11%

Land access: χ2 = 47.843, p = 0.03556
Informal lease 27% 18% 0% 18% 36%
Formal lease 30% 0% 0% 50% 20%

Own 21% 14% 17% 36% 12%
Land trust or community farm 0% 33% 0% 33% 33%

Tribal land 0% 33% 0% 67% 0%

3.3. Nutrient Management and Input Decision Drivers

Survey participants reported using soil tests as one of their top three decision-making
factors more than any other source of information when deciding which fertility products
to use (and how much) (61% in high tunnels, 55% in fields). Soil tests were followed by
observations of previous crop performance (55% in high tunnels, 52% in fields). Farmers
were more likely to seek advice from other farmers about fertility (40% in high tunnels,
41% in fields) than they were to ask private consultants (20% in high tunnels, 22% in fields),
Extension (14% in high tunnels, 16% in fields), co-ops or input sellers (10% in high tunnels,
9% in fields), or nonprofit support organizations (5% in high tunnels, 18% in fields). A
total of 14% of participants selected “other” in high tunnels and 18% selected it in fields as
one of their top decision-making factors. Write-in responses for “other” included applying
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based on observation of plant performance (n = 3), performing the same practices they have
used before (n = 2), not applying any fertilizer (n = 4), based on university or agronomist
recommendations (n = 4), personal or family knowledge (n = 5), “plant needs” (n = 3),
personal research based on books or online articles (n = 4), and applying as much as is
available n = 1) or as much as the participant could afford (n = 1).

3.3.1. Soil Testing

Since participants ranked their soil tests as the primary driver of nutrient manage-
ment decisions, we created a new binary variable based on whether a survey respondent
indicated soil tests as a factor in their decisions, then did basic t-tests to determine whether
using a soil test for fertility decisions impacted the amount of each macronutrient in the soil.
There were no significant differences in soil phosphorus (p = 0.1378), potassium (p = 0.1284),
or nitrate (p = 0.1285) between farmers who claimed to use soil tests as a basis for fertility
decisions and those who did not. This is consistent with the findings above, indicating that
the use of soil tests is not significantly correlated with soil macronutrient values, except for
people who had never completed a soil test in their high tunnels.

We also looked at whether soil test frequency influenced soil nutrient concentrations.
If someone had never taken a soil test in their high tunnel, their soil nitrate concentrations
were likely to be higher than someone who had taken a soil test, but farmers who tested
more frequently had similar nitrate concentrations to those who tested less frequently
(Figure 2). This same dynamic was true for phosphorus, but only in high tunnels (Figure 3).
Using the Bray-PI test for phosphorus, 41 ppm is considered “very high” for most vegetable
crops, and no additional phosphorus is recommended after 50 [38]. Of the 100 tunnels and
100 fields we sampled, 87% of tunnels and 84% of fields exceeded the “very high” threshold
for soil phosphorus. Even on farms that tested their soil every year, soil phosphorus
levels were on average well above the “very high” threshold at which no additional added
phosphorus is recommended (Figure 3). Potassium concentrations were similar across all
groups, including those who had never tested their soil (Figure 4).

Figure 2. Frequency of soil testing vs. nitrate concentrations in the top 15 cm of soil (ppm) in
100 vegetable fields and 100 high tunnels in Minnesota. Box plots indicate the median, 1st, and
3rd quartile for each group.
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Figure 3. Frequency of soil testing vs. soil phosphorus concentrations in the top 15 cm of soil (ppm)
using the Bray-P1 extraction method in 100 vegetable fields and 100 high tunnels in Minnesota. Box
plots indicate the median, 1st, and 3rd quartile for each group.

Figure 4. Frequency of soil testing vs. potassium concentrations in the top 15 cm of soil (ppm)
in 100 vegetable fields and 100 high tunnels in Minnesota. The y-axis was limited to 1250 ppm,
occluding one outlier (high tunnel, once at the beginning, 2464 ppm) to improve readability of graph.
Box plots indicate the median, 1st, and 3rd quartile for each group.

109



Sustainability 2025, 17, 1192

3.3.2. Inputs

Inputs were similar across high tunnels and fields. Composted manure was the most
frequently used input in both systems, with over half of respondents using it every year or
more than once per year. This was closely followed by “organic supplemental fertilizers like
bone meal, fish meal, blood meal, feather meal, etc.” (Figures 5 and 6). Because educators
have noticed confusion about the use of the term “compost”, and the fact that it is often
used interchangeably to describe composted manure and vegetable-based compost, we
asked participants to share where they source their compost, and what type of compost
they most often use. A total of 29% of respondents said they use animal-based compost,
16% said they use plant-based compost, and 54% said they use a mix of the two. Most
compost was generated on the farm. Off-farm compost primarily came from commercial
facilities. Farmer participants were more likely to purchase compost from a cooperative or
input store for use in their high tunnel, whereas, for use in fields, they were more likely to
source it from neighbors (Table 2).
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Figure 5. Input use frequency in fields at 100 Minnesota vegetable farms as reported by farmer participants.
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Figure 6. Input use frequency in high tunnels at 100 Minnesota vegetable farms as reported by
farmer participants.
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Table 2. Survey responses to questions about compost sourcing in both high tunnel and field
environments at 100 Minnesota vegetable farms. Percentages reflect the percentage of participants
who selected each option on a multiple-choice survey.

High Tunnels Fields

Source of compost (multiple responses allowed)
Generated on farm 62% 62%

Commercial compost facility 35% 41%
Neighbors 10% 15%

County or city delivery program 7% 8%
Agricultural cooperative or input store 9% 4%

Yard waste site 4% 3%

Reasons for adding compost (multiple responses allowed)
To add fertility (nutrients) 83% 81%
To improve soil structure 70% 79%

To add organic matter 72% 76%
To lessen soil compaction 32% 32%

To bury weeds 7% 8%
To fill beds 10% 6%

To remediate contamination 0% 0%
Other 10% 9%

How much compost do you apply each year?
A set amount (e.g., 1 inch per bed) 41% 34%

As much as I can get 24% 34%
Based on soil tests 16% 16%

Enough to bury weeds 3% 4%
Other 16% 12%

The highest-ranked motivation for using compost among survey participants was to
add fertility to the soil, indicating that many farmers do consider compost to be a source of
nutrients. This was closely followed by the desire to improve soil structure and increase
organic matter, with fewer participants using compost for compaction remediation, to
bury weeds, or to fill beds. No one reported using compost to remediate contamination
(Table 2). All of the “Other” responses were related to increasing crop yields, except for one
write-in response from an open field indicating that the producer adds compost to improve
soil biodiversity.

While participants ranked soil tests as their primary motivating factor in making
fertility decisions, soil tests were less important than other factors when it came to deciding
how much compost to apply. According to survey responses, participants were most
likely to apply a set amount of compost each year (41% in tunnels, 34% in fields), or to
apply as much as they could source (24% in tunnels, 34% in fields) (Table 2). In both
tunnels and fields, only 16% of respondents applied compost based on soil test results.
Write-in responses for “Other” included comments about the limited experience and still
figuring out compost applications, amounts based on equipment (e.g., “one spreader full”
or one truckload), purchasing as much as people could afford, and as much compost as is
generated in the respondent’s chicken coop.

3.4. Cover Crop Use

Overall, farmers were significantly more likely to use cover crops in open fields than
in high tunnels (χ2 = 17.208 p = 0.0006). While 72% of the farmer participants had planted a
cover crop in their fields, only 41.5% had done so in their high tunnel (Table 3).
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Table 3. Survey responses to questions about cover crop use in high tunnels and fields at
100 Minnesota vegetable farms, percentages reflect the percentage of participants who selected
each option on a multiple-choice survey.

High Tunnels Fields

Cover crop use frequency

Never 58.50% 28%
Occasionally 19.50% 26%

Every 2–3 years 10% 21%
Every year 12% 26%

Cover crop barriers

Cost 5% 10%
Limited space 15% 15%

Questions about logistics 16% 11%
Limited time 23% 29%

Concern about performance of
next crop 6% 2%

Other 35% 33%

Despite these differences in cover crop adoption between high tunnels and open fields,
barriers were nearly identical across environments (Table 3). In fields, farmer participants
were slightly more likely to cite costs and time constraints as a barriers. In high tunnels,
they were slightly more likely to cite performance about the next crop and questions about
logistics as barriers. The choice most frequently selected by the farmers for both fields and
high tunnels when asked about barriers to cover crop use was “Other”, suggesting that
a key factor (or factors) was missed in the survey questionnaire. There were 52 write-in
responses, some of which included multiple barriers: 28 responses related to a lack of time,
not necessarily in terms of labor, but in terms of being able to fit cover crops into existing
crop rotations. Of these 28 responses, 12 were related to fields, and 16 were related to high
tunnels. Two people mentioned struggles incorporating cover crops into their perennial
plantings, and seven mentioned weather as a barrier, specifically a lack of rainfall at the
right time. Seven people mentioned lacking experience or being unsure of where to find
seed. Two people mentioned labor and cost, and five discussed equipment barriers. Among
the equipment barriers, two felt that the equipment needed to plant and terminate cover
crops was too costly, and the other three shared that cover crops do not work with their
system due to the use of plastic mulch or landscape fabric.

Of the demographic variables surveyed, only organic certification was correlated with
cover crop use (χ2 = 21.149, p = 0.012). Overall, certified organic farmers were the most
likely group to plant a cover crop every year in both environments, and the least likely
group to have never planted a cover crop (Table 4). In high tunnels, farmers claiming to
use mostly or exclusively organic practices without certification were slightly more likely
to plant a cover crop than farmers who identified as conventional, though, in fields, the
results were more mixed (Table 4).

Table 4. Frequency of cover crop use across environments according to farmer’s organic certification
status based on farmer survey responses at 100 Minnesota vegetable farms. Percentages reflect the
percentage of participants who selected each option on a multiple-choice survey.

Never Occasionally Every 2–3 Years Every Year

High tunnels

Conventional (n = 7) 86% 14% 0% 0%
Using mostly organic practices (n = 17) 71% 6% 24% 0%
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Table 4. Cont.

Never Occasionally Every 2–3 Years Every Year

Using exclusively organic practices but not
certified (n = 43) 58% 26% 2% 14%

Certified organic (n = 15) 33% 20% 20% 27%

Fields

Conventional (n = 11) 27% 9% 45% 18%
Using mostly organic practices (n = 17) 35% 18% 18% 29%

Using exclusively organic practices but not
certified (n = 44) 32% 34% 16% 18%

Certified organic (n = 14) 7% 21% 21% 50%

Farmer experience (χ2 = 5.287, p = 0.5075), land access arrangement (χ2 = 28.194,
p = 0.2519), and race (χ2 = 24.046, p = 0.1535) did not significantly impact cover crop use.
In fields, total acreage was not correlated with cover crop use (χ2 = 34.345, p = 0.356).

3.5. Tillage Practices

Overall, tillage intensity, as determined by tillage score (Equation (1)), was slightly
lower in high tunnels than in fields (Figure 7). This difference was borderline significant
according to a chi-square test (χ2 = 3.1817, p = 0.0745).

Figure 7. Tillage score (according to Equation (1)) in 100 fields vs. 100 high tunnels on Minnesota
vegetable farms. Box plots indicate the median, 1st, and 3rd quartile for each group.

Organic certification and land access did not significantly correlate to tillage score
(χ2 = 6.5276, p = 0.1631 and, χ2 = 8.9553, p = 0.3461, respectively) but more experience was
significantly correlated with tillage score (χ2 = 8.8471, p = 0.0120). In general, experienced
farmers were more likely to use more intensive tillage than their less experienced counter-
parts (Figure 8). More experienced farmers did, on average, have larger farms than those
with less experience (Figure 9).
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Figure 8. Tillage score (according to Equation (1)) in 100 fields and 100 high tunnels (data aggregated
across sites) based on farmer experience level. Box plots indicate the median, 1st, and 3rd quartile for
each group.

Figure 9. Farm size (acres in production) vs. farmer experience at 100 Minnesota vegetable farms.
Box plots indicate the median, 1st, and 3rd quartile for each group.
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When we looked at types of tillage rather than the overall tillage score, we saw
differences between farms of different scales. The smallest farms used less frequent deep
tillage (rototillers or moldboard plows) and less shallow tillage (harrows, tilthers) than
larger farms, but used manual tillage techniques like broadforks much more frequently.
Farmers with 1–3 acres were more likely to use shallow tillage techniques, whereas farmers
with more than 3 acres were more likely to use more deep tillage techniques. Tillage
techniques in high tunnels fell somewhere in the middle (Figure 10).

 

Figure 10. Types of tillage and frequency of tillage passes at 100 Minnesota vegetable farms based on
farm size and production environment (high tunnel vs. field). Tillage score is the cumulative tillage
intensity based on Equation (1). Bars represent means, error bars represent standard error.

There was no significant association between cover crop use and tillage (χ2 = 0.1795,
p = 0.9808).

4. Discussion

4.1. Nutrient Management Decision-Making

More experienced farmers and certified organic farmers in our study were more likely
to utilize soil testing than their less experienced or non-certified organic peers. The National
Organic Program requires that certified organic producers manage inputs in a manner
that does not contribute to contamination of crops, soil, or water by plant nutrients [39].
Rule §205.601(j) prevents farmers from adding micronutrients to their soil without first
documenting a deficiency by testing the soil [39]. These rules, along with support provided
by certifiers likely contribute to the higher rates of soil testing among certified organic
farmers. While there is limited research exploring the links between organic certification
and soil testing, organic certification has been linked to improved soil health in a variety of
studies and contexts [40–42].

This finding suggests a need for more outreach and education targeted to beginning
farmers about how to correctly collect soil samples for soil testing and also how to interpret
laboratory soil test results, particularly for farmers who are not certified organic or pursuing
certification. Extension agents have been identified as crucial for promoting organic farming
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practices and other agroecological practices [42]. As such, Extension programs should
invest in promoting soil testing and soil test interpretation with this audience and also
consider promoting organic certification to connect farmers with additional support for
sustainable nutrient management practices.

Even when farmer participants tested their soil regularly, this did not translate to
meaningful differences in soil nutrient concentrations, and most fields and high tunnels in
the study had excessive soil phosphorus. Excess phosphorus in agricultural soils is corre-
lated with runoff and leaching, resulting in eutrophication of freshwater ecosystems [43,44].
A 2022 soil health-related needs assessment of emerging and beginning farmers in Min-
nesota identified that even when farmers test their soil, they often struggle to interpret
soil test results and make nutrient management decisions accordingly [32]. These results
support the finding that soil testing does not always translate into nutrient management
decision-making and further emphasizes the need for additional education about soil test
interpretation among small-scale vegetable farmers. This is consistent with farmers in
both Michigan and Ghana, whose observations of physical and biological attributes of soil
generally aligned well with soil health assays, but whose perceptions of chemical properties
of soil did not consistently align with soil test results [45,46].

The farmers in our study based fertility decisions more on their own observations
of previous crop performance and other farmers’ recommendations than on consultant
or Extension recommendations. This is consistent with findings from studies on farmer
decision-making across the region and the world, in which farmers prefer to learn from one
another versus seeking advice from agricultural professionals [26,47–49]. By leaning into
this finding and using train-the-trainer models, peer learning cohorts, and other methods
to engage communities of farmers in learning together, educators can have more impact
when sharing best practices for soil health and nutrient management.

4.2. Compost Confusion

This study highlights a particular need for compost-specific and composted-manure-
specific education among diversified vegetable farmers. Composted manure was the most
commonly used input among farmers in the study. They applied it primarily to add fertility
and yet treated it very differently from other nutrient sources. They tended to apply as
much as possible or a set amount each year rather than calculating compost and composted
manure inputs based on soil test values. A previous qualitative study identified similar
issues among beginning and emerging farmers in Minnesota, specifically, over-application
of composts including composted manure, and conceptualizing composted products sep-
arately from nutrient sources [32]. Our findings here show that these challenges do not
just apply to emerging farmers and that even experienced diversified vegetable farmers
struggle to apply nutrient management principles to the use of composted manure and
vegetative compost.

Compost applications can enhance the sustainability of a farm by improving root
growth and nutrient uptake, improving crop yields and quality, and improving soil charac-
teristics including porosity, aggregate stability, moisture and nutrient contents, and organic
matter [50]. Mismanagement of synthetic fertilizers and pesticides has led to pollution
and the degradation of soil on a global scale [51], and supplementing fertility programs
with compost can mitigate some of these challenges. The use of compost to improve soil
conditions has implications for the ability of a farm to remain sustainable, including the
ability to withstand unpredictable weather conditions, manage pathogens, reduce soil
erosion and nutrient runoff, and reduce the need for chemical fertilizers and irrigation [50].
Composting also improves the sustainability of global waste management and phosphorus
management. A significant portion of human municipal waste is compostable, with esti-
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mates of 50% in Europe [52], and 40–70% globally [53]. This is particularly true in urban
environments [54]. By diverting this waste from landfills and recycling it into high-quality
compost, there are sustainability implications for greenhouse gas reductions and soil or-
ganic matter improvement at a global scale [52,53]. A 2011 analysis of the Minnesota Twin
Cities Capitol Region Watershed estimated that food consumed and wasted by humans
was the largest source of phosphorus inputs to the watershed and that diverting food
and yard waste from landfills would reduce the storage of phosphorus in the watershed
landscape by 66% [55].

Using compost to supplement soil fertility programs contributes to improving the
sustainability of agriculture by improving nutrient use efficiency and productivity [56].
However, to promote more informed use of composts and mitigate externalities, there is
a need for more research to develop accurate recommendations about the right volumes
and types of compost needed for substituting commercial or synthetic fertilizers across
different soils, crops, and growing conditions [53,56]. Compost is a highly variable product,
referring to any organic matter that has been derived from plants, animals, or people and
decomposed under aerobic conditions [50]. The final product depends on composting
temperature, moisture, carbon-to-nitrogen ratio, source, and particle size of the feedstock,
the presence of microorganisms, and the amount of oxygen and aeration available during
the process [50].

If farmers are not using soil tests to determine compost application rates, but using
compost and composted manure as primary fertility sources, soil tests have limited utility.
This, combined with the excessively high soil nutrient concentrations on the farms in
our study, represents a need for more targeted education about how to translate soil test
results for farming systems primarily relying on composted vegetable scraps and manure
for fertility.

4.3. Cover Crops

The majority of farmers in this study (72%) used cover crops at least occasionally in
their fields, while the majority (58.5%) had never done so in their high tunnels. Adoption
of cover crops was significantly higher in this group overall compared to estimates of
the average Minnesota farmer. According to the 2022 Census of Agriculture, only 9% of
Minnesota farms that participated in the census planted cover crops, representing about
3% of farmland represented in the census [6]. Of the demographic variables studied, only
organic certification was significantly correlated with higher cover crop adoption. Farm
size, experience, race, or land access were not significantly correlated with cover crop use.
Other studies of small-scale vegetable farmers have identified that this group of farmers
tends to be very conservation-minded, prioritizing soil health practices as a core motivation
behind their approach to farming [10,13]. While a study of 541 organic fruit and vegetable
farmers in the United States found that smaller farmers (<40 acres) were more likely to use
cover crops and other conservation practices than their larger counterparts, almost all of
the farmers in our study fell into the “small” farm category [41].

Despite the lower adoption of cover crops in high tunnels, we did not identify any
barriers that were more significant in high tunnels than in open fields. Overall, the most
significant barriers for cover crop use were a lack of time, and not being able to fit cover
crops into crop rotations. This is consistent with the characterization that small-scale
vegetable farms tend to plant very intensively, using season extension and succession
planting to efficiently produce high yields on a small scale, leaving limited windows for
cover crops and fallow periods [19].

The cost was one of the least significant barriers to cover crop adoption. This is
important, as many of the conservation payment programs that incentivize cover crop use
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cover the cost of seed, but not of farmers’ time. A 3-year study on economic tradeoffs for
high tunnel cover crops in Minnesota, Kansas, and Kentucky found that seed made up
only 1% or less of the cost of planting cover crops, and that labor accounted for the vast
majority of the cost [57]. Our results support the finding that incentive programs may be
more effective if they can offset the costs of labor related to planting cover crops versus
simply covering the cost of seed [57].

Only 16% of high tunnel participants and 11% of field participants identified edu-
cational barriers (questions about logistics). This suggests that the primary barriers to
cover crop use on small-scale vegetable farms are not educational in nature. Nonetheless,
targeted educational outreach could still be beneficial for improving cover crop adoption
among the farmers who identified it as a barrier.

4.4. Tillage

More experienced farmers in our study were more likely to use more intensive tillage
than their less experienced counterparts. While we do not have enough data to investigate
the reasons behind this trend, this finding is consistent with a study of 96 organic (including
those using organic practices but not certified) field crop and vegetable producers in
Michigan. The survey found that farmers with fewer years of experience were more likely
to be interested in reduced tillage methods and that vegetable farmers were more likely
to be interested in reduced tillage methods than field crop farmers [58]. While this study
did not report on why, they cited that smaller, newer farms generally have less capital to
invest in equipment like reduced tillage machinery and that the return on investment for
equipment may be lower on highly diversified vegetable farms where equipment may
only be suitable for a subset of the crops grown. Small beginning farmers are also likely
to be debt-averse [10]. Thus, smaller vegetable farms may be more motivated to find
alternatives [58]. Our breakdown of tillage types among different farm scales supports this
hypothesis. Our results also show that while reduced tillage methods are common among
the smallest-scale vegetable farmers (1 acre or less), there is a need for education, as well as
research into methods for reducing tillage at the 3–50-acre scale. This is especially important
for organic systems; conventional no-till approaches rely heavily on herbicides [59–61].

While organic certification was significantly correlated with soil testing and cover crop
use, it was not significantly correlated with tillage score.

Finally, a commonly cited tradeoff of using cover crops, particularly in systems that
do not use herbicides, is that tillage is typically required to terminate them [62]. We did
not find a correlation between the frequency of cover crop use and tillage score to support
this. This may be partially explained by the fact that if well timed, the weed suppression
benefits of cover crops may offset additional tillage passes for weed management [62].

4.5. Limitations and Future Research

Because of the number of participants in our study and the complexity of their agri-
cultural systems (i.e., many crops per farm), our analysis lacks a detailed accounting of
inputs. While our general categorization of input frequency (e.g., number of times per
year participants applied a variety of inputs), the lack of quantification limits our ability
to draw detailed conclusions about nutrient management practices. We can infer that
the use of compost, particularly composted manure, is contributing to excessive nutrient
accumulation based on soil nutrient levels and qualitative survey data, but without a full
cost accounting of inputs, these conclusions are speculative in nature.

We also acknowledge the limited soil data presented in this paper. Due to the volume
of data produced in this project, a follow-up paper will document more detailed soil
test data from the 100 farms. Future research should address both agronomic challenges
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addressed here, including the development of better guidance for using compost products
for fertility in a diversified agricultural system, as well as the social dynamics of how to
effectively communicate soil health practices to farmers.

5. Conclusions

Small-scale vegetable farmers face unique challenges related to managing their soils
due to intensive planting windows, labor demands, insufficient access to capital and
equipment, and heavy reliance on inputs like compost and composted manure with hard
to calculate nutrient concentrations.

Extension and other educational programs should develop targeted resources and
education to support farmers with nutrient management in these systems, particularly
related to the application of compost and avoiding over-application of nutrients like
phosphorus as well as soil testing and test interpretation. Farmers in our study used
composted manure and vegetative compost far more often than synthetic fertilizers (58%
of farmers used composted manure at least once per year, 34% used vegetative compost
compared to 18% using synthetic complete fertilizers, and 11% using synthetic nitrogen
at least once per year in fields), and yet the majority (87% of high tunnels and 84% of
fields) had soil phosphorus levels that were “very high”, compromising the sustainability
of these systems. Farmer participants did not treat vegetative compost and composted
manure like other fertility inputs: rather than relying on soil tests to make decisions about
application rates, they tended to apply as much as possible or a set amount each year,
likely contributing to the over-application of phosphorus. More research is needed to
help farmers make informed decisions about organic inputs, and educators may be most
effective by tapping into existing farmer networks and leveraging peer learning.

Cover crops are particularly challenging for this audience due to short planting win-
dows, labor availability, and equipment requirements. Despite this, small-scale vegetable
farmers in this study far surpassed the average Minnesota farmer in their adoption of cover
crops with 72% of farmers in our study using cover crops at least occasionally, compared
to 9% of Minnesota farmers in the 2022 agriculture census. Organic certification was the
only significant driver of cover crop adoption; farm size, farmer experience, race, and land
access were not significantly correlated with cover crop adoption. Conservation incentive
programs that compensate labor in addition to seed costs in combination with more tar-
geted educational outreach may significantly benefit small-scale vegetable farmers and
other farmers.

The use of tillage was related to farm size (or at least land in vegetable production),
with smaller areas (high tunnels and open fields < 1 acre) relying mostly on manual tillage
and larger areas using mechanized tillage. Other demographic variables including organic
certification, farmer experience, race, and land access were not significantly correlated
with tillage score. More investment in reduced tillage practices and methods for small-
scale growers in the 3–50-acre range is critical for reducing tillage among small-scale
vegetable farmers.

Overall, farmers in our study were likely to use practices widely considered sus-
tainable including the use of organic inputs, cover crops, and reduced tillage. How-
ever, they need more targeted information and educational resources to support their
continued sustainability.
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Abstract: Organic farming encourages soil management practices that can improve soil health and
fertility by increasing soil organic matter inputs and system sustainability. This study evaluated
the effect of three years of continuous organic farming and intercropping orchard treatments on
soil microbial diversity, microbial enumeration, respiration, soil fertility and fruit yields. Organic
management resulted in higher soil organic matter content, Olsen P, and water holding capacity, but
did not affect soil pH, electrical conductivity (EC), K, or Na levels. Growth parameters measured
on all fruit trees were not significantly different among treatments. The enumeration of bacteria
was significantly higher in organic plots when compared to conventionally managed plots. Soil
respiration and substrate-induced respiration were significantly higher in the organic diverse plots
in comparison to both conventional systems. The genomic analysis of prokaryotes (16S rRNA)
and eukaryotes/fungi (ITS) revealed a significantly higher number of taxa, Shannon H index, and
Equitability index in the organic systems for both prokaryotes and eukaryotes, in comparison to
conventional farming, all of which are indicators of system sustainability. The relative abundance of
Operational Taxonomic Units (OTUs) previously reported as diazotrophs, denitrifiers, or involved in
the sulfur cycle, as well as Arbuscular Mychorrizae Fungi (AMF)/glomeromycotan, were highest
in the organically managed soils than in the conventional plots. A multivariate correlation network
clustering revealed that the microbial communities within the organic and conventional soils had
strong dissimilarities regarding soil microbial niches. Our work provides evidence that organic
management can be used for increasing soil microbial diversity and soil health, leading to higher
levels of sustainability in fruit orchard systems.

Keywords: bacteria; archaea; fungi; soil fertility; organic farming; microbial metagenomics

1. Introduction

Long-term cropping systems studies have made a significant contribution to our
understanding of organic agriculture, especially regarding the impact of organic farming
soil management on nutrient and carbon cycling [1], yields and pest management [2]. In
this regard, the recent literature has emphasized the need to use a systems approach to
understand organic farming’s environmental, human and economic aspects compared to
conventional farming systems [3–6].

A number of related studies have also looked at the relationship between soil proper-
ties and microbial communities. A meta-analysis of organic farming systems comparisons
from both field and greenhouse trials ranging from 3 years to 100 years, in four climatic
zones, found that the organic systems had increased microbial biomass carbon by up to
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41%, total nitrogen by 51%, and showed increased activities of protease, urease and dehy-
drogenases as compared to conventional farming systems [7]. Interestingly, the microbial
metabolic quotient (qCO2) was unaffected by the type of farming system for the same meta-
analysis. These authors attribute the observed results to greater rates of organic matter
inputs in organic farms, including manures, composts and legume cover crops. Several
other studies, both from temperate and tropical regions, have highlighted that organic
systems tend to be higher in soil organic carbon content [8–11], have higher microbial
biomass [12–14] and soil respiration rates [13,15,16].

In addition to documenting changes in soil quality, many studies are using a range
of methods to quantify and identify soil microbial taxa and, when possible, their function.
These methods have drastically changed over the past 20 years from culture techniques to
“next-generation DNA sequencing” (NGS) [17], dramatically increasing in sophistication
and ability to quantify the presence and abundance of different taxa. Drawbacks of NGS
include artifacts introduced by different DNA extraction protocols, bias on PCR steps, se-
quencing errors [18], limited DNA libraries and difficulty of linking taxonomic assignation
to function [19]. However, the reduced cost allows for more samples to be tested, and for a
better representation of soil bacteria [20] and fungal [21] diversity.

Identifying “keystone species” by NGS diversity data is advantageous in understand-
ing soil ecological systems [18]. Some studies have compared the ratios of dominant phyla
within the bacterial and fungal kingdoms, as indicators of nutrient availability or other
aspects of soil health, while others look at the presence or absence of plant disease or
disease antagonists [22]. For example, the ratio between the number of proteobacteria and
acidobacteria was suggested to be indicative of the nutritional status of the soil and would
be highest in organic soils with high inputs [19]. On occasion, the soil nutrient levels in
organic and conventional systems were similar, but with different chemical speciation,
different bioavailability and recalcitrance. Geisseler and Scow [23] found in a review of
64 long-term trials that the effect of mineral fertilizers (as compared to non-fertilized con-
trols) led to a 15% increase in microbial biomass and 12.8% increase in soil organic carbon
levels; these results appeared to be pH-dependent. Nitrogen inputs did not significantly
affect soil microbial biomass, but the change in soil pH from NH4

+ addition may have
inhibitory effects on the soil microbiota. However, this review did not include high organic
matter treatments in its analysis which may have affected its conclusions. Organic farming
and its associated higher organic matter inputs also leads to an increase in water soil hold-
ing capacity [24] and soil porosity [11], which may also be associated with soil microbial
abundance and diversity. Although the available literature showed the use of a wide range
of different methods for assessing the effect of organic farming on increasing soil microbial
diversity, they have come to similar conclusions.

Although different farming systems in desert climates have been compared [22,25],
and AMF have been documented to be abundant and diverse in these organic farming
systems [26,27], there is still a knowledge gap for the following: (a) the effect of organic and
conventional soil nutrient management on soil microbial diversity for perennial fruit crops
in arid climates; and (b) the effect of diverse intercropped systems on soil microbial diversity
and soil health. High organic matter inputs and intercropping (or crop rotation) are
common in organic farming systems, and their effect on soil microbes are often integrated
as the ‘organic farming’ effect. The rhizodeposition of different carbon compounds and their
effect on stimulating soil microbial biomass and changing the soil microbial community
composition is known to be plant-specific [28].

Our general objective was to test the effect of three cumulative years of organic
farming on plant growth, soil fertility levels, and soil microbial diversity and activity. In
addition, the effect of crop diversity (citrus vs. citrus/mango/banana) within both systems
(conventional and organic) was of interest. We hypothesized that both components of
organic farming systems in this experiment (organic matter inputs and crop diversity) will
stimulate soil microbial biomass, activity and diversity, and, therefore, contribute to better
soil health and long-term cropping system sustainability.
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2. Materials and Methods

2.1. Site Description and Experimental Design

Experiments were conducted in a fan-cooled greenhouse at the Sultan Qaboos Uni-
versity Agriculture Experiment Station, Muscat, Oman at 23◦36′00.3′′ N, 58◦10′02.3′′ E.
The greenhouse (dimensions 9 m × 39 m) is covered with rigid polycarbonate, with a
height of 3.5 m at the side, and 5.5 m at the roof, allowing for tall crops like fruit trees to
be grown. Though greenhouse fruit production is not common in Oman, this production
system allowed for year-round temperature control (range of approximately 22 to 32 ◦C)
and isolated the plots from external contaminants such as pesticides.

The original greenhouse soil was coarse gravel with small boulders. Before planting,
a 30 cm topsoil (mix of 2 parts sand and 1 part silt loam) layer was brought in to create
a suitable growth medium. Initial soil fertility was low, and to our knowledge, no prior
soil amendments or fertilizers were used in the brought-in soil substrate. Annual sesbania
(Sesbania sesban) was seeded in October 2017 to enrich the soil and add organic matter.
Though Rhizobium sp. was not added, the roots were nodulated. In March 2018, the
cover crop was pulled and added as mulch to the organic plots into which trees had been
previously planted (December 2017). The data included in this paper were collected in
2000, three years after the experiment was established. The experiment is ongoing, with
plans to publish additional data after 6 and 9 years.

Fruit tree seedlings, previously grown in mixed media in pots for 1 to 2 years, were
transplanted into the plots with 2 kg of local compost added to each hole. A drip irrigation
system was installed, and subsequent fertility inputs were documented (Table S1). Only
organic amendments were applied to the organic farming plots (compost, fish fertilizer and
potassium sulfate), and only conventional soluble fertilizer was applied to the conventional
plots after transplanting.

In both organic and conventional farming plots, macronutrient inputs were calculated
for approximate equivalency, and USDA recommended rates were used as a guide. How-
ever, organic fertilizer sources are slow-release (mineralization) and contain micronutrients.
The total nitrogen added was higher in the organic plots to compensate for the lower
efficiency of compost as compared to the soluble N-fertilizer used in the conventional
plots (588 and 358 g per tree over three years for organic and conventional, respectively).
Phosphorus was applied at 306 and 292 g P2O5 per tree, while potassium was applied at
574 and 430 g K2O per tree, respectively.

Regarding the carbon inputs, sesbania mulch (year 1 only) and banana leaf mulch
(after each harvest, unquantified) were applied to the organic plots annually, while the
conventional plots remained as bare soil. All plots received 1.6 kg of compost per tree at
the time of planting, and then the organic plots received an additional 27.5 kg of compost
per tree over the first 3 years, while the conventional plots received no additional carbon.
In summary, the carbon budget in Table S1 showed that organic plots received 15.7 kg of
carbon, and the conventional plots only 0.9 kg of carbon at the start of the experiment.
Only organic pest management practices were applied to both systems as needed to avoid
cross-contamination, including Neem Oil for scale insects on mango, and ‘Spinosad’ for
leaf miners on citrus.

The experimental design included two organic treatments. One was planted with four
citrus trees, the “monoculture,” with a mix of varieties that included grapefruit, orange,
lime and lemon, and the other being “diverse” with one citrus, two mangoes (var. ‘Saffron’
and ‘Ros’) and one banana (3–5 leads of local var. ‘Nagal’). Two conventional treatments
with the same species mix were also planted, and each of the four treatments was replicated
three times in a randomized complete block design. The plot size was 4 m × 4 m, with 2 m
between trees allowing for root intermingling.

Trees were measured annually for height, stem diameter (50 cm above the ground, or
above the site of the graft) and rated for vigor and pest pressure. The banana harvest began
in December 2018, with the weight and number in each bunch continuously recorded, since
bananas fruit year-round. Soil samples (0–20 cm) were collected annually in October for soil
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fertility analysis from a composite sample of 4 subsamples per plot. The pH and EC were
determined in 1:2 soil to distilled water. The same soil water extract was used for sodium
and potassium quantification using Horiba hand-held sensors and available phosphorus
extracts were determined colormetrically using the Olsen method [29]. Soil organic matter
content was estimated by the loss of mass during ignition in a muffle furnace at 550 ◦C
for 2 h. For the quantification of the soil water holding capacity, 30 mL of fresh soil was
saturated in a funnel, and the gravimetric soil moisture content was assayed after 4 h of
free drainage.

2.2. Enumeration of Culturable Heterotrophic Bacteria, Actinomycetes and Fungi

For microbial analysis, fresh soil samples were collected during March 2020, at a
distance of 20–30 cm from the base of each of the four plants (at two opposing points) from
each plot, at a depth of 0–5 cm. Therefore, each of the 12 plot samples corresponded to a
composite of eight subsamples from within each plot.

Soil culturable bacterial, actinomycetes and fungal colony enumeration were assayed
from soil matrices by suspending 10 g of freshly collected soil samples in 95 mL of saline
solution (0.85% NaCl2). Samples were shaken for 10 min at 100 rpm. Each soil suspension
was then subjected to five sequential 10× dilutions. Soil suspensions at increasing dilutions
were plated in the following agar growth media: Peptone yeast agar (for general bacteria),
Casein glycerol agar (for actinomycetes) and Rose Bengal with streptomycin (for fungi)
media. Agar plates were incubated at room temperature (20 to 25 ◦C) for 72 h. For each
sample, six analytical replicates were averaged to obtain the number of colony-forming
units (CFUs) per gram of soil on a dry weight basis.

2.3. Microbial Respiration

Microbial respiration was measured using the MicroResp™ system [30]. Each well
of the deep-well microplate (96 wells, 1.2 mL per well) was filled with 0.46 ± 0.02 g
of fresh soil samples, with four replicate samples/wells for each soil sample and each
carbon substrate. The gravimetric moisture content for each soil sample was independently
identified via oven drying at 105 ◦C. Before incubation, soils were moistened with either
25 μL sterile deionized water (for respiration) or a glucose solution (30 μg per well) to assess
the substrate-induced respiration (SIR). A second microplate holding a CO2 detection gel
(12.5 mg kg−1 cresol red, 150 mM KCl, and 2.5 mM NaHCO3 in 1% purified agar) was
assembled on top of the soil microplate using an air-tight sealing system provided by the
manufacturer. The system was then incubated in the dark at room temperature, and detection
plates were read after 20 h. The absorbance of the indicator plates was measured at 570 nm
using a Microplate reader before and after incubation with soils. The CO2 released from soils
(%CO2) was converted to respiration rate (μg CO2-C g−1 dry soil h−1) [30].

2.4. Microbial Diversity

The DNA from the freshly collected soil samples was extracted using a PurelinkTM
microbiome DNA purification kit (Thermo Fisher Scientific, Waltham, MA, USA). The DNA
extracts were then sent to Molecular Research (MR-DNA, Shallowater, TX, USA) for V4 16S
rRNA and ITS NGS diversity analysis. The 16S rRNA gene V4 variable region, and the ITS
1–2 PCR primers 515/806 were used with a barcode on the forward primer in a 35 cycle PCR
using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following conditions:
95 ◦C for 5 min, followed by 35 cycles of 95 ◦C for 30 s, 53 ◦C for 40 s and 72 ◦C for 1 min,
after which a final elongation step at 72 ◦C for 10 min was performed. After amplification,
PCR products were checked in 2% agarose gel to determine the amplification’s success
and the bands’ relative intensity. Samples were purified using calibrated SPRI beads. The
pooled and purified PCR products were used to prepare the Illumina DNA library. The
DNA sequencing was performed at MR DNA (https://www.mrdnalab.com/, accessed on
1 June 2020, Shallowater, TX, USA) on a MiSeq following the manufacturer’s guidelines.
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The sequence data derived from the sequencing process were processed using the MR
DNA ribosomal and functional gene analysis pipeline and in-house built software (http:
//www.mrdnafreesoftware.com, accessed on 1 June 2020, https://www.mrdnalab.com/,
accessed on 1 June 2020, MR DNA, Shallowater, TX). In this process, sequences were joined,
depleted of barcodes and primers and then sequences with <150 bp or ambiguous base
calls were removed. The sequences were filtered for quality using a maximum expected
error threshold of 1.0 and dereplicated. Sequences were then denoised, and operational
taxonomic units were defined as clustering at 3% divergence (97% similarity) followed
by removal of singleton sequences and chimaeras. The final OTUs were taxonomically
classified using BLASTn against a curated database derived from NCBI (www.ncbi.nlm.
nih.gov, accessed on 1 June 2020).

2.5. Statistical Analyses

Data calculations, manipulation, average, standard deviation and correlation analysis
were performed using Microsoft Office Excel 2016. Analysis of variance was performed
using Minitab (version 20.0), and the Fisher test was used for mean separation. The Krona
Excel template [31] was used to construct HTML hierarchical microbial diversity graphics
to visualize and summarize differences in microbial community composition within the
Prokaryotes and Eurkarotes. The PAST4 software (version 4.15) [32] was used to calculate
the Shannon-H and Equitability microbial diversity indices. Graphia 2.0 software was used
for correlation network analysis of OTUs, with Pearson’s correlation coefficients above
0.95 [33], clustered by Markov Cluster Algorithm (MCL, granularity 1.1). The taxa of known
functional microbial groups, such as mycorrhiza, diazotrophs, nitrifiers and denitrifiers,
were grouped to represent the effect of the treatments on soil functional microbial groups.

3. Results

3.1. Soil Physicochemical Properties, Plant Growth and Yield

Though different levels of total N and C had been added to the experimental plots over
the three years of the experiment (Table S1), the results showed nonsignificant differences
in the soil pH, concentration of K and Na (Table 1). Soil salinity (EC) was also unaffected
by our treatments leading to nonsignificant changes in electrical conductivity. Soil organic
matter significantly increased, more than doubling in value from 2.55% in conventional
plots to 5.49% in the organic plots. Olsen P and water holding capacity (WHC) also
significantly increased in the organic plots, though there was no significant difference
comparing monoculture and diverse treatments.

Table 1. Soil test data from October 2019. Letters denote means separation statistical significance
using Fisher pairwise comparison.

pH EC K Na
Water Holding

Capacity
Soil Organic

Matter
Olsen

Phosphorus

dS m−1 ppm ppm % % mg Kg−1

Conventional Mono 8.1 a 1757 a 35 a 283 a 41.86 a 2.69 b 161 ab
Conventional Diverse 8.1 a 1973 a 37 a 213 a 42.41 a 2.40 b 142 b
Organic Mono 8.1 a 1818 a 65 a 287 a 51.51 a 5.81 a 231 a
Organic diverse 8.1 a 2234 a 46 a 277 a 52.00 a 5.18 a 205 ab
Conventional 8.1 a 1865 a 36 a 248 a 42.14 b 2.55 b 151 b
Organic 8.1 a 2026 a 55 a 282 a 51.76 a 5.49 a 218 a
Monoculture 8.1 a 1787 a 50 a 285 a 46.69 a 4.25 a 196 a
Polyculture 8.1 a 2104 a 42 a 245 a 47.21a 3.79 a 173 a

average all 8.1 1946 46 265 46.95 4.02 185

p-values two-way anovas:
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Table 1. Cont.

pH EC K Na
Water Holding

Capacity
Soil Organic

Matter
Olsen

Phosphorus

dS m−1 ppm ppm % % mg Kg−1

org vs. conv 0.780 0.685 0.076 0.598 0.018 0.000 0.023
mono vs. diverse 0.412 0.432 0.381 0.529 0.876 0.330 0.366
interaction 0.780 0.801 0.287 0.634 0.994 0.712 0.896

By the end of the first three years of experimentation, the mango and citrus trees
were still young and not yet fruiting, but the banana plants started producing fruit
12 months after transplanting. The total number of bunches per plant was 11 for organic and
8.3 for conventional. The number of hands per bunch was the only significantly differ-
ent (p = 0.043) banana yield parameter, and was higher for conventional farming with
5.76, compared to 4.85 for organic farming plots (Table S2). However, the total weight per
bunch was similar and was not statistically different between conventional and organic
farming treatments. Mango and citrus stem diameter, height, and vigor ratings showed no
statistically significant differences (Table S3). Due to pruning management, citrus showed
a decline in height in some treatments from 2020 to 2021.

3.2. Enumeration of Culturable Heterotrophs and Soil Microbial Respiration

Of the three-culture media used for microbial enumeration, only the nutrient agar
(bacteria) showed statistically significant differences, likely due to the high variability of
the data (Table 2). The organic diverse plots had the highest bacteria CFU g−1 soil and
was significantly higher than conventional diverse. The enumeration of actinomycetes
in glycerol casein agar and fungi in Rose Bengal agar was highly variable and imprecise,
preventing conclusions about the effect of organic farming and intercropping. For the cul-
turable fungi, the highest levels were in the organic monoculture, but were not statistically
different than the other treatments (Table 3).

Table 2. Enumeration of culturable heterotrophic bacteria, actinomycetes and fungi. Soil respiration,
substrate induced respiration (SIR) and metabolic quotient (MQ) estimation (based on bacteria
abundance). Letters designate mean separation statistical significance by Fisher pair-wise comparison.

Bacteria Actinomycetes Fungi Resp. DW SIR DW MQ Resp.

CFU/g CFU/g CFU/g
(μg CO2-C
/g/h)

(μg CO2-C
/g/h)

(μg CO2-C
/107 CFU/h)

Conv. Mono Mean 1.63 × 107 ab 0.00 a 3.48 × 104 a 0.604 b 0.804 b 0.384 b
Stnd Dev. 4.27 × 106 0.00 3.90 × 104 0.001 0.078 0.085

Conv. Diverse Mean 6.93 × 106 b 2.74 × 106 a 2.43 × 104 a 0.557 b 1.295 ab 0.869 a
Stnd Dev. 3.49 × 106 5.42 × 106 2.38 × 104 0.017 0.75 0.264

Organic mono Mean 1.65 × 107 ab 4.50 × 105 a 1.32 × 105 a 0.578 b 1.329 ab 0.535 ab
Stnd Dev. 2.11 × 107 6.51 × 105 2.63 × 105 0.076 0.319 0.341

Organic diverse Mean 3.65 × 107 a 4.40 × 104 a 1.99 × 104 a 0.760 a 1.963 a 0.268 b
Stnd Dev. 3.64 × 107 1.08 × 105 3.17 × 104 0.137 0.753 0.177

p-value - one way by trt 0.137 0.282 0.442 0.048 0.167 0.064

p-value two way org vs conv 0.101 0.326 0.409 0.087 0.101 0.140
mono vs
diverse 0.548 0.308 0.279 0.175 0.118 0.450

interaction 0.106 0.174 0.367 0.036 0.829 0.025
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Table 3. Number of taxa, sequences, Shannon H and Equitability indices for Prokaryotes (16S) and
Eukaryotes (ITS). Letters designate mean separation statistical significance based on 95% confidence
interval (CI).

Prokaryotes 16S # OTU (Taxa) # Sequences Shannon H CI Equitability CI

Conventional Mono 2193 22,588 6.62 0.021 c 0.86 0.003 a
Conventional Diverse 501 46,371 4.98 0.015 d 0.80 0.003 c
Organic Mono 7084 384,697 7.10 0.006 a 0.80 0.001 c
Organic diverse 4820 81,646 6.84 0.013 b 0.81 0.001 b

Conventional 2453 68,959 6.03 0.015 b 0.77 0.002 b
Organic 7388 466,343 7.15 0.005 a 0.80 0.001 a

Monoculture 7556 407,285 7.19 0.006 a 0.81 0.001 a
Polyculture 5064 128,017 6.75 0.010 b 0.79 0.001 b

All 7842 535,302 7.27 0.005 0.81 0.001

Eukaryotes ITS # OTU (Taxa) # Sequences Shannon H CI Equitability CI

Conventional Mono 361 44,518 3.71 0.020 c 0.63 0.003 c
Conventional Diverse 54 14,900 2.01 0.030 d 0.50 0.007 d
Organic Mono 410 20,601 4.57 0.020 b 0.76 0.003 a
Organic diverse 433 20,672 4.63 0.023 a 0.76 0.004 a

Conventional 413 59,418 3.85 0.017 b 0.64 0.003 b
Organic 581 41,273 5.01 0.016 a 0.79 0.002 a

Monoculture 645 65,119 4.51 0.016 a 0.70 0.002 a
Polyculture 485 35,572 4.21 0.022 b 0.68 0.004 b

All 813 100,691 4.83 0.013 0.72 0.002

Soil respiration rate was highest in the organic diverse plots, and significantly different
from the other three treatments (Table 2). Substrate-induced respiration was also signifi-
cantly higher in the diverse organic plots compared to the conventional monoculture; and
the conventional-diverse and organic-monoculture plots were not significantly different
from other treatments.

The metabolic quotient (qCO2) corresponds to the respiration rate per unit of soil mi-
crobial biomass. The qCO2 was highest in the conventional-diverse plots, and significantly
different than the conventional-monoculture and the organic-diverse (Table 2). For this ex-
periment, the bacteria enumeration was also lowest in the conventional-diverse treatment,
explaining its high qCO2. The organic-diverse plots, on the other hand, showed the highest
respiration rates, the highest culturable bacteria enumeration and the lowest qCO2.

3.3. Soil Microbial Taxonomic Diversity Using 16S and ITS Gene Sequencing

The number of OTUs, the Shannon diversity index (H) and the equitability (EH)
indexes are presented for both the prokaryotes (16S rRNA V4 regions) and fungi (ITS)
derived from the NGS microbial diversity analysis are presented in Table 3. Together,
these indices represent the number of taxa, abundance, and the evenness of population
distribution for both culturable and unculturable soil microbes. This analysis resulted in a
more sensitive way to represent the differences between the treatments, with statistically
significant differences among all treatments. For the prokaryotes 16S diversity (bacteria
and archaea), the number of OTUs was highest in the organic-monoculture, followed by
the organic-diverse plots, and the conventional-diverse treatment was the lowest (Table 3).
A similar pattern was observed for the Shannon H, with the highest values in both the
monoculture and diverse organic treatments, compared to the conventionally farmed plots.
Species equitability was highest in the conventional monoculture plots, followed by the
organic diverse plots. Overall, when analyzed together, the organic plots showed higher
equitability than the conventionally farmed soils. For fungi, the highest number of OTUs
were found for both the diverse and monoculture organic plots. The Shannon H and
equitability indices were also higher for fungi in both organic plots and for the organic
treatments overall, and these differences were highly significant.
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3.4. Functional Microbes and Correlation Networks

The hierarchical taxonomic abundance from kingdom to genus illustrates some of
the data described above, plus reveals additional information regarding the abundance
of certain specialized taxa. For example, the difference between the prokaryotes for the
averaged organic and conventional systems (Figure 1a,b) show the relative proportions of
bacteria and archaea, with higher archaea in the organic vs. conventional plots (4% vs. 1%
of total prokaryotes, respectively). The ratio of proteobacteria to acidobacteria has been
suggested as an indicator of readily available nutrients in soil [19], and was higher in the
conventional plots. The proteobacteria made up 55% and 61% of the total bacteria in the
organic and conventional systems, respectively, and the acidobacteria were 5% and 3% of
bacterial in the two systems, respectively. Thus, the resulting ratio was 11 for the organic
systems and 20.3 for the conventional.

(a) (b)

Figure 1. Hierarchical taxonomic abundance (from kingdom to genus) of prokaryotes based on 16S
ribosomal RNA for organic (a) and conventional (b) soils (averaged across monoculture and diverse
treatments). Bacteria are represented in pink-brown sections of the chart, and archaea in the blue section.

(a) (b)

Figure 2. Hierarchical taxonomic abundance (from kingdom to genus) of eukaryotes based on ITS ribosomal
RNA for organic (a) and conventional (b) soils (averaged across monoculture and diverse treatments).
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For fungi, the plot of the eukaryotes (Figure 2a,b) clearly shows that the proportion
of fungi in the phyla glomeromycota are higher (39% of fungi) in organic as compared to
conventional (only 6% of fungi). The relative abundance of ascomycota and basidomycota
is also different, with 51% and 9% of these two phyla in organic, and 87% and 4% in the
conventional, respectively, resulting in ratios of ascomycota to basidomycota of 5.9 and
20.5 for the organic and conventional systems, respectively.

Graphia 2.0 was used to build a correlation network of OTUs (includes both prokaryotes
and eukaryotes) with Pearson’s correlation coefficients above 0.95 (Figure 3). Cluster 1 is
dominated by OTUs found in monoculture organic (72%), followed by the diverse organic
system (15%). Cluster 2 is also dominated by monoculture organic (93%). Cluster 3 is made of
50% diverse organic OTU, followed by monoculture organic with 36%. Cluster 4 is dominated
by monoculture conventional (65%) and cluster 5 by diverse conventional (77%). Thus, we
see that the microbial communities/associations were different between the two conventional
systems, and were also different between the conventional and the organic systems. The first
two clusters show differences between organic monoculture and organic diverse cropping
systems (Figure 3).

Figure 3. Graphia 2.0 Pearson correlation network, positive correlation polarity, minimum correlation value
0.95. 1-MO: monoculture organic treatment cluster, 2-O and 3-O: organic (both monoculture and diverse)
clusters, 4-MC monoculture conventional cluster, and 5-DC: diverse conventional treatment cluster.

When we look at the correlations of the clusters with specific groups of organisms, clusters
1, 2 and 3 were significantly positively correlated with archaea and bacteria, while cluster 4 was
more significantly correlated with fungi. Cluster 5 was negatively correlated with archaea and
bacteria, with no significant correlation with fungi (Table S5). Within the kingdom of bacteria,
clusters 1, 2 and 3 were strongly and positively correlated with most of the phyla, except
tenericutes, which was only positively correlated with cluster 5, thermotogae (only cluster 3),
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chlamydiae (only cluster 5), cyanobacteria (clusters 1, 2 and 4) and lentisphaerae (only cluster 4)
(Table S5). Within the fungi, clusters 1, 2 and 3 were significantly and positively correlated with
glomeromycota and cryptomycota. Cluster 4 was significantly and positively correlated with
ascomycota, chytridiomycota and basidiomycota, while cluster 5 was either not correlated or
negatively correlated with all phyla.

When we look at the soil data, clusters 1, 2 and 3 were significantly and positively
correlated with all soil variables except pH, including the soil organic matter, water holding
capacity, and the Olsen phosphorus test. However, the correlations between archaea, bacte-
ria and fungi with the soil test data show that only the archaea and bacteria are positively
correlated with organic matter, water holding capacity and phosphorus, and fungi does not
show a significant correlation. Within the kingdom of fungi, the phyla of glomeromycota
and cryptomycota are significantly and positively correlated with organic matter, water
holding capacity and phosphorus level; the phyla of ascomycota and chytridiomycota are
negatively correlated; and basidiomycota have a weak but positive correlation (Table S5).

When the taxa are sorted by name to indicate their function, the percentage of di-
azatrophs, denitrifiers and those involved in the sulfur cycle are highest in the organic
monoculture system, followed by the organic diverse system (Table S4). The percentage
classified as AMF was also higher in the two organic soils/treatments.

4. Discussion

In the present study, we observed an increase in soil organic matter under organic
practices as compared to conventional farming. Our findings are consistent with previous
studies that have found increases in soil organic matter in organic cropping systems receiving
manures, composts, or both, in both tropical and temperate environments [8–11,14–16,24,34].
The organic system also resulted in an increase in soil water holding capacity compared
to the conventional farming treatment. The increase in soil water holding capacity can be
attributed to several factors associated with organic farming practices, including the addition
of organic matter and the promotion of soil micro-organisms [11]. Organic matter improves
soil structure [11,24], which enhances water infiltration and retention. Additionally, the
presence of beneficial microorganisms in organic soils can enhance soil structure, leading to
increased water holding capacity as was evident from the positive correlation of soil organic
matter (SOM) with soil microbes in this study (Table S5). While the positive effects of organic
matter on soil structure and water holding capacity are clear, our study did not find significant
differences in soil EC, pH, K, and Na between organic and conventional farming systems.
This finding may be due to the complex and context-specific nature of nutrient levels in
soils, as they can vary depending on a variety of factors, including the specific experiment
conducted, the duration of the study, the type of cropping system or rotation, and the rates of
fertilizers applied [8,35,36]. However, Olsen P was higher in the organic farming compared to
the conventional farming system. Organic farming systems receiving organic fertilizer often
have higher P level in soils [9,37].

The organic farming system resulted in a higher abundance and diversity of soil
bacteria, archaea and fungi in organic farming systems and can be attributed to the presence
of organic matter inputs such as manures or composts [11], which were strongly and
positively correlated with soil organic matter (Table S5). This is consistent with findings
from other studies [8,11,24,34,38,39]. Additionally, the dominance of clusters 1, 2 and 3
by organic farming systems (Figure 3) also contributed to the increased abundance and
diversity of soil microorganisms. However, the richness and diversity of species in some
systems cannot be solely attributed to whether a system is defined as organic. Factors such
as the amount of organic matter inputs and pH can also play significant role [8,10,15,40];
in some cases, soil pH has been negatively correlated with microbial abundance and
diversity [8,15]. Some studies have shown different results when comparing microbial
diversity in control plots with no fertility amendments, with some finding the lowest
diversity in the control [11], others finding the lowest diversity in the fertilizer plot [38],
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and others finding no significant difference between the no fertilizer and conventional
fertilizer treatments, but both being lower than the organic treatments [39].

The composition of bacterial communities in soil can be influenced by agricultural
practices. Specifically, the ratio of proteobacteria and acidobacteria has been shown to
differ between organic and conventional systems, with higher ratios in conventional sys-
tems [10], which is attributed to the more readily available nutrients in conventional
systems promoting the rapid growth of proteobacteria, as compared to the slower growing
acidobacteria [19]. In our study, the ratio was 11.2 in the organic system, and 18.2 in
conventional. These results are consistent with the findings of Suyal et al. [10] in organic
and conventional chickpea cropping systems in India, where ratios of 10.3 and 22.2 were
observed. In contrast, cowpea and citrus cropping systems in India had ratios of 20.0 and
60.0 for organic and conventional, respectively [24], while a barley–beet crop rotation in
Germany had ratios of 2.9 in rotations receiving manure or NPK fertilizer, and 2.2 where
no fertilizer or manure was used [34].

Culture-based methods have limitations in detecting soil microbes due to the inability
to culture a large percentage of soil microbes. In our study, only the nutrient agar medium
for bacteria showed significant differences for the field treatments, likely due to the high
variability of the data. This finding is consistent with the limitations of plate count methods
for bacteria, fungi and actinomycetes that have been found by others [36]. The differences in
results from the NGS methods and plate count methods are likely due to the extremely small
percentage of soil microbes that can be cultured, as compared to those that are detected
using DNA extraction/genomic methods [36,41]. Our study also found a higher respiration
rate and SIR in the organic systems, which is consistent with other studies [13,15,16,36] and
has been correlated with the soil organic matter levels in these studies.

In recent years, few studies have compared the farming systems to “natural” ecosys-
tems, which are either desert, or dryland-grown wild plants in Oman. Khan et al. [42], using
Next Generation Sequencing (NGS), found 121 fungal and 3662 unique bacterial OTUs in
the rhizosphere of 3 native plants growing in arid conditions in Oman. In comparison, our
study found 581 and 413 fungal OTUs in the organic and conventional systems, respectively.
Our prokaryote OTUs were 7388 and 2453 in organic and conventional plots, respectively.
The higher numbers in our study may be due to the fertility supplements and/or regular
watering regime. In Egypt, a desert soil was compared to an organic vegetable farm for
rhizosphere bacteria, and found higher diversity in the organic farm, with a Shannon index
of 11.21 compared to 7.90 for the desert soil [22]. The study also identified more pathogen
antagonists in the organic farm, but more N-fixing bacteria in the desert soil [22].

Kazerooni et al. [17] compared conventional tomato farming and desert soils in Oman,
and found similar fungal diversity between the two systems, but with slightly more species
in the farmed soil. The Shannon index was slightly higher in the desert soil (1.9 vs. 1.4).
In another study, however, that included an organic farming system, the fungal diversity
was highest for organic tomato and cucumber, intermediate for date palm and lime farmed
with traditional methods that included manures, and lowest in conventional cucumber
due to lower use of organic matter inputs plus the use of fungicide to control disease [43].
In experiments that compare organic and conventional farming to other ecosystems in an
environment with more rainfall (West Java, Indonesia), the highest organic matter (OM)
and % total N were in forests, followed by organic cropping, and lower in conventional.
Microbial biomass also followed this same pattern [14].

In our experiment, the organic cropping systems showed a higher percentage of fungi in
the Glomeracota, which is similar to the findings of Mullath et al. [26], who reported a higher
quantity and diversity of arbuscular mycorrhizal fungi (AMF) in organic cropping systems in the
UAE. The desert plants sampled in their study did not contain AMF. All fruit species used in this
study are known hosts of AMF, which has been widely documented in citrus [44–47], including
acid lime in Oman [48], mango [49,50] and banana [51]. The benefits of AMF root colonization on
fruit tree seedlings have also been documented [47,49,52,53]. It has been reported that fertilizer
application may reduce AMF [54,55], that manure and compost application can decrease root
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colonization by [13], or that higher levels of soil P may reduce the abundance of AMF [55] at
low soil Olsen-P (10 mg kg−1); the root colonization and pi transporter genes are significantly
upregulated [9]. However, other studies show the positive correlation of AMF colonization with
soil properties such as organic matter and available P in citrus orchards [39,56] or no correlation
with soil P content [50]. In one study, available phosphorus was negatively correlated with
spore density of AMF, but positively correlated with root colonization of papaya [57]. Another
study with banana found that P and soil carbon negatively affect AMF colonization, but soil
carbon was positively correlated with spore abundance and species richness [51]. In our study,
the P levels measured were higher in the organic systems though similar rates were applied,
which did not seem to negatively impact AMF.

A study with annual cropping systems demonstrated an increase in diversity of AMF
communities in more diverse polycultures as compared to monoculture [58], and it would
seem likely to have the same effect in perennial systems as well. In our experiment the
monoculture citrus had a higher Shannon H index and higher equitability index for both
prokaryotes and eukaryotes than the diverse system that also included banana and mango.
When only the glomeromycota are looked at, they were more abundant in the organic
systems as compared to conventional, but also more abundant in the monoculture as
compared to diverse. This finding should be followed up with more research.

The Pearson correlations and multivariate analysis in our study are consistent with
previous research by Liao et al. [59] which reported higher abundance of genera associated
with organic farming systems. We observed a positive correlation between archaea and
bacteria with clusters 1, 2 and 3 representing organic farming systems (Figure 3), suggesting
that these clusters are dominated by prokaryotic organisms, and may have similar ecological
roles in the environment. It could also indicate that these clusters share similar environmental
preferences or require similar resources to thrive. This positive impact on the microbial
community may be attributed to the use of organic fertilizers and soil management practices
in organic farming systems [11,59]. In contrast, cluster 4, representing the mono conventional
farming system, showed a higher correlation with fungi, indicating a greater abundance of
eukaryotic organisms in these soils. This aligns with previous studies indicating a negative
impact on soil health and microbial diversity in conventional farming systems [55]. Conversely,
the significant correlation between fungi and conventional farming systems suggests that
these systems are dominated by eukaryotic organisms, particularly fungi, which may have
different ecological roles compared to organic farming systems.

That organic farming systems support a diverse microbial community dominated by
prokaryotic organisms is consistent with previous work by Liao et al. [59] who reported a
higher abundance of genera associated with organic farming systems. The positive correlation
with archaea and bacteria in the present study may indicate that these microorganisms play
important roles in nutrient cycling and other ecosystem services in organic farming systems.
This suggests that organic farming systems may have a positive impact on the microbial
communities in the soil, possibly due to the use of organic fertilizers and reduced tillage
practices. Cluster 4, which represents the mono conventional farming system, was more
significantly correlated with fungi, indicating a higher abundance of eukaryotic organisms in
these soils. This finding is consistent with previous studies that have found that conventional
farming systems tend to have a negative impact on soil health and microbial diversity.

The positive correlation between archaea and bacteria with organic farming systems
suggests that these clusters are dominated by prokaryotic organisms, and may have similar
ecological roles in the environment. It could also indicate that these clusters share similar
environmental preferences or require similar resources to thrive. On the other hand, the
significant correlation between fungi and conventional farming systems suggests that
these systems are dominated by eukaryotic organisms, specifically fungi, and may have
a different ecological role compared to organic farming systems. Fungi are known to
play important roles in nutrient cycling and decomposition, so this cluster may be more
involved in these processes.

134



Sustainability 2024, 16, 9391

5. Conclusions

Organic farming practices can significantly improve soil health and fertility by increasing
soil organic matter inputs, soil biodiversity and microbial diversity. The organic farming
system resulted in higher soil organic matter content, Olsen P and water holding capacity,
but did not affect soil pH, EC, K or Na levels. The enumeration of bacteria, soil respiration
and substrate-induced respiration were higher in the organic and diverse plots compared
to conventionally-managed and monoculture plots. The genomic analysis of prokaryotes
and eukaryotes/fungi revealed a significantly higher number of taxa, Shannon H index, and
Equitability index in the organic systems for both prokaryotes and eukaryotes, in comparison
to conventional farming. Limitations of this study are that only the first 3 years of what is
anticipated to be a longer-term study are included. The study so far shows that organic farming
practices and intercropping can increase soil microbial diversity and health, which can have
positive impacts on crop yields and overall ecosystem health and sustainability.
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Abstract: Due to increasing soil degradation caused by unsustainable agricultural practices and the
continued demand for quality food for the human population, it is imperative to find sustainable
strategies for high-quality food production. For this reason, the objective of the present study was to
evaluate the interaction between the factors of consortium of phosphorus-solubilizing rhizobacteria,
addition of phosphate rock and worm load in horse manure to produce an organic fertilizer fortified
with phosphorus. For this, consortia of phosphate-solubilizing rhizobacteria of the genus Bacillus
(Bacillus aryabhattai, Bacillus subtilis and Bacillus cereus) isolated from the rhizosphere of Distichlis
spicata were inoculated. Igneous phosphate rock (0 and 2%) was added in the vermicomposting
process (with 25 and 50 g of E. fetida worms per kg of horse manure). The results obtained show
that there is a significant interaction between the factors of inoculation with bacterial consortia
(1 × 108 CFU mL−1), phosphate rock (2%) and earthworm biomass (50 g kg−1 of manure), and that
this interaction promotes the production of assimilable forms of phosphorus for plants (such as
monobasic phosphate ions H2PO4

−1 or dibasic phosphate ions HPO4
−2) within the vermicompost-

ing process, having as a product an organic substrate supplemented with the optimal nutritional
requirements for the development and growth of crops. This work can serve as a basis to produce
high-quality organic fertilizer. However, field studies are required in order to observe the impact
of vermicompost on the yield and quality of the fruits, and it can be compared with other types of
fertilizers and the relevance of their use in different types of climates.

Keywords: bacterial consortia; sustainable agriculture; phosphate; vermidegradation

1. Introduction

The current food demand due to the accelerated growth of the human population
is a worrying issue [1]. To satisfy this demand, excessive doses of agrochemicals are
commonly applied to increase and accelerate crop yields, resulting in soil degradation [2,3].
Therefore, sustainable strategies are sought to replace these practices in order to obtain
organic substrates rich in nutrients that satisfy the requirements of plants [4].

One of these strategies is the use of functional microorganisms for agriculture, such
as plant-growth-promoting rhizobacteria (PGPR), which have demonstrated increases in
crop yields [5]. The beneficial effect of these bacteria is that they are naturally part of the
biological cycles of nutrients, facilitating their availability to plants in ionic forms. Among
the promoter microorganisms are phosphate-solubilizing bacteria. These have an important
role in the conversion to inorganic phosphorus from phosphate rock, thus increasing its
bioavailability for the plant [6].

Sustainability 2024, 16, 7576. https://doi.org/10.3390/su16177576 https://www.mdpi.com/journal/sustainability138
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Phosphorus is considered an essential nutrient for the development of organisms
(mainly in the form of phosphate). It is also part of the structure of nucleic acids, partici-
pates in different metabolic pathways and in energy storage, regulates enzymatic activity
and signaling pathways through protein phosphorylation/dephosphorylation cycles and
constitutes 0.2% of the dry weight of plants [7,8]. However, phosphates are considered
one of the scarcest nutrients in soil intended for agricultural activities. To cover this deficit,
one strategy is the addition of phosphate rock (PR) to manure-based organic substrates,
allowing the microbiota to solubilize the phosphate and convert it into plant-available
forms. This process can be carried out by different microorganisms, including bacteria
belonging to the genera Azospirillum, Acinetobacter, Alcaligenes, Arthrobacter, Bacillus, Pseu-
domonas, Burkholderia, Enterobacter, Erwinia, Flavobacterium, Proteus, Rhizobium, Serratia,
and Xanthomonas, among others [9,10], which transform inorganic and insoluble organic
phosphorus compounds into soluble forms [11,12].

Vermicomposting can convert polluting organic waste, such as raw manure, into
value-added products [13]. These products can be used in different agricultural production
systems (open field or under protected systems) as an option to produce higher-quality
organic foods. From this perspective, the objective of the present study was to evaluate
the interaction between the factors of consortium of phosphorus-solubilizing rhizobacteria,
addition of phosphate rock and worm load in horse manure to produce an organic fertilizer
fortified with phosphorus.

2. Materials and Methods

2.1. Experiment Preparation

We carried out the experiment in the greenhouses of the Facultad de Ciencias Biológicas of
the Universidad Juárez del Estado de Durango (FCB-UJED) (25◦35′14.08′′ N 103◦30′2.43′′ W).
Three factors were evaluated: phosphate rock (PR) (0 and 2% per kg of manure), consortium
of phosphorus-solubilizing bacteria (PSB) (at a concentration of 0 and 1 × 108 CFU mL−1)
and earthworm biomass (E. fetida) (25 and 50 g of worms kg−1 of manure). We used plastic
containers (0.55 × 0.40 × 0.20 m, length × width × height). The containers had plastic
lids to protect the worms and maintain the moisture of the substrate, since conditions
that are too humid can cause anaerobic environments that are harmful to earthworms [14]
(Figure 1).

 

Figure 1. Establishment of the experiment and raw material used. (a) Horse manure, (b) earthworm
(E. fetida), (c) phosphorus-solubilizing bacteria grown in LB nutrient broth. (d) Phosphorus rock and
(e) experimental units (plastic containers).
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In each plastic container, 3 kg of solarized top-quality alfalfa fodder-based horse
manure (dry weight) obtained from a stable in the region of Coahuila was mixed (Figure 1a).
Depending on the treatment, some containers were mixed with 2% PR (Brow Depot®) per
kg of manure [15], commercial product obtained from the La Negra mine of Fosforita de
México, S.A. de C.V. located in Pachuca, Hidalgo, at 20◦57′55′′ N 99◦20′45′′ W 1820 m. PR
is characterized as phosphorite with high amounts of phosphate minerals of dark brown to
ochre color, a density of 3.12 gr cm−3 and an insoluble solubility of (>0.01%). It also has
a melting point of 1400 ◦C, a hardness of 5 Mohs, a pH of 7.25 and a phosphorus (P2O5)
content of 29.07% [16].

The plastic containers were placed onto well-ventilated metal shelves. Also, the
containers were inclined to leach the substrate solution and maintain the required moisture,
which was monitored with a hygrometer. We placed juvenile E. fetida worms in plastic
containers filled with horse manure with population densities of 25 and 50 g of worms per
kg−1 of manure [17]. Moisture was maintained at 70% [18] during the vermicomposting
period (60 days).

The bacteria used in this project were supplied by the Microbial Ecology Laboratory
of the Faculty of Biological Sciences of the Universidad Juárez del Estado de Durango. As
a bacterial consortium, we used strains of Bacillus aryabhattai (Cryrizos1), Bacillus subtilis
(CR7) and Bacillus cereus (CR5). The activation of bacteria was carried out in liquid Luria
Bertani (LB) culture medium; they were grown in a shaking incubator at 37 ◦C and 120 rpm
for a period of 24 h. Once grown, we used a cell density of 1 × 108 CFU mL−1, with a
Neubauer chamber for counting.

2.2. Experimental Design

We used a factorial design where the biomasses of E. fetida (25 and 50 g kg−1 of manure),
(Figure 1b) bacterial consortia (0 and 1 × 108 CFU mL−1) (Figure 1c) and phosphate rock
(0 and 2%) (Figure 1d) were considered as factors. As a result of the combination of these
factors, a total of 8 treatments were obtained (Table 1) with three repetitions, for a total of
24 experimental units (Figure 1e).

Table 1. Treatments established in solarized horse manure.

Treatments

FACTOR 1.
Phosphorus
Rock (PR)

FACTOR 2.
Biomass E. fetida

FACTOR 3.
Cell Density of

Bacterial Consortia

(%)
g Worms per kg−1

Manure
CFU mL−1

T1 2 25 1 × 108

T2 2 25 0
T3 0 25 1 × 108

T4 0 25 0
T5 2 50 1 × 108

T6 2 50 0
T7 0 50 1 × 108

T8 0 50 0

2.3. Sampling

In each experimental unit, sampling was carried out at three depth levels (approx. 6, 12
and 18 cm). All samples were mixed to obtain composite samples of 150 g of vermicompost
per treatment. This was carried out at 30 and 60 days. The composite samples were
analyzed at the Laboratorio Nacional de Servicios de Análisis de Aguas, Suelos, Plantas
y Medio Ambiente del Centro Nacional de Investigación Disciplinaria en Relación Agua,
Suelo, Planta, Atmósfera (CENID-RASPA) in Gómez Palacio, Durango, México.
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2.4. Physicochemical Analysis

The samples were dried in an oven at a temperature of 45 ◦C until they reached a
constant weight. They were subsequently ground (<2 mm) to obtain a homogeneous sample
for the analysis of pH, electrical conductivity (EC), total nitrogen (TN), total phosphorus
(TP), soluble phosphorus (SP), nitrate (NO3

−) and ammonium (NH4
+).

Electrical conductivity and pH were determined from a vermicompost–water sus-
pension (1:10). This was shaken at 230 rpm for 30 min and allowed to settle for one hour
before measuring pH and EC. A pocket pH/conductivity meter, model HI98129 (HANNA
Instruments®), was used as described in [19]. Total nitrogen (TN) was measured by the stan-
dard digestion and distillation method with Kjeldahl equipment (Kelplus) using reagents
(magnesium oxide for the determination of NH4

+ and Devarda alloy for NO3
− [20] to sub-

sequently titrate with HCL (0.005 N) according to the NOM-021-RECNAT-2000 standard.
Total phosphorus (TP) was determined by digesting 0.5 g of vermicompost sample

using hot-plate crude-fiber digestion equipment according to NOM-F-90-S-1978 and the
Hedley 1982 method modified by Tiessen in 1993 [21,22].

2.5. E. fetida Egg and Worm Count

Once the experiment was finished (60 days), the total biomass of the worms was
weighed using a digital scale (Santul 5927) and the average weight of a single individual
was obtained. The eggs were counted manually with a 20 cm straight stainless steel spatula.

2.6. Statistical Analysis

The data obtained were analyzed with the Anderson Darling normality test. For
data corresponding to a normal distribution, we performed analysis of variance using
the Statistical Analysis System software, version 9.4 (SAS. 2016). Tukey was used as a
post hoc test (p ≤ 0.05). For data that did not have a normal distribution, we performed
Kruskal–Wallis tests.

3. Results and Discussion

3.1. Vermicompost Physicochemical Characteristics

The results obtained show that there is a significant interaction between the factors of
inoculation with bacterial consortia (1 × 108 CFU mL−1), phosphate rock (2%) and earth-
worm biomass (50 g kg−1 of manure), and that this interaction promotes the production of
assimilable forms of phosphorus for plants (such as monobasic phosphate ions (H2PO4)−1

or dibasic phosphate ions (HPO4)−2) within the vermicomposting process, having as a
product an organic substrate supplemented with the optimal nutritional requirements for
the development and growth of crops. The physicochemical characteristics of the vermi-
compost treatments at 60 days can be seen in Table 2. During this process, the moisture
in the vermireactors was between 70 and 80%, providing a favorable environment for the
development and multiplication of the E. fetida earthworms. Some authors indicate that the
best conditions for the survival of Eisenia fetida range between 50 and 90% moisture in the
substrate [23]. This is important because it is a crucial factor that would put the vermidegra-
dation of the organic fertilizer at risk and alter the physical and chemical characteristics
throughout the process [24].
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3.1.1. pH

The pH values did not show significant differences between treatments (p ≤ 0.05)
at 60 days (Table 2). However, the highest values were the treatments containing PR, T6
(2% + 50 g, 0 CFU), T5 (2% + 50g + 1 × 108 CFU) and T1 (2% + 25 g + 1 × 108 CFU), with
9.15 ± 0.03, 9.14 ± 0.04 and 9.10 ± 0.04 respectively. These values were high with respect
to the NMX-FF-109-SCFI-2007 standard; however, this work was carried out under the
standards and parameters established by the USDA [25]. This specifies the parameters of a
quality vermicompost, and the pH values should vary from 5.5 to 8.5. The probable cause
of high pH values may be due to higher pH values of the pre-composted horse manure,
which registered an initial alkaline value of 10. Different authors have mentioned that
the pH of horse manure can vary depending on the type of feed, having a more acidic
pH (5.7~) when the feed is enriched with grains and a more neutral pH (6.7~) when the
horses are fed with grass and forage [26]. In addition, no studies have been reported with
pH values higher than 8, so the high pH values in all treatments may be due to the initial
pH of the horse manure, which was 10. However, it should be noted that the pH variable
decreased from the beginning of the experiment. After 30 days of sampling, it decreased
to 9.8, and at 60 days, the pH value was 8.83, slightly alkaline. This may be because
the bacteria and number of worms contributed to the decrease in the pH of the medium
towards either neutrality or acidity throughout the process [27,28]. Some authors [19,29]
have mentioned that the metabolism of earthworms decreases the pH in the surface layer
of the soil (Horizon A) or in the vermicompost due to the processes of bioturbation and/or
vermidegradation (mineralization of nitrogen into nitrates and nitrites and phosphorus
into orthophosphates) and the bioconversion of organic matter into other organic acids.
In addition, the metabolism of phosphorus-solubilizing bacteria released organic acids,
causing decreases in the pH of the substrate and greater permeability [30,31]. Also, it was
demonstrated in [32] that microbes become additives for the reduction in solid waste in
the composting process. This confirms that the vermidegradation process was successful,
significantly reducing the pH noted in Figure 2 and supporting the Table 3 data that show
the interactions among pH and the factors. There were significant differences according to
the factors and their interactions. Regarding the separate analyses of the factors, for the
worm gram factor (25 and 50 g), no significant differences were found (p > 0.05) in the two
periods evaluated (30 and 60 days). For the phosphorus rock factor (0 and 2%), significant
differences were recorded (p ≤ 0.05) at 30 days, with a higher pH value for 2% (9.79), but
not at 60 days. For the bacterial consortia factor (0 and 1 × 108 CFU), significant differences
(p ≤ 0.05) were recorded at 30 days, registering values of 9.62 and 9.70, respectively; on the
contrary, no significant differences were recorded for this factor at 60 days. Regarding the
interaction between the factors, an interaction between factors was recorded 60 days after
the start of the experiment (Table 3, Figure 3a). On the contrary, there was no interaction
between factors at the first sampling time (30 days). The values closest to neutral resulted
from treatments T2 (2% + 25 g + 0 CFU) and T8 (0% + 50 g + 0 CFU), with 8.83 ± 0.04 and
8.87 ± 0.04. However, if the process of vermidegradation were carried out for 90 days,
we could obtain more desirable pH values between 7.8 and 8.5, which are reported to be
optimal for worm growth and microbial activity [33].
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Figure 2. Statistical analysis of the behavior of the assimilable phosphorus and pH in the treatments.
Bars with different letters are statistically different according to Tukey’s test (p ≤ 0.05).

 

Figure 3. Graphs representing the interaction between the factors of worm grams (WG), phosphoric
rock (PR) and bacterial consortia (BC) and which were significant (p ≤ 0.05) in the factor analysis of
biodegradation and accumulation of nutrients in the vermicomposting process. (a) pH at 60 days,
(b) electrical conductivity (EC) at 30 days, (c) soluble phosphorus (SP) at 30 days, (d) Soluble
phosphorus (SP) at 60 days, (e) Nitrates (NO3

−) at 30 days and (f) Ammonium (NH4
+) at 60 days.
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3.1.2. Electric Conductivity (EC)

For electrical conductivity, significant differences were recorded between treatments
(p ≤ 0.05) at 60 days, with treatments T3 (0% + 25 g + 1 × 108 CFU), T4 (0% + 25 g + 0 CFU),
T8 (0% + 50 g + 0 CFU) and T7 (0% + 50 g + 1 × 108 CFU) showing the highest EC values
(8.3, 8.0, 7.5 and 7.1 dS m−1, respectively) (Table 2). Like the pH values, the EC values were
high according to NMX-FF-109-SCFI-2007 (regarding the quality specifications of worm
humus produced in Mexico), which establishes that the permissible EC value is less than 4
(dS m−1), while for other countries, this value may be less than 8.2 (dS m−1) [34,35]. Never-
theless, the initial electrical conductivity value was 2.8 dS m−1, showing an increase in all
treatments towards the end of the experiment, with treatment T3 (0% + 25 g + 1 × 108 CFU)
being the one with the highest EC value. These variations could be attributed to the miner-
alization of organic matter produced by E. fetida organisms and inoculations with bacterial
consortia [36]. In addition, some authors have mentioned that EC is undoubtedly the
most impactful factor that favors the acceptability of the final product, considering that
it is a good indicator of safety and suitability for agricultural purposes [37]. Regarding
the separate analyses of factors, it was found that for the worm grams factor (25 and
50 g), significant differences were recorded (p ≤ 0.05) at 30 days, with the highest value
being 5.16 dS m−1; however, no statistical differences were recorded at 60 days. For the
phosphate rock factor (0 and 2%), no significant differences were recorded (p > 0.05) at
either of the two sampling times. For the bacterial consortium factor (0 and 1 × 108 CFU),
significant differences were recorded (p ≤ 0.05) at 30 days, recording values of 4.71 and 5.46,
respectively; on the contrary, no significant differences were recorded for this factor at 60
days. Regarding the interaction between factors, it was found that there was an interaction
between factors at the first sampling time (30 days), but on the contrary, no interaction
between factors was recorded 60 days after the experiment began (Table 3, Figure 3b).

3.1.3. Total Nitrogen, NO3
− and NH4

+

For the total nitrogen (TN), there were no significant differences between treatments
(p > 0.05). However, it is important to highlight that the simple vermicomposting process
increased the TN values towards the end of the experiment, since the initial TN value of
the horse manure was 0.65% and at the end of the experiment, it ranged between 1.19
and 1.43% (Table 2). This could be because, as some researchers have stated, nitrogen
concentrations at the end of vermicomposting are determined by the amount of nitrogen
provided by the substrate material used [38,39]. Other factors that can contribute to the
mineralization of the substrate are the feeding of microorganisms and worms, the release of
mucus, other nitrogenous excretions and the death of worms [40]. Regarding the separate
analyses of the factors, it was determined that, for the worm grams factor (25 and 50 g),
no significant differences were recorded (p > 0.05) in the first period evaluated (30 days).
On the contrary, significant differences (p ≤ 0.05) were determined at the 60-day sampling,
registering 1.3% for the 25 g. For the percentage of phosphate rock (0 and 2%) and bacterial
consortium (0 and 1 × 108 CFU) factors, no significant differences were recorded (p ≤ 0.05)
in either of the periods evaluated (30 and 60 days) (Table 3). Specifically, for nitrate
(NO3

− ) there were no significant differences between treatments (p > 0.05). The range of
concentrations between treatments ranged from 368.3 to 481.6 ppm (Table 2). Regarding
the separate analyses of the factors, it was determined that, for the worm grams factor
(25 and 50 g), significant differences were recorded (p ≤ 0.05) in the first period evaluated
(30 days), with the 50 g load registering the highest concentration of NO3

− (434 ppm).
For the factors of percentage of phosphate rock (0 and 2%) and bacterial consortia (0 and
1 × 108 CFU), significant differences were recorded (p ≤ 0.05) at 30 days. Regarding the
interaction between factors, it was found that there was an interaction between factors at
the first sampling time (30 days), but on the contrary, no interaction between factors was
recorded 60 days after the experiment began (Table 3, Figure 3e). Regarding ammonium
NH4

+, according to the analysis of variance, there were significant differences between the
treatments (p ≤ 0.05), with treatment 5 being (2% + 50 g + 1 × 108) the one that registered
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the highest concentration of ammonium (160 ppm), while treatment 3 (25 g + 1 × 108)
was the one that registered the lowest concentration of this ion (82.39 ppm) (Table 2). This
may be proof of the ability of these bacterial consortia to transform ammonia, a product of
worms’ metabolism, into ammonium. Regarding the separate analyses of the factors, it was
determined that, for worm grams factor (25 and 50 g), there were significant differences
(p ≤ 0.05) in the first period evaluated (30 days), with the load of 50 g being the one that
registered a higher concentration of NH4

+ (99 ppm). At 60 days, there were no significant
differences. For the percentage of phosphate rock (0 and 2%) and bacterial consortia (0
and 1 × 108 CFU) factors, significant differences (p ≤ 0.05) were recorded in both periods
evaluated. Regarding the interaction between factors, it was found that there was an
interaction between factors at the second sampling time (60 days), but on the contrary,
no interaction between the factors was recorded 30 days after the start of the experiment
(Table 3, Figure 3f).

For the total nitrogen (TN), there were no significant differences between treatments
(p > 0.05). However, it is important to highlight that the simple vermicomposting process
increased the TN values towards the end of the experiment, since the initial TN value of
the horse manure was 0.65% and at the end of the experiment, it ranged between 1.19
and 1.43% (Table 2). This could be because, as some researchers have stated, nitrogen
concentrations at the end of vermicomposting are determined by the amount of nitrogen
provided by the substrate material used [38,39]. Other factors that can contribute to the
mineralization of the substrate are the feeding of microorganisms and worms, the release of
mucus, other nitrogenous excretions and the death of worms [40]. Regarding the separate
analyses of the factors, it was determined that, for the worm grams factor (25 and 50 g),
no significant differences were recorded (p > 0.05) in the first period evaluated (30 days).
On the contrary, significant differences (p ≤ 0.05) were determined at the 60-day sampling,
registering 1.3% for the 25 g. For the percentage of phosphate rock (0 and 2%) and bacterial
consortium (0 and 1 × 108 CFU) factors, no significant differences were recorded (p ≤ 0.05)
in either of the periods evaluated (30 and 60 days) (Table 3). Specifically, for nitrate
(NO3

− ) there were no significant differences between treatments (p > 0.05). The range of
concentrations between treatments ranged from 368.3 to 481.6 ppm (Table 2). Regarding
the separate analyses of the factors, it was determined that, for the worm grams factor
(25 and 50 g), significant differences were recorded (p ≤ 0.05) in the first period evaluated
(30 days), with the 50 g load registering the highest concentration of NO3

− (434 ppm).
For the factors of percentage of phosphate rock (0 and 2%) and bacterial consortia (0 and
1 × 108 CFU), significant differences were recorded (p ≤ 0.05) at 30 days. Regarding the
interaction between factors, it was found that there was an interaction between factors at
the first sampling time (30 days), but on the contrary, no interaction between factors was
recorded 60 days after the experiment began (Table 3, Figure 3e). Regarding ammonium
NH4

+, according to the analysis of variance, there were significant differences between the
treatments (p ≤ 0.05), with treatment 5 being (2% + 50 g + 1 × 108) the one that registered
the highest concentration of ammonium (160 ppm), while treatment 3 (25 g + 1 × 108)
was the one that registered the lowest concentration of this ion (82.39 ppm) (Table 2). This
may be proof of the ability of these bacterial consortia to transform ammonia, a product of
worms’ metabolism, into ammonium. Regarding the separate analyses of the factors, it was
determined that, for worm grams factor (25 and 50 g), there were significant differences
(p ≤ 0.05) in the first period evaluated (30 days), with the load of 50 g being the one that
registered a higher concentration of NH4

+ (99 ppm). At 60 days, there were no significant
differences. For the percentage of phosphate rock (0 and 2%) and bacterial consortia (0
and 1 × 108 CFU) factors, significant differences (p ≤ 0.05) were recorded in both periods
evaluated. Regarding the interaction between factors, it was found that there was an
interaction between factors at the second sampling time (60 days), but on the contrary,
no interaction between the factors was recorded 30 days after the start of the experiment
(Table 3, Figure 3f).
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3.1.4. Total Phosphorus and Assimilable Soluble Phosphorus

As time goes by, it becomes more important to integrate strategies to improve crop
nutrition and yield in a more sustainable way. In this sense, phosphate rock (PR) has
been of great importance, since it is among the few inorganic compost amendments that
are allowed in organic agriculture [41]. Regarding the total phosphorus variable (TP),
significant differences were obtained between treatments (p ≤ 0.05), resulting in a higher
percentage in those to which phosphate rock was added (T1 (2% + 25 g + 1 × 108 CFU),
T2 (2% + 25 g + 0 CFU), T5 (2% + 50 g + 1 × 108 CFU) and T6 (2% + 50 g + 0 CFU)). It is
important to mention that the simple addition of phosphate rock (2%) to horse manure
drastically increased the content of this element. The initial TP value recorded in horse
manure was 0.31%, and this increased to 1.91% for T2 (2% + 25 g + 0 CFU) (Table 2).
This confirms that increases in total phosphorus in the vermicompost are directly related
to the supply of phosphate rock in the treatments. According to the separate analyses
of the factors, it was found that for the worm grams factor (25 and 50 g), there were
no significant differences (p > 0.05) in any of the periods evaluated (30 and 60 days);
however, it is important to mention that it increased, on average, from 0.82% to 1.1% in
the TP content towards the end of the experiment. However, it is important to highlight
that this phosphorus is not completely assimilated by crops. Phosphorus assimilated by
plants occurs in the forms of dihydrogen phosphate (H2PO4

−1) and hydrogen phosphate
(HPO4

−2). For the percentage of phosphate rock factor (0 and 2%), obvious significant
differences were recorded in both periods evaluated. For the treatments with 2% of
phosphate rock, a value of 1.19 was reached at 30 days and a value of 1.7 was reached
at 60 days. The bacterial consortia factor (0 and 1 × 108 CFU) behaved in a similar way
to the grams of worm factor. Regarding the interaction between factors, it was found
that there was an interaction between factors at both evaluation times (Table 3). One
of the most important variables and objects of study in the present investigation was
the presence of assimilable phosphorus in the designed vermicomposts. According to
the ANOVA, significant differences (p ≤ 0.05) were found between the treatments; the
T5 treatment (2% + 50 g + 1 × 108) had the highest quantified concentration of soluble
phosphorus with 442.44 ppm. This was mainly due to the biodegradation and solubilization
processes carried out by the worms in interaction with the bacterial consortium in the
substrate [42]. Regarding the separate analyses of the factors, it was determined that for
the grams of earthworm factor (25 and 50 g), significant differences were recorded (p ≤
0.05) for both periods evaluated (30 and 60 days), highlighting that the highest values
were quantified for the 50 g load. This is supported by studies that have shown that the
joint action between bacteria and worms increases the solubilization of phosphorus due to
the intestinal phosphatases of the worms [43]. This alkaline phosphatase (esterase group
phosphatase) from worm feces is directly involved in the phosphorus cycle [44]. For the
percentage of phosphate rock factor (0 and 2%), significant differences were recorded only
for the 60-day period, reaching an average value of 362 ppm for the 2% load. For the
bacterial consortia factor (0 and 1 × 108 CFU), significant differences were recorded in
both periods, highlighting that for the 30-day period, the treatments with bacterial load
reached 242 ppm, and for the 60-day period, a concentration of 348 ppm was reached.
Also, phosphorus-solubilizing bacteria release organic acids that reduce pH and improve
permeability, since these organic acids are byproducts of microbial fermentation produced
by oxidative respiration, while glucose is used as a carbon source [30]. This is why a positive
relationship was confirmed between the release of organic acids and the segregation of
phosphatases, with an effect on the solubilization of phosphate rock. Regarding the
interaction between factors, it was determined that if there was an interaction at 30 days,
this was not the case for 60-day evaluation between factors evaluated at both times (Table 3,
Figure 3c,d).
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3.1.5. E. fetida Earthworm Biomass and Number of Eggs

According to the Kruskal–Wallis test, significant differences were recorded in the two
variables analyzed, i.e., earthworm biomass (H-Value = 18.05, p = 0.012) and number of
egg capsules (H-Value = 21.26, p = 0.003). The treatment that led to a greater biomass of
E. fetida was treatment T6 (2% + 50 g + 0 CFU), with an average weight per individual
of 1.03 ± 0.3 g (Table 4), while treatment T1 (2% + 25 g + 1 × 108 CFU) was the one that
presented the lowest biomass, with 0.23 ± 0.06 g. For the number of eggs variable, the
treatment that had the greatest impact was treatment T8 (0% + 50 g + 0 CFU), with an
average of 384 ± 65.29, while the treatment that recorded the lowest number of eggs was
T5 (2% + 50 g + 1 × 108), with an average of 132. Curiously, the treatments to which
bacterial consortia were not added were those that presented a higher biomass and number
of eggs. This is because, as some authors [45,46] have mentioned, the metabolic activity
of worms decreases with the presence of bacterial communities. However, the survival of
the organisms is not affected. In this research, it is shown that the presence of the bacterial
consortium, beyond having a limiting effect on the reproduction of the worms, participates
efficiently in the process of nutrient bioavailability.

Table 4. Results of the KruskalWallis test determining the differences in biomass and E. fetida eggs
between treatments.

Worm Biomass H-Value = 18.05 p = 0.012 Egg Capsules H-Value = 21.26 p = 0.003

Treatment Mean (g) Median Mean Rank Z-Value Mean Median Mean Rank Z-Value

T1 (2% + 25 g + 1 × 108) 0.23 ± 0.06 0.23529 2.0 −2.75 160 ± 37.70 156 14.5 −1.87
T2 (2% + 25 g) 0.83 ± 0.08 0.83333 20.3 2.05 216 ± 53.70 216 27.2 0.5
T3 (25 g + 1 × 108) 0.52 ± 0.11 0.58333 10.3 −0.57 168 ± 77.40 144 16.5 −1.5
T4 (25 g) 0.51 ± 0.12 0.43750 10.7 −0.48 221.33 ± 26.85 220 27.8 0.62
T5 (2% + 50 g + 1 × 108) 0.47 ± 0.13 0.38462 8.8 −0.96 180 ± 103.51 132 17.2 −1.37
T6 (2% + 50 g) 1.03 ± 0.3 * 1.00000 22.7 * 2.66 192 ± 42.93 192 20.8 −0.69
T7 (50 g + 1 × 108) 0.54 ± 0.13 0.54000 11.2 −0.35 214 ± 43.04 210 26.5 0.37
T8 (50 g) 0.62 ± 0.08 0.58974 14.0 0.39 384 ± 65.29 348 45.5 * 3.93
Overall 12.5 24.5

* = significant difference.

4. Conclusions

This study evaluated the potential of phosphorus-solubilizing rhizobacteria to enhance
the degradation and nutrient release from phosphate rocks in vermicompost based on horse
manure, aiming to create an organic fertilizer enriched with soluble phosphorus. While total
nitrogen and NO3

− values did not show significant differences across treatments, NH4
+

levels correlated with treatments containing higher worm populations (T5, T6, T7 and T8).
Notably, the results underscored the importance and potential of phosphorus-solubilizing
rhizobacteria and their interaction with worms in the promotion of soluble phosphorus
availability in the substrate (vermicompost from horse manure). Treatments that included
phosphate rock and bacterial consortia achieved high levels of (H2PO4)−1. In addition to
the above, the treatment with the highest worm load was the one that presented the highest
amount of soluble phosphorus (T5). This positive interaction between worms and bacteria
enhanced phosphorus solubilization, highlighting the potential to produce vermicompost
suitable for phosphorus-deficient soils. Such vermicompost could significantly improve
soil nutritional characteristics, thereby boosting crop yields. The findings of this research
provide a foundation for producing high-quality organic fertilizer that contributes to
environmental sustainability. Future research should address the optimal application rates
of this product and involve field trials to compare yields with other fertilizers, assessing its
relevance across various crops and climates.
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Abstract: Anthropogenic nitrogen (N) fertilization may substantially alter arsenic (As) behavior in
the soil. However, a comprehensive understanding of how the soil As cycle responds to external N
addition remains elusive. This study investigates the effects of various N fertilizers on soil properties
and As mobility in paddy soil. Regardless of N sources, the concentrations of soluble As and
SPLP-extractable As decreased with all N applications. Similarly, soil acidification occurred and
dissolved iron (Fe) increased in most treatments, except for KNO3 addition. However, only the
KNO3 application could reduce As desorption from soil minerals based on phosphate extraction.
Also, KNO3 enhanced both soil catalase (S-CAT) and dehydrogenase (S-DEH) activities. Other N
treatments decreased S-CAT activities, but increased S-DEH activities. Principal components analysis
indicated that phosphate extractable As was associated with NH4

+-N concentration and S-DEH
activity, while the concentrations of soluble As and SPLP-extractable As were associated with pH,
S-CAT activity, and dissolved Fe. These results demonstrated that the soil properties induced by
the N application are the main drivers of As desorption in paddy soil and that KNO3 application
is more eco-friendly than other N sources in As-contaminated paddy soil. This study shed light on
the reasonable application of N-bearing fertilizers and the importance of soil properties to assess As
mobility in As-contaminated paddy soil.

Keywords: nitrogen fertilizer; arsenic; soil properties; redox reactions; soil enzymatic activities

1. Introduction

Arsenic (As) is a redox-sensitive element with toxic and carcinogenic properties to
organisms [1–3]. It is predominantly present in inorganic forms (As(V) and As(III)) in soils,
but As(III), and As(0) also naturally occur. In general, the mobility of As depends on the
redox potential, and it can be mobilized under both oxic and anoxic environments. Under
oxidizing conditions, As is present in arsenate oxyanions, which prefer to be adsorbed at
mineral surfaces [4,5]. In reducing soils, As occurs as uncharged arsenious acid (H3AsIIIO3

0)
and arsenite (H2AsIIIO3

−) [6]. Therefore, As is substantially more mobile in reducing
conditions than oxidizing conditions. Paddy soil is submerged during rice cultivation,
thus forming an anaerobic environment and inducing several chemical changes in the
soil, including pH and oxidation-reduction potential/redox potential (ORP/Eh) [7]. When
compared to other cereals, rice is more efficient in accumulating As as a consequence
of anaerobic/flooding conditions [8]. Therefore, As contamination in paddy soil and its
environmental risk have been a serious global concern in recent years.

The mobility of As is responsible for its uptake by rice and is primarily affected by
the physical and chemical factors of the soil like ORP, pH, soil nutrients, and adsorp-
tion/desorption processes [9,10]. Changes in pH and ORP directly affect redox transfor-
mation and As mobilization. Generally, a high pH increases negative charges at the soil
surface, which may enhance the desorption of As into the aqueous solution, while a low pH
induces less negative charges and promotes As adsorption to soil minerals [11]. In flooding
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paddy soil, ORP decreases due to the depletion of oxygen (as the electron acceptor) and the
dissolution of Fe(oxy)hydroxides, promoting As desorption into the soil solution [12,13].
Microbial activities can also be regulated by physicochemical properties and play an im-
portant role in As mobility [14]. Soil enzymes are vital for biochemical processes and
are often used to indicate microbial activities. In particular, Catalase (CAT) is one of the
important enzymes that contributes to oxygen degradation, and dehydrogenase (DHA) acts
on the biological oxidation of soil organic compounds [6]. These oxidoreductases are the
catalysts of oxidation-reduction reactions and are dependent on redox fluctuation [10,15],
thus affecting As mobility.

In addition, soil nutrients, such as N, P, S, and other elements, are reported to affect the
mobility of As in soil. N is an essential nutrient element promoting plant growth and being
widely applied to paddy fields [16]; N-contained fertilizer is predominantly present in the
form of ammonia, nitrate, or urea in agriculture [17]. In the soil, N predominantly exists in
inorganic forms, including nitrate-N (NO3

−-N) and ammonium-N (NH4
+-N), which both

can be utilized by rice plants. The former is prevalent under aerobic conditions and the
latter often exists in anaerobic/flooding soils [18]. In flooded paddy, the main form of N is
NH4

+-N, while the NO3
−-N content is relatively low. The addition of NH4

+-N decreases
the soil pH and drives the process of ammonia oxidation coupled with Fe(III) reduction
under anaerobic conditions, which may enhance As reduction [19]. However, nitrate can
be used as a strong oxidant for improving the reducing environment in the paddy soil [20].
The coupled NO3

−-N reduction and Fe(II) oxidation could oxidize Fe(II) to Fe(III) in the
soil solution, thus increasing As sorption and reducing its release [21]. Additionally, nitrate
significantly enhanced the abundance of As oxidized microbial and stimulated anaerobic
microbial arsenite oxidation, thus attenuating As mobility [22]. Therefore, fertilizing with
N sources can affect the mobilization of As in paddy soil.

In recent years, fertilization with significant amounts of N is a common strategy to
increase rice yields. Previous studies investigated the interactions between N fertilizers and
metal(loid) fates in soils, often with a single type fertilizer [22–24]. Less attention has been
paid to the effect of redox chemistry dynamics induced by various N-contained fertilizers on
As’ fate in paddy soil. Here, the soil pH, ORP, dissolved N, dissolved Fe, and oxidoreductase
activities were measured to evaluate the soil properties and oxidation/reduction reactions.
Soluble As, SPLP extractable As, and phosphate extractable As were used to assess As
mobility. The objective of the present study was to investigate the variation of soil properties
induced by the application of N and its effect on As mobility in paddy soil.

2. Materials and Methods

2.1. Soil Samples Collection and Pre-Treatment

The soil used in this study was collected from a paddy field in the vicinity of Shi-
men realgar mine in Changde City, Hunan Province, China (coordinates: 111◦1′45′′ E,
29◦38′45′′ N), with annual average temperatures between 16 and 19 ◦C and annual pre-
cipitation between 1200 and 1700 mm. The soil was described and classified as an Alic
Umbrisol following the World Reference Base for Soil Resources [25]. After being air-dried,
the soil samples were ground and sieved through a 2 mm sieve. The basic physiochemical
parameters including the texture, pH, dissolved organic carbon (DOC), nutrient contents,
and availability were determined (Table 1). Also, the soils were digested using the USEPA
3050B method, and the typical metals were determined via inductively coupled plasma
mass spectrometry (ICP-MS, NexION 300, PerkinElmer, Shelton, USA). Their concentra-
tions were (mg·kg−1) as follows: 32.78 ± 1.05 (As), 0.36 ± 0.05 (Cd), 10.41 ± 0.08 (Co),
27.62 ± 4.30 (Cr), 18.73 ± 0.61 (Cu), 801.1 ± 28.01 (Fe), 128.9 ± 5.21 (Mn), 19.87 ± 1.04 (Ni),
80.64 ± 7.13 (Zn).
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Table 1. Main physical and chemical properties of the tested soils.

Soil physical-Chemical Factors Unit Value (Mean ± SD)

Texture Clay loam
pH 4.69 ± 0.07

DOC g·kg−1 9.19 ± 0.09
Total N g·kg−1 1.26 ± 0.04
Total P g·kg−1 0.55 ± 0.00
Total K g·kg−1 12.0 ± 0.01

Available N mg·kg−1 92.8 ± 2.29
Available P mg·kg−1 5.91 ± 0.03
Available K mg·kg−1 101 ± 0.36

2.2. Soil Incubation with Nitrogen Application

To simulate paddy conditions, a flooding soil incubation experiment was performed.
Firstly, soil (230 g per pot) was weighed and pre-incubated with deionized water at a
100% water-holding capacity for 14 d. Following this, the N fertilizer was added to each
pot to achieve 1, 5, and 10 mM N per kg soil, respectively. Four N fertilizer types were
used in this experiment for each application rate, including KNO3, (NH4)2SO4, NH4NO3,
and CH4N2O (urea). The soil without the N addition was referred to as the control (CK).
There are 13 treatments in total, and every treatment was carried out in three replicates.
The water level was maintained at ~3 cm above the soil surface via daily weighing and
adding water to compensate for any losses. The experiment was conducted in a greenhouse
at a controlled temperature (22/28 ◦C, night/day) with 60–70% relative humidity. All
pots were randomly placed, and their positions were changed every week during the
whole incubation.

The soil pH and ORP were measured at the end of the 30d incubation period. Deeper
soil samples were collected in each pot and centrifuged to separate porewater from the
soil. The separated soil was air-dried and ground to pass a 2 mm sieve for As extraction. A
portion of the soil in each sample was further ground and passed through a 0.15 mm sieve
for enzymatic activity analysis.

2.3. Determination of NO3
−-N, NH4

+-N, and Fe Content in Soil Porewater

The porewater was sampled via soil centrifugation (4000 rpm for 20 min) and then
passed through 0.45 μm filters. The filtrate was stored in a 4 ◦C refrigerator for subsequent
analysis. The NO3

−-N, NH4
+-N, and Fe content were analyzed using colorimetric tech-

niques following previous studies [26,27]. A subsample of porewater was acidified to a
pH < 2 with 0.5 M HCl immediately after being filtered, and was used to analyze the As
concentration with an atomic fluorescence spectrometer (AFS, Puxi PF5, Beijing, China).

2.4. Analyses of Mobile As

The bioavailable As in each treatment was determined using the phosphate extraction
method [28], which is effective in desorbing As from constituents through a ligand exchange
and provides a mild extraction medium to predict the As availability to plants [29,30].
Briefly, 1 g of the air-dried sieved sample was mixed with 25 mL of 0.5 M KH2PO4 and
placed in a 50 mL polycarbonate centrifuge tube. These tubes were shaken for 24 h at
200 rpm and then centrifuged at 4000 rpm for 20 min. The supernatants were filtered
through 0.45 μm filters and acidified with 0.5 M HCl to a pH < 2. The concentrations of As
in the extracts were analyzed using AFS.

To simulate an acid rain environment, the synthetic precipitation leaching procedure
(SPLP, USEPA 1312, 1994a) was conducted to investigate the short-term leachability of
As [31]. Briefly, the soils were extracted with a mixture of H2SO4 and HNO3 with a volume
ratio of 4:1, which was diluted to a pH of 4.20 ± 0.05 (the extraction was called a SPLP
fluid). Furthermore, 1 g of the homogenized soil sample and 40 mL of the SPLP fluid were
put into a 50 mL centrifuge tube. The tubes were capped and shaken for 18 h at 200 rpm,
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then centrifuged for 20 min at 4000 rpm. The supernatant leachate solutions were passed
through a 0.45 μm filter, acidified to pH < 2, and analyzed for As using AFS.

2.5. Enzymatic Activity Analysis

Enzymatic activity has been considered a good indicator for assessing microorganism
activity [32]. Two important intracellular enzymes, S-CAT and S-DEH, have been used to
indicate the life processes of soil microbes and nutrient cycling [33]. S-CAT and S-DEH
in the soil were measured to evaluate microorganism activity according to Stepniewska
et al. (2009) [34]. Briefly, S-CAT was determined based on its ability to hydrolyze H2O2 via
titration with 0.1 M KMnO4. S-DEH was expressed as microgram triphenyl formazan (TPF)
per gram of dry soil. Firstly, fresh soil was mixed with 0.8% TTC (2,3,5-triphenyl tetrazolium
chloride) in Tris buffer (pH, 7.6) for 24 h in darkness at 30 ◦C. Then, triphenylformazan
(TPF) extraction was conducted with a 50 mL mixture of acetone (90%, v/v) and CCI4
(10%, v/v), followed by filtering through a 0.45 μm filter. The colorimetric intensity in the
solution was measured at 485 nm.

2.6. Quality Control and Statistical Analysis

Each treatment contained triplicate samples and a reagent blank was used. During
analysis, an analytical blank and calibration verification were included. The relative
standard deviation (RSD) was ≤ 0.82%, and the recovery rate was 90–110% for As with
AFS. All data are presented as the mean value of triplicates with standard error.

The linear regression analysis (Pearson’s linear correlation) (p < 0.05) between in-
dependent variables was performed using SPSS 22.0 (IBM SPSS Statistics). Significant
differences between different N treatments were determined according to a one-way anal-
ysis of variance (ANOVA), and the mean values were separated using Fisher’s LSD test
at α < 0.05. The principal components analysis (PCA) of the parameters of all treatments
was performed on the correlation matrix, as proposed by Andrews et al. (2002) [35] and
Govaerts et al. (2006) [36]. Prior to the ANOVA analysis and PCA, dependent soil variables
were tested for normality and homogeneity of variance using the Kolmogorov–Smirnov
test and Leven’s test, respectively. After the PCA, we extracted the variance eigenvalues
and respective loadings for the first three principle components (Table S1).

3. Results and Discussion

3.1. N Fertilizers Can Acidify the Soil except for KNO3

The original value of the pH in the control was 4.69, decreasing to 4.14 after 30 d of
flooding incubation (Tables 1 and 2). All N amendments uniformly declined the soil pH,
regardless of the types of N (Table 2). The pH of the soil declined by 0.20–0.94, 0.13–0.47,
and 0.43–0.61 units in the (NH4)2SO4, NH4NO3, and CH4N2O treatments, respectively. The
soil pH tended to decrease with increasing N application rates, while the effect varied with
N types. Compared to the control, the (NH4)2SO4 and CH4N2O treatments significantly
decrease the soil pH, while low-dose (1 mM) KNO3 and NH4NO3 have no evident effect.
This result might be attributed to how the CH4N2O and NH4NO3 addition might mainly
release protons through hydrolysis under a certain threshold [37]. However, when the
dose of CH4N2O or NH4NO3 reached up to 10 mM, the release of protons could be partly
derived from nitrification. Also, the massive overdose might promote NH3 production and
then volatilization [38], then part of the volatilized NH3 would re-enter the soil to produce
OH−, thus increasing the pH. In our study, 5 mM treatments of NH4NO3 and CH4N2O
could release the most protons during the soil cultivation, thus having the lower pH.
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Table 2. The pH and ORP were under different treatments after 30 days of incubation.

Soil-pH Soil-ORP (mV)
KNO3 (NH4)2SO4 NH4NO3 CH4N2O KNO3 (NH4)2SO4 NH4NO3 CH4N2O

CK 4.14 ± 0.02 a 4.14 ± 0.02 a 4.14 ± 0.02 a 4.14 ± 0.02 a −143 ± 0.42 d −143 ± 0.42 d −143 ± 0.42 a −143 ± 0.42 b
1 mM 4.12 ± 0.01 a 3.94 ± 0.01 b 4.01 ± 0.01 a 3.70 ± 0.00 b −116 ± 2.32 c −139 ± 0.69 c −122 ± 4.69 a −136 ± 5.20 b
5 mM 4.02 ± 0.00 b 3.41 ± 0.01 c 3.67 ± 0.07 c 3.53 ± 0.03 c 129 ± 5.74 b −69 ± 4.57 b −133 ± 4.22 a −125 ± 2.62 b
10 mM 3.94 ± 0.01 c 3.20 ± 0.01 d 3.84 ± 0.01 b 3.71 ± 0.01 b 230 ± 4.28 a 199 ± 5.78 a −144 ± 1.78 a −99 ± 2.92 a

Notes: Data are expressed as mean ± SD (n = 3). For each N type, numbers marked with different letters indicate
significant differences between different application rates at p < 0.05 (LSD’s test at α = 0.05).

Soil pH is considered one of the important factors of As mobility [9], while acidification
problems of soils are associated with the application of N. Our results are consistent with
previous studies [39,40], which also confirmed that N fertilizer causes soil acidification.
As Pan et al. (2020) [41] reported, N fertilizer applications significantly reduced the soil
pH. The input of NH4

+ strongly enhanced the H+ production induced by nitrification [42]
(Equations (1) and (2)).

NH4
+ + 2O2 = 2H+ + NO3

− + H2O (1)

CH4N2O + 4O2 = 2H+ + 2NO3
− + H2O + CO2 (2)

NO3
− + 12H+ + 10e− = N2 + 6H2O (3)

Under flooding cultivation, the oxygen content depleted gradually over time, and
then NO3

− replaced it as an electron acceptor to participate in microbial oxidation through
the denitrification process. Denitrification consumes proton and reduces NO3

− to N2

(Equation (3)). Therefore, the value of pH was minimally affected by KNO3 amendment
when compared with other N fertilizers (Table 2). Similarly, previous research also reported
that NH4

+-N amendment decreased the pH of a medium loam soil more than NO3
−-N

amendment [43,44]. The results indicate that soil acidification induced by the application
of N is a common phenomenon, except for the appropriate dose of NO3

−-N.

3.2. Nitrogen Fertilizers Change ORP in As-Contaminated Soil

ORP is an important indicator for evaluating the oxidation-reduction status in soil [45].
The ORP values in the control soil were below −140 mV after 30 d of cultivation (Table 2),
indicating a highly reducing condition and oxygen depletion via organic matter mineral-
ization or biological/microbiological activities under flooding conditions. When compared
with the control, the amendments of NH4NO3 and CH4N2O had no obvious effect on the
ORP values. However, KNO3 and (NH4)2SO4 applications significantly increased the ORP
values by ~261% and ~200%, respectively (p < 0.05). This is because both nitrate and sulfate
could be used as electron acceptors of anaerobic bacteria after being oxygen-depleted, while
the ORP scales at the same N ratio were higher in KNO3 than in (NH4)2SO4 treatments,
which might be attributed to bacteria’s preference for nitrate over sulfate [45].

Some previous research reported that ORP showed a pH-dependent behavior in paddy
soils, as a consequence of microbial activities and organic matter decomposition or protons
consumption for the reduction in Mn and Fe [46–48]. However, no significant correlation
was observed between the pH and ORP values in the test soils (Table 3). In flooding
soils, the effect of protons on ORP depends on the oxidant concentration undergoing
reduction [49]. Based on the various minerals of geological interest, the redox potential
fluctuated from −200 mV to 1000 mV when the pH values were around 4 in aqueous
environments, but the pH range was narrow in reduced soils [50].
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Table 3. Correlation coefficients among all parameters.

pH ORP NH4
+-N NO3

−-N S-CAT S-DEH Fe(II) Total Fe Porewater-As SPLP-As KH2PO4-As

pH 1 −0.21 −0.38 * −0.42 ** 0.77 ** −0.25 −0.04 −0.05 0.61 ** 0.11 −0.18
ORP 1 −0.10 0.92 ** −0.16 −0.21 −0.12 −0.15 0.18 −0.13 −0.39 *

NH4
+-N 1 −0.17 −0.55 ** 0.61 ** 0.74** 0.76 ** −0.11 0.01 0.09

NO3
−-N 1 −0.33 * −0.27 −0.25 −0.28 −0.04 −0.15 −0.32

S-CAT 1 −0.26 −0.19 −0.22 0.50 ** 0.27 −0.28
S-DEH 1 0.48 ** 0.51 ** −0.40 * −0.03 0.22
Fe(II) 1 0.99 ** 0.13 0.08 −0.20

Total Fe 1 0.10 0.07 −0.14
Porewater-As 1 0.33 * −0.29

SPLP-As 1 −0.13
KH2PO4-As 1

Notes: The asterisks indicate the significance of correlation among the different parameters (LSD’s test at α = 0.05,
*, p < 0.05, **, p < 0.01).

3.3. Nitrogen Fertilizers Change the Solubility of Nitrogen and Iron in the Soil

The dissolved inorganic N that occupied ~85.6% of the total inorganic N in the culti-
vated control soil was mainly NO3

−-N (Figure 1). Fertilization with N, including all types
of fertilizers, enhanced the dissolution of NO3

−-N in the porewater, especially higher rates
of KNO3 and (NH4)2SO4 (5 mM and 10 mM), which was a consequence of nitrification
(Equations (1) and (2)). However, the dissolved NH4

+-N contents declined with low-level N
fertilization (1 mM), but increased with a high rate of (NH4)2SO4, NH4NO3, and CH4N2O.
The input of the corresponding types of N via N-bearing fertilizers was also the reason
for the enhancement of NO3

−-N in the soil. The dissolved Fe was determined by the
total soluble Fe in the porewater, and the results showed that N fertilization decreased Fe
solubility (Figure 2). This phenomenon may be a consequence of Fe(II) oxidation coupled
with nitrate reduction [51].

  

Figure 1. The contents of NO3
−-N (A) and NH4

+-N (B) in soil porewater with different treatments.
Notes: Data are expressed as mean ± SD (n = 3). The invisible error bar means that the standard
deviation of the mean is small and close to zero. The asterisk indicates the significance of the
difference between the control soil and different N treatments (LSD’s test at α = 0.05, *, p < 0.05;
**, p < 0.01).
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Figure 2. The contents of dissolved Fe in porewater. Notes: Data are expressed as mean ± SD
(n = 3). The invisible error bar means that the standard deviation close to zero. The asterisks indicate
the significance of the difference between the control soil and different N treatments (LSD’s test at
α = 0.05, **, p < 0.01).

3.4. Nitrogen Fertilizers Inhibit S-CAT Activities While Enhancing S-DEH Activities in the Soil

Soil enzymes catalyze the main biochemical reactions involved in N cycles, and the
enzymatic activity is sensitive to soil health [47]. S-CAT is an intracellular enzyme found in
all aerobic bacteria and most facultative anaerobes, and it can split hydrogen peroxide into
molecular oxygen and water, thus preventing cells from poisoning [34]. The activities of
S-CAT were significantly influenced by N fertilizers, and the influences varied depending
on N types and the application rates (Table 3 and Figure 3). After 30 d of cultivation,
the S-CAT activities in the (NH4)2SO4, NH4NO3, and CH4N2O treatments decreased by
18.4–71.0%, 10.3–40.1%, and 12.9–45.6%, respectively, and the mean S-CAT decreased with
the increasing N fertilization rates. Dissimilarly, KNO3 treatments increased the S-CAT
activity under low and medium N additions (1 mM and 5 mM) and decreased it under
high N conditions (10 mM). These results indicate that a limited dosage of KNO3 could
enhance S-CAT activities. Therefore, the application dosage of N-contained fertility needs
to be addressed in paddy soil. As a previous study reported, KNO3 amendment broke seed
dormancy and improved seedling growth, while the activities of catalase and peroxidase
enzymes showed an increase in concentrations of 0.2–0.4% and a strong decrease in high
concentrations [52].

Correlation analysis shows a significant positive correlation between S-CAT and
soil pH (Table 3, p < 0.01), which indicates that S-CAT activities decreased in most N
fertilization treatments, which might be attributed to the reduction in the soil pH. This
result is consistent with Quan et al.(2016) [53], who also found that the S-CAT activity and
soil pH were significant positive correlation. However, there is no evident acidification
in why the treatments with a low rate of KNO3 obtained higher S-CAT than the control.
The other reason is that medium KNO3 applications could increase the number of aerobic
microorganisms under flooding conditions [54].
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Figure 3. The activities (μmol min−1 kg−1) of soil catalase (S-CAT) (A) and dehydrogenase (S-DEH)
(B) under different treatments. Notes: Data are expressed as mean ± SD (n = 3). The invisible error
bar means that the standard deviation of the mean is small and close to zero. The asterisks indicate
the significance of the difference between the control soil and different N treatments (LSD’s test at
α = 0.05, *, p < 0.05, **, p < 0.01).

The addition of the N fertilizer stimulated soil S-DEH activity, and it increased with
the increase in the N application rate with KNO3, NH4NO3, and CH4N2O. However,
(NH4)2SO4 application increased S-DEH activity at a low application rate (1 mM), while
there was no evident effect at a higher application rate (5 mM and 10 mM). The S-DEH
activity was enhanced significantly (p < 0.05) with the application of both NH4NO3 and
CH4N2O when compared to the other treatments (Figure 3). This result indicated that N
fertilization may trigger higher microbial metabolic activity than CK, except for the 10 mM
(NH4)2SO4 treatment [22]. One of the possible reasons is that the biochemical environment
of the soil was less oxidative with a lower redox potential (Table 2) in the NH4NO3 and
CH4N2O treatments [22,55].

3.5. The Effect of Nitrogen Amendments on As Mobility in the Soil

The concentrations of As in the porewater with KNO3, (NH4)2SO4, NH4NO3, and
CH4N2O were 13.7–26.7%, 40.4–52.0%, 38.7–44.8%, and 30.5–50.5% lower than in the control,
respectively (Figures 4A and S1A). All N applications, regardless of the applications rate,
significantly decreased the dissolved As (p < 0.05). However, the application rate had no
significant effect on the same N species, which was probably because the different nitrogen
fertilizers contain different ions and have different effects on arsenic. The dissolution of As
is one of the important indicators for available-As assessments. The soil pH and enzymatic
activity may be the main factors as a result of the correlation analysis, demonstrating that
the dissolved As was significantly positive/negative relative to the pH, S-CAT, and S-DEH
activity (Table 3).

The concentrations of SPLP-extractable As were evidently reduced with 10 mM KNO3
and 5 mM NH4NO3, while other treatments had no evident effect, though the concentration
was reduced (Figures 4B and S1B). The water-soluble As may be the main factor of SPLP-
extractable As according to the correlation analysis, which shows that the As concentration
in the porewater and SPLP-extractable As were relatively significant (p < 0.05, Table 3). The
concentrations of SPLP-extractable As were close to the water-soluble As in the control
and KNO3 treatments, but other N treatments seem to have increased acid rain leaching,
demonstrated by the fact that As concentrations in SPLP extraction were evidently higher
than in the porewater with (NH4)2SO4, NH4NO3, and CH4N2O fertilization (p < 0.05). This
result could be attributed to the acidification effect with these three N applications, while
the soils were not acidified in the KNO3 treatments (Table 2).
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Figure 4. The porewater-As, SPLP-As, and KH2PO4-As concentrations under different treatments.
((A) Porewater-As concentration, (B) SPLP-As concentration, (C) KH2PO4-As concentration). Notes:
Data are expressed as mean ± SD (n = 3). The invisible error bar means that the standard deviation
of the mean is small and close to zero. The gray columns are the control without N application. The
colors (blue, yellow, green, and purple) from light to dark represent the application rates from low
to high.

The phosphate solution was found to be highly effective in extracting absorbed As
from contaminated soil as a result of the ligand exchange of As and PO4

3− [56]. The concen-
tration of As in the KH2PO4 extraction was reduced by 20.8–27.7% in the KNO3 treatments.
Similarly, lower rates (1 mM and 5 mM) of (NH4)2SO4 and 10 mM CH4N2O application
also significantly decreased the KH2PO4 extractable As (Figures 4C and S1C). However,
there was no evident decline in the extractable As in the NH4NO3 treatments. The results
suggested that N fertilization with KNO3 or proper application rates of (NH4)2SO4 could
significantly decrease the risk of As desorption from the contaminated soil, while the risk
may be increased by NH4NO3 and (NH4)2SO4 or CH4N2O with inappropriate application
rates. The correlation analysis data revealed that KH2PO4 extractable As exhibited a nega-
tive correlation with the ORP in the soil, indicating that phosphate-extractable As may be
dependent upon the variation of the oxidation-reduction reactions (p < 0.01, Table 3).

3.6. The Contribution of Soil Properties to As Mobility

For the different N treatments, PCA plots were used to visualize the key chemical
parameters associated with pH, ORP, NO3

−-N, NH4
+-N, S-CAT, S-DEH, dissolved Fe,

water-soluble As, SPLP extractable As, and KH2PO4 extractable As (Figure 5 and Table S1).
Clear associations among pH, S-CAT, and water-soluble As were found via the princi-
pal components analysis (PCA) of all N treatments. Similarly, KH2PO4 extractable As,
NH4

+-N, and S-DEH also presented clear associations. The PCA also highlights a clear
differentiation in water-soluble As and KH2PO4 extractable As between the different N
species. These parameters in the soil with KNO3 applications were different from other N
treatments (Figure 5B). The correlations between all parameters (Table 3) also highlight the
important contribution of N fertilization on redox-sensitive changes in the soil, including
the redox potential, oxidoreductase activity, and reductive dissolution of Fe, thus affecting
the mobilization of As. The effects of the different parameters varied for both soluble As or
extractable As.

Soil oxidation-reduction reactions play an important role in assessing As solubility,
mobility, or bioavailability. Reducing soil conditions (ORP < 0 mV) greatly enhance the
solubility and availability of As [57,58]. The application of KNO3 significantly reduced
water-soluble As and KH2PO4 extractable As, which could be attributed to the soil redox
enhancement. The evident decline of ORP values with KNO3 was observed, and the ORP
values were negatively correlated with KH2PO4 extractable As (p < 0.05, Tables 2 and 3). In
contrast, fertilization with other N species had fewer effects on the ORP values, especially
NH4NO3. In addition, anaerobic microbial arsenite oxidation stimulated by nitrate also was
the other reason. High rates (10 mM) of KNO3 addition significantly decreased the S-CAT
activity, but increased the S-DEH activity, demonstrating that microbe redox activities were
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changed in the soil. Therefore, the dosage needs to be considered during the application of
nitrogenous fertilizer, as shown in a previous study concerning KNO3 amendment to break
seed fertility and improve seeding growth, where the activities of catalase and peroxidase
enzymes showed an increase in concentrations of 0.2–0.4% and decreased strongly in high
concentrations of the seedling [52].

 
Figure 5. Factor load diagram (A) and score plot (B) of principal component analysis (the original
analysis data shown in Table S1).

In paddy soil, As solubility is controlled not only by the redox potential, but also the
amounts and types of the sorbent, such as Fe(III) hydroxides and As-combined minerals [39].
Soluble Fe in the porewater was also reduced with KNO3 applications, suggesting that Fe
oxidation occurred, which also adsorbed As on the mineral surface and thus decreased As
mobility [59]. In general, oxidizing conditions and/or the presence of oxidants promote
minerals immobilization, causing the precipitation of mobile As. Nitrate could be used
as a powerful oxidant, which was responsible for oxidizing most Fe(II) under anoxic plus
NO3

−-rich conditions [60]. Conversely, fertilization with NH4
+-N ((NH4)2SO4, NH4NO3,

and CH4N2O) might increase the risks of soil acidification and As desorption from soil
minerals (Table 2 and Figure 4C). This result was consistent with previous studies where
NH4

+-N could decrease the soil pH, as well as being used as a possible electron donor-
induced reduction in Fe oxide minerals, thus increasing As mobility [61]. The link between
NH4

+-N and dissolved Fe (R = 0.76, p < 0.01) (Table 3) indicates the promoting effect of
NH4

+-N in Fe(III) reduction and As mobility [62,63].

4. Conclusions

In the present study, obvious changes in major redox-sensitive reactions in flooding
paddy soil, such as redox potential, oxidoreductase activity, and the reductive dissolution of
Fe, were caused by N fertilizers, thus affecting As mobilization. The observed phenomena
suggested that N application had an important role in controlling As mobility, mainly
by inducing redox-sensitive reactions in the soil. (NH4)2SO4, NH4NO3, and CH4N2O
were found to be risky for soil acidification and As desorption from soil. However, a
suitable application rate of NO3

−-N fertilizer might be environmentally friendly in As-
contaminated paddy soil. For example, medium rates of KNO3 addition not only can
increase soil enzymatic activities, but can also decrease As desorption with a low risk of
soil acidification.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su16135565/s1, Figure S1: The Porewater-As (A), SPLP-As (B)
and KH2PO4-As (C) concentrations under different treatments; Table S1: Principal component
analysis-Linear combination coefficient and weight results.

162



Sustainability 2024, 16, 5565

Author Contributions: Conceptualization, B.H. and R.Y.; methodology, L.-L.N.; validation, B.H.,
W.-Q.C. and D.-X.Y.; formal analysis, W.-Q.C.; investigation, X.-R.C. and C.-Y.J.; writing—original
draft preparation, B.H. and R.Y.; writing—review and editing, B.H. and D.-X.Y.; visualization, W.-Q.C.
and Y.-Q.J.; funding acquisition, D.-X.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 42107403.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

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

References

1. Sevak, P.; Pushkar, B. Arsenic pollution cycle, toxicity and sustainable remediation technologies: A comprehensive review and
bibliometric analysis. J. Environ. Manag. 2024, 349, 119504. [CrossRef]

2. Su, Q.; He, Y.; Pan, H.; Liu, H.; Mehmood, K.; Tang, Z.; Hu, L. Toxicity of inorganic arsenic to animals and its treatment strategies.
Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2023, 271, 109654. [CrossRef] [PubMed]

3. Coyte, R.M.; Vengosh, A. Factors controlling the risks of co-occurrence of the redox-sensitive elements of arsenic, chromium,
vanadium, and uranium in groundwater from the Eastern United States. Environ. Sci. Technol. 2020, 54, 4367–4375. [CrossRef]

4. Ye, L.; Wang, L.; Jing, C. Biotransformation of adsorbed arsenic on iron minerals by coexisting arsenate-reducing and arsenite-
oxidizing bacteria. Environ. Pollut. 2020, 256, 113471. [CrossRef]

5. Li, H.; Wang, N.; Xiao, T.; Zhang, X.; Wang, J.; Tang, J.; Kong, Q.; Fu, C.; Quan, H. Sorption of arsenate (V) to naturally occurring
secondary iron minerals formed at different conditions: The relationship between sorption behavior and surface structure.
Chemosphere 2021, 285, 131525. [CrossRef] [PubMed]

6. Mukherjee, A.; Coomar, P.; Sarkar, S.; Johannesson, K.H.; Fryar, A.E.; Schreiber, M.E.; Ahmed, K.M.; Alam, M.A.; Bhattacharya,
P.; Bundschuh, J. Arsenic and other geogenic contaminants in global groundwater. Nat. Rev. Earth Environ. 2024, 5, 312–328.
[CrossRef]

7. Azam, M.S.; Shafiquzzaman, M.; Haider, H. Arsenic release dynamics of paddy field soil during groundwater irrigation and
natural flooding. J. Environ. Manag. 2023, 343, 118204. [CrossRef]

8. Zhao, F.-J.; Wang, P. Arsenic and cadmium accumulation in rice and mitigation strategies. Plant Soil 2020, 446, 1–21.
9. Hussain, M.M.; Bibi, I.; Niazi, N.K.; Shahid, M.; Iqbal, J.; Shakoor, M.B.; Ahmad, A.; Shah, N.S.; Bhattacharya, P.; Mao, K. Arsenic

biogeochemical cycling in paddy soil-rice system: Interaction with various factors, amendments and mineral nutrients. Sci. Total
Environ. 2021, 773, 145040. [CrossRef]

10. Kumarathilaka, P.; Seneweera, S.; Meharg, A.; Bundschuh, J. Arsenic speciation dynamics in paddy rice soil-water environment:
Sources, physico-chemical, and biological factors—A review. Water Res. 2018, 140, 403–414. [CrossRef]

11. Xue, S.; Jiang, X.; Wu, C.; Hartley, W.; Qian, Z.; Luo, X.; Li, W. Microbial driven iron reduction affects arsenic transformation and
transportation in soil-rice system. Environ. Pollut. 2020, 260, 114010. [CrossRef]

12. Meharg, A.A.; Rahman, M.M. Arsenic contamination of Bangladesh paddy field soils: Implications for rice contribution to arsenic
consumption. Environ. Sci. Technol. 2003, 37, 229–234. [CrossRef]

13. Jung, H.-i.; Lee, J.; Chae, M.-J.; Kong, M.-S.; Lee, C.-H.; Kang, S.-S.; Kim, Y.-H. Growth-inhibition patterns and transfer-factor
profiles in arsenic-stressed rice (Oryza sativa L.). Environ. Monit. Assess. 2017, 189, 638. [CrossRef]

14. Kumarathilaka, P.; Seneweera, S.; Meharg, A.; Bundschuh, J. Arsenic accumulation in rice (Oryza sativa L.) is influenced by
environment and genetic factors. Sci. Total Environ. 2018, 642, 485–496. [CrossRef] [PubMed]

15. Han, Y.-S.; Park, J.-H.; Kim, S.-J.; Jeong, H.Y.; Ahn, J.S. Redox transformation of soil minerals and arsenic in arsenic-contaminated
soil under cycling redox conditions. J. Hazard. Mater. 2019, 378, 120745. [CrossRef] [PubMed]

16. Suriyagoda, L.D.; Dittert, K.; Lambers, H. Mechanism of arsenic uptake, translocation and plant resistance to accumulate arsenic
in rice grains. Agric. Ecosyst. Environ. 2018, 253, 23–37. [CrossRef]

17. Matyas, J.; Amonette, J.E. Improved Moisture Management Technology for Eco-N-Control Fertilizer; Pacific Northwest National
Laboratory (PNNL): Richland, WA, USA, 2022.

18. Ma, X.; Sun, K.Y.; Dou, F.; Li, X.; Wang, X.; Sun, W. Impact of elevated nitrate and perchlorate in irrigation water on the uptake,
speciation, and accumulation of arsenic in rice (Oryza sativa L.). Water Air Soil Pollut. 2020, 231, 309. [CrossRef]

19. Katsoyiannis, I.A.; Ruettimann, T.; Hug, S.J. pH dependence of Fenton reagent generation and As (III) oxidation and removal by
corrosion of zero valent iron in aerated water. Environ. Sci. Technol. 2008, 42, 7424–7430. [CrossRef]

20. Picardal, F. Abiotic and microbial interactions during anaerobic transformations of Fe (II) and NO x. Front. Microbiol. 2012, 3, 112.
[CrossRef]

163



Sustainability 2024, 16, 5565

21. Li, Y.; Yu, S.; Strong, J.; Wang, H. Are the biogeochemical cycles of carbon, nitrogen, sulfur, and phosphorus driven by the “Fe
III–Fe II redox wheel” in dynamic redox environments? J. Soils Sediments 2012, 12, 683–693. [CrossRef]

22. Zhang, J.; Zhao, S.; Xu, Y.; Zhou, W.; Huang, K.; Tang, Z.; Zhao, F.-J. Nitrate stimulates anaerobic microbial arsenite oxidation in
paddy soils. Environ. Sci. Technol. 2017, 51, 4377–4386. [CrossRef] [PubMed]

23. Liu, L.; Shen, R.-L.; Zhao, Z.-Q.; Ding, L.-J.; Cui, H.-L.; Li, G.; Yang, Y.-P.; Duan, G.-L.; Zhu, Y.-G. How different nitrogen fertilizers
affect arsenic mobility in paddy soil after straw incorporation? J. Hazard. Mater. 2022, 436, 129135. [CrossRef] [PubMed]

24. Islam, M.S.; Mostafa, M. Influence of chemical fertilizers on arsenic mobilization in the alluvial Bengal delta plain: A critical
review. AQUA—Water Infrastruct. Ecosyst. Soc. 2021, 70, 948–970. [CrossRef]

25. IUSS Working Group WRB. World Reference Base for Soil Resources 2014, Update 2015 International Soil Classification System for
Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy, 2015.

26. Pason, T.; Maita, Y.; Lalli, C. A Manual of Chemical and Biological Methods for Seawater Analysis; Pergamon Press: Oxford, UK, 1984.
27. Stookey, L.L. Ferrozine—A new spectrophotometric reagent for iron. Anal. Chem. 1970, 42, 779–781. [CrossRef]
28. Yin, D.; Wang, X.; Chen, C.; Peng, B.; Tan, C.; Li, H. Varying effect of biochar on Cd, Pb and As mobility in a multi-metal

contaminated paddy soil. Chemosphere 2016, 152, 196–206. [CrossRef]
29. Dong, H.; Guan, X.; Lo, I.M. Fate of As (V)-treated nano zero-valent iron: Determination of arsenic desorption potential under

varying environmental conditions by phosphate extraction. Water Res. 2012, 46, 4071–4080. [CrossRef] [PubMed]
30. García-Salgado, S.; García-Casillas, D.; Quijano-Nieto, M.A.; Bonilla-Simón, M.M. Arsenic and heavy metal uptake and accumula-

tion in native plant species from soils polluted by mining activities. Water Air Soil Pollut. 2012, 223, 559–572. [CrossRef]
31. Yang, L.; Donahoe, R.J.; Redwine, J.C. In situ chemical fixation of arsenic-contaminated soils: An experimental study. Sci. Total

Environ. 2007, 387, 28–41. [CrossRef] [PubMed]
32. Zhang, Q.; Zhu, L.; Wang, J.; Xie, H.; Wang, J.; Wang, F.; Sun, F. Effects of fomesafen on soil enzyme activity, microbial population,

and bacterial community composition. Environ. Monit. Assess. 2014, 186, 2801–2812. [CrossRef]
33. Khadem, A.; Raiesi, F. Influence of biochar on potential enzyme activities in two calcareous soils of contrasting texture. Geoderma

2017, 308, 149–158. [CrossRef]
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Abstract

The role of soil microbial communities in soil organic matter (OM) decomposition, transfor-
mation, and the global nitrogen (N) and carbon (C) cycles has been widely investigated.
However, a comprehensive understanding of how specific agricultural practices and OM
inputs shape microbial-driven processes across different European pedoclimatic conditions
is still lacking, particularly regarding their effectiveness in mitigating greenhouse gas
(GHG) emissions. This systematic review synthesizes current knowledge on the biotic
mechanisms underlying soil C sequestration and GHG reduction, emphasizing key micro-
bial processes influenced by land management practices. A rigorous selection was applied,
resulting in 16 eligible articles that addressed the targeted outcomes: soil microorganism
biodiversity, including microbiome composition and other common Biodiversity Indexes,
C sequestration and non-CO2 GHG emissions (namely N2O and CH4 emissions), and N
leaching. The review highlights that, despite some variations across studies, the applica-
tion of OM enhances soil microbial biomass (MB) and activity, boosts soil organic carbon
(SOC), and potentially reduces emissions. Notably, plant richness and diversity emerged
as critical factors in reducing N2O emissions and promoting carbon storage. However,
the lack of methodological standardization across studies hinders meaningful comparison
of outcomes—a key challenge identified in this review. The analysis reveals that studies
examining the simultaneous effects of agricultural management practices and OM inputs
on soil microorganisms, non-CO2 GHG emissions, and SOC are scarce. Standardized
studies across Europe’s diverse pedoclimatic regions would be valuable for assessing the
benefits of OM inputs in agricultural soils. This would enable the identification of region-
specific solutions that enhance soil health, prevent degradation, and support sustainable
and productive farming systems.
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1. Introduction

Soil microorganisms play a central role in the decomposition and transformation
of organic matter (OM) through diverse metabolic pathways; thus, they are crucial in
responding to climate changes in agriculture, through nutrient cycles, sequestration of
soil carbon (C) and greenhouse gas (GHG) emissions [1–3]. Agricultural fields represent
a significant source of GHG emissions, mainly methane (CH4) and nitrous oxide (N2O);
however, at the same time, they also hold an untapped potential for mitigation of these emis-
sions, particularly through C sequestration, depending on the land use and management
practices [4].

Soil C sequestration is the process by which CO2 is removed from the atmosphere
and stored in the soil C pool. This process is primarily mediated by plants through
photosynthesis and rhizodeposition, with C stored in the form of soil organic C (SOC) [5].
The co-benefits of soil C sequestration include advancing food and nutritional security,
improving water renewability and quality, enhancing biodiversity, and strengthening
elemental recycling. Soils in different agroecosystems, however, are often strongly depleted
of their SOC stock and degraded due to intensive land use, soil management practices and
farming systems. Restoring soil quality requires increasing SOC stock through sustainable
management practices (e.g., conservation agriculture), which create a positive C budget [6].
Soil microbial communities play a pivotal role in C cycling within soil systems, returning
C that enters the soil from above-ground plant production to the atmosphere as CO2

and contributing to the stabilization of organic C, thereby influencing soil C storage and
turnover [7,8]. Notably, bacterial network interactions are positively associated with the
rate of C fixation; for example, Proteobacteria spp. promote the activity of other microbes
that contribute to CO2 fixation [9].

On the other hand, microbial activity, particularly nitrification and denitrification,
is mainly responsible for the production of soil nitrous oxide (N2O), a gas with a global
warming potential 298 times greater than that of CO2 [10]. N2O contributes to ozone deple-
tion and is released by microbial processes. Various studies have linked N2O emissions
to microbial functional diversity [11]. The application of mineral fertilizers, particularly
ammonium-based fertilisers, has significantly increased agricultural yields and economic
returns to farmers worldwide. However, agricultural intensification and the associated rise
in nitrogen (N) applications have also heightened the risk of systemic losses through N2O
emissions and N leaching [12,13]. Non-fertilized soils exhibit up to 78% less denitrification
than ammonium nitrate fertilised soils [14]. During nitrification, the ammonium added
as fertilizer, fixed from the atmosphere by legumes, or mineralized from soil OM, crop
residues, or other inputs, is oxidized to nitrite and eventually to nitrate in a series of
reactions that can also produce N2O. Likewise, when denitrifiers use nitrate as an electron
acceptor under low-oxygen conditions, N2O is an intermediate product that can readily
escape to the atmosphere [4]. When crops compete with microbes for available N, N2O
fluxes tend to be lower.

Nitrogen leaching is one of the most common forms of aquatic system pollution,
leading to high nitrate concentrations in drinking water, which can cause serious health
issues [15]. Additionally, N leaching results in the loss of a nutrient resource for plants,
leading to lower yields and significant economic losses for farmers. Controlled utilization
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of N and irrigation inputs can minimize the losses and emissions, thereby improving water
quality [16].

Terrestrial ecosystems also influence emissions and removal of the atmospheric
methane (CH4) in soils. More than one-third of global CH4 emissions occur through
the microbial breakdown of organic compounds in soil under anaerobic conditions. Both
CH4 production and oxidation occur simultaneously, since methanogenic (CH4-producing)
and methanotrophic (CH4-consuming) microorganisms coexist in soils. Consequently,
emissions of biogenic CH4 from soils would be significantly higher if not for the methan-
otrophic microorganisms that oxidize CH4 before it escapes the soil, reducing the amount
of CH4 released into the atmosphere [17]. In the global CH4 budget, agricultural soils
are typically considered minor net emitters of CH4 [18], though there is ongoing debate
regarding whether they act as a net source or sink for methane, in contrast to wetlands
(regarded as the dominant natural source) and upland soils (regarded as the primary
biological sink) [19].

Recently, effective and climate-friendly measures and technologies for C sequestration
and GHG emission reduction have been proposed for farmland soils. These include the
application of organic matter (OM) inputs, such as biochar, returning straw to the field, and
applying organic fertilizer and biological soil improvers. Among sustainable agricultural
strategies and management systems, practices such as crop rotation, cover crops, no tillage
(NT) or reduced tillage, beyond biodiversity embracing, livestock and crop integration,
and agroforestry, are those more commonly adopted. Soil microbes play a crucial role in
the effectiveness of these mitigation measures and technologies, but studies on the role of
microorganisms in GHG emissions from farmland are still insufficient [20], and the high
microbial diversity in soils still remains underexplored.

The scientific literature has provided evidence regarding the specific relationships
between OM inputs or certain agricultural management practices with soil microorganisms
and C sequestration [21–23], or with soil microorganisms and non-CO2 GHG emissions,
particularly N2O emissions, CH4 emissions, and N leaching [24–26]. A recent review
examining the impact of soil management practices on the trade-offs between soil carbon
sequestration, N2O and CH4 emissions, and nitrogen leaching—while focusing on abiotic
factors—highlighted a persistent gap in understanding these complex interactions [27].

Therefore, the effects of soil microorganisms on C and N dynamics need to be ad-
dressed to allow correct evaluation of the success of sustainable management practices
in supplying their ecosystem services [28,29]. In the frame of the H2020 European Joint
Programme on Soil (EJP-Soil), the ΣOMMIT project (Sustainable Management of soil Or-
ganic Matter to Mitigate Trade-offs between C sequestration and nitrous oxide, methane
and nitrate losses) had the objective to evaluate trade-offs and synergies between soil C
sequestration, nitrous oxide, methane and nitrate losses as affected by soil management
options aimed at increasing soil C storage. This systematic review, as a specific task of
the ΣOMMIT project, provides a literature survey focused on the relationships between
soil microorganisms and microbiomes and the trade-offs between C sequestration and
non-CO2-GHG emissions, in farming systems applying OM inputs (e.g., organic wastes,
biochar, digestate) or other management systems in European soils. New insights will
help assess the potential effects of OM inputs and other practices in arable farming on
the abundance, diversity, and activity of biotic drivers, ultimately contributing to climate
change mitigation.
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2. Materials and Methods

2.1. Procedure for the Systematic Review

The PRISMA protocol (“Preferred Reporting Items for Systematic reviews and Meta-
Analyses”) [30] was followed [PRISMA 2020 checklist in Supplementary Material S1]. The
main requirements of the PRISMA protocol, detailed below, are: (i) the accurate and precise
definition of the research objective of the study; (ii) the selection of information sources;
(iii) the definition of the eligibility criteria and the exclusion criteria.

(i) Definition of the research objective of the study

A clear research question regarding the objective of this review has been defined,
including the key terms to perform the search. The research question was based on
PICO [31], applied to a search addressing soil microorganisms in relation to the trade-offs
between C sequestration, N2O, and other non-CO2 GHG emissions, as reported in Table 1.

Table 1. PICO acronym, general description and explication of the PICO components, key terms and
sentences used in the research question for the search in the current review.

PICO Acronym
General Description of the

Component
PICO Component in

the Search
Key Term/s Used

in the Search

Sentence (Key Terms
+ Boolean Operators)
Applied in the Search

P: Population The related term should represent
the subject of the search EU agricultural soils

soil *, agr *,
farm *

europe *, EU

[soil AND (agr * OR
farm *) AND (Europe *

OR EU)]

I: Intervention

The related term should represent
the applied treatment (as an
independent variable of an

experiment)

Addition of soil OM
inputs

“crop residue *”,
“cover crop *”,
manure, mulch,
slurry, compost,

biochar, digestate,
sludge, “organic

matter”, OM,
amendment

“crop residue *” OR
“cover crop *” OR

manure OR mulch OR
slurry OR compost OR
biochar OR digestate

OR sludge OR
“organic matter” OR
OM OR amendment *

C: Comparator
The related term would allow the
comparison of the interventions

(treatments).

The comparator is
omitted; when

present it may be
mineral fertilization

or no fertilization

N.A. N.A.

O: Outcome

The related term
should represent

what it is planned to
be measured or
improved (as a

dependent variable
of an experiment)

Outcome 1 Effects on soil
microorganisms

microb *,
microorganism *,
arche *, bacteria *,

fung *

microb * OR
microorganism * OR
arche * OR bacteri *

OR fung *

Outcome 2 Effects on C
sequestration.

Cseq *, “C seq *”,
“C stor *”, “C cycl
*”, “carbon seq *”,

“carbon stor *”,
“carbon cycl *”

“C seq *” OR “C stor *”
OR “C cycl *” OR
“carbon seq *” OR
“carbon stor *” OR

“carbon cycl *”

Outcome 3

Effects on non-CO2
GHG emissions
(namely N2O

emissions or CH4
emissions or N

leaching)

“N2O emission *”,
“nitrous oxide

emission *”

“N2O emission *” OR
“nitrous oxide

emission *”

“N.A.” stands for “Not Available”. “*” replaces 0 or more characters allowing to find any number or to indicate a
character that may or not may be present.

The research question was formulated as follows: “What are the effects of OM inputs
on soil microorganisms in relation to C sequestration and N2O emissions in EU agricultural
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soil?”. To avoid making the bibliographic search overly complex, the number of keywords
has been minimized. In this regard, it is assumed that any full-text reporting on CH4

emissions and/or N leaching would generally mention N2O emissions. However, only
N2O emissions were explicitly reported (see Table 1), while no keywords were used to
search for CH4 emissions or N leaching.

(ii) Selection of information sources

The database selected for the search was Scopus (https://www.scopus.com, accessed
on 10 November 2025), which was considered the most suitable for this study due to its
broad journal coverage, advanced keyword search capabilities, and citation analysis tools
focused on recent literature. This choice allowed for a comprehensive overview of all
published research [32]. The search was conducted in March 2023.

(iii) Eligibility criteria

The eligibility screening of the numerous articles retrieved from the scientific literature
involved the development, testing and application of the selection criteria listed in Table 2,
following the guidelines in [33]. Preliminary searches across various databases revealed that
the number of required keywords to address the research question was excessively high and
difficult to manage. At the same time, including all selected keywords significantly limited
the number of retrieved articles. Therefore, to avoid overlooking valuable information,
in very few cases studies that had not been carried out in field were also included. Only
a few studies reporting microcosm experiments were retained, as it is well-documented
that, in the short-term, the microbial community modifications can be detected with
greater precision, whereas specific biological effects in field experiments may be masked or
influenced by pedoclimatic variations [34–36].

Table 2. Eligibility criteria for the inclusion and the exclusion of manuscripts.

Eligibility Criteria Inclusion Exclusion

Language English Other than English

Experiment location Europe Non-EU countries

Experiment type Field trial, microcosm
Wet lab, greenhouse experiment,
microcosm, modelling, and
simulations

Land use Agricultural, grassland Pastures, rice field, forests and
semi-natural areas, wetlands

OM input

Crop residues, cover crop (green
manure/mulch), livestock manure,
slurry, digestate, compost, biochar,
sludge *

Different OM input or no OM
input

Time period From 2005 Manuscripts before 2005

Document type Original article
Review, meta-analysis, book
chapter, conference paper, book,
and others

* Sometimes, even though a specific OM input was mentioned or discussed in the manuscript, the manuscript
focus was on another specific agricultural management practice (i.e., conservation tillage and crop rotation). In
these cases, the manuscript was finally included in this review because considered strictly pertinent.

Regarding the literature search, the following considerations are noteworthy. The OM
inputs considered in this study, reported in Table 2, were like in Valkama et al. [37]. To
search for microbial diversity, in addition to the general terms related to microorganisms
(microb* OR microorganism* OR arche* OR bacteria* OR fung*), the following biological
parameters and Biodiversity Indexes (BIs) related to microbial abundance and diversity
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were included: “Microbial biomass”, “Microbial composition”, “Shannon”, “Simpson”,
“Fisher”, “OTU”, “ASV”, “Richness”, “Evenness”, “Relative Abundance”, “Phylogenetic
diversity” and “Diversity”. The search focused on studies localized in Europe. Selected
studies ranged from 2005 to August 2022, the starting period was chosen due to the
introduction of sequencing-by-synthesis technology by 454 Life Science in 2005 [38]. After
evaluating the eligibility criteria through a preliminary analysis of titles and abstracts, the
remaining articles were examined carefully, with respect to terms related to C sequestration,
N2O emissions and possibly other non-CO2 GHG emissions, such as CH4 emissions and
N leaching. The advanced search in Scopus (https://www.scopus.com/search/form.uri?
display=basic#basic, accessed on 10 November 2025), within “Documents” > “All fields”,
was carried out through the query sentences in Table 1, all of them linked by the Boolean
operator “AND”.

2.2. Abstract Bibliometric Analysis

The abstracts of the articles selected for this systematic review were extracted and ex-
amined using the Bibliometrix package within the R Studio (version 4.5.1) environment [39].
Bibliometrix uses the “co-occurrence method” to cluster keywords based on their frequency
in articles, revealing thematic relationships [40]. Network analysis was performed using
Walktrap algorithm to further clarify connections between key concepts in the abstracts, and
to identify predominant topics and their interconnections. A word cloud was generated to
visually represent the frequency of terms occurring in the abstracts. Furthermore, thematic
mapping was utilized to categorize and visualize clusters of related terms and concepts
within the abstracts. This technique helped identify overarching themes and patterns in
the literature, aiding in the contextualization and interpretation of the findings. Raw data,
including the BibTeX file, are provided in Supplementary Materials S2 and S3.

3. Results

3.1. Systematic Review and Descriptive Analysis

Following the schematic procedure reported in Figure 1, 16 manuscripts from the
scientific literature were finally analysed [Supplementary Materials S4].

In detail, starting from 5273 total initial items, the following were removed serially:
173 for being in a non-English language; 510 because the “Source type” was not “Journal”;
49 for not being “Article” or “Review”; 42 for being published before 2005; 3760 for being
from non-EU countries; and 120 for being from unrelated “Subject areas”. After completing
the screening and assessing eligibility criteria, 619 full-text articles were obtained (Table 2;
Figure 1). The number of articles related to the study’s objective showed an increasing trend
from 2005, reaching 88 in 2022 [Figure 2]. More than a quarter of these articles originated
from Germany [Figure 3A], 43.3% were in the “Agricultural and Biological Science” area,
and 35.3% were in “Environmental Science” [Figure 3B]; 85% were articles and 15% were
reviews [Figure 3C].

To refine the search for relevant manuscripts, a set of Biodiversity Indexes (BIs) was
chosen for the microbial data collection template. As shown in Figure 1, of the initial
619 items that complied with the eligibility criteria, only 152 of them including BIs were
extracted from the pool. In screening for the presence of terms related to BIs, 8 records
resulted for “Shannon”, 42 records for “Fisher”, 47 records for “Richness”, 73 records for
“Simp-son”, 10 records for “Evenness”, 1 record for “Phylogenetic diversity” and 8 records
for “Relative abundance”. It has to be noted that, in some cases, the BI term was only
present in the reference section of a manuscript. For example, many records contained the
term “Simpson”, referring to highly cited studies authored by “Simpson G”.
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After a preliminary analysis of the Title and the Abstract of these 152 articles, a general
scarcity of research encompassing microbial composition and diversity, and at the same
time both C sequestration and N2O emissions, was observed. Only manuscripts with
explicit evidence of a clear treatment—such as the application of one or more OM inputs or
specific agricultural management practices—were selected, following a rigorous screening
based on the eligibility criteria outlined in Table 2.

Finally, 15 research articles were selected from Scopus. The article selection process
followed rigid criteria to identify studies that simultaneously reported information and
results on soil microorganisms, C sequestration, and non-CO2 GHG emissions. These
15 articles were considered representative of the state-of-the-art knowledge regarding the
integrated effects of OM fertilization and other agricultural practices on soil microorganisms
and the trade-offs between C seq and GHG non-CO2 emissions, although not all of them
provided insights into all three topics. For this reason, among the final selected articles,
those studies including agricultural management systems (e.g., tillage) rather than OM
input application were also kept for the systematic review.

Additionally, another manuscript [41], Johansen et al. 2013, was selected and included
in this study, proceeding from the References of Bachmann et al. (2014) [42] [Figure 1; Sup-
plementary Material S4]. For the 16 manuscripts, the main information on the geographical
climatic location, the year(s) and duration of experiments, the crops, the OM inputs and/or
the agricultural management practice, and the outcomes in terms of soil microbial data and
BIs, C sequestration, and non-CO2 emissions is summarized in Table 3. No studies related
to Archaea were found, so the current review only encompasses Bacteria and Fungi.

Figure 1. Flow of information through the different phases of a systematic review according to the
PRISMA protocol [30] for the search carried out in the Scopus database. 1 additional full-text article
proceeding from the references of Bachmann et al. 2014 [42].
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Figure 2. Number of documents (scientific journal articles) by year, from 2005 to March 2023, retrieved
from the key word search in Scopus.

Figure 3. (A) Number of documents by affiliated country/territory; (B) number of documents by
subject area; (C) number of documents by type.

Among the 16 studies included in the final selection, the majority examined the trade-
offs between carbon sequestration and non-CO2 greenhouse gas emissions (notably N2O)
and concurrently presented data related to soil microbial dynamics. However, during
an in-depth analysis of the full texts, it was found that not all articles fully adhered to
the inclusion criteria. In some cases, the articles focused specifically on the relationships
between soil C sequestration and microorganisms or between non-CO2 GHG emissions and
microorganisms, with one of the three topics only discussed rather than directly evaluated
at the experimental level. For example, Ribas et al. [43] explored the potential effect of plant
diversity on yield and GHG exchanges in forage mixtures using slurry for fertilization. The
authors measured CO2, N2O, and CH4 emissions but did not assess soil microorganism
variations, even though soil microorganism effects were often mentioned and discussed
throughout the paper. This article was included in the current review because, more
interestingly, it proposed plant diversity, particularly N-rich crops, as a tool to regulate
gas balances.
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In the surveyed literature, soil microbial status was represented by various parameters,
often by microbial biomass (e.g., microbial biomass carbon and microbial biomass nitrogen,
MBC and MBN) and/or by basal respiration (BR). Soil microbial communities and their
abundances were frequently investigated by 16S rRNA or by phospholipid fatty acids
(PLFAs) to characterize the main microbial groups. When microbial biodiversity was
specifically addressed, the most used BIs were the Shannon and Simpson indexes, richness,
and evenness. Some studies also investigated bacterial nitrifiers and denitrifiers, as well
as N-cycling related genes via qPCR. C sequestration was mainly evaluated using SOC
(sometimes equally defined as TOC for total organic carbon) and total carbon and more
indirectly through CO2 fluxes. N2O emissions were almost always measured as fluxes,
although in some cases, indirect assessment of total N, inorganic N, dissolved and organic
N, was conducted, as these factors influence N2O emissions [56] [Table 3]. One study
focused on N leaching by measuring NO3- content in leachates [48], and another measured
N leaching rate [55]. Finally, two articles analysed CH4 fluxes [43,50]. In Table 3, the last
four columns on the right contain the main parameters measured in the 16 articles related
to microorganisms, C sequestration, N2O emissions, CH4 emissions, and N leaching.

3.2. Network Analysis and Word Cloud

A semantic network map based on word co-occurrence in the 16 finally selected
articles was created to highlight how the different research areas interrelate and overlap
[Figure 4A]. The nodes clustered into three main groups, suggesting distinct aspects within
the relationships between soil microorganisms and greenhouse gas emissions.

The co-occurrence network analysis revealed three main clusters of keywords
[Figure 4B]. A strong association between “microbial biomass” and “organic carbon” (Clus-
ter 1) was found, suggesting that organic matter (OM) inputs enhance microbial activity,
promoting carbon sequestration and potentially reducing greenhouse gas (GHG) emissions.
Similarly, “organic matter” (Cluster 2) showed high betweenness centrality, emphasizing its
central role in soil quality and functional diversity. Environmental topics such as “microbial
community” and “climate change” were grouped in another cluster (Cluster 3). More-
over, nodes like “microbial community” had high PageRank, indicating their significant
influence and centrality in studying microbial dynamics under environmental changes
[Figure 4B; Supplementary Material S2].

The thematic map analysis showed the complex interactions between the soil micro-
biome, agricultural practices, and greenhouse gas emissions [Figure 5]. At its core, “soil
microbial”, including “microbial community” and “microbial biomass”, emerged as the
motor theme. This highlighted the important role of microbial diversity and processes in
regulating soil health and carbon dynamics, with high centrality values indicating strong
connections to other research areas [Supplementary Material S3]. Nearby, the “organic
matter” cluster (including “soil quality” and “greenhouse gas”) was closely linked but
distinct, suggesting a complementary focus on how organic inputs influence microbial
activity and emissions. Niche themes, such as “climate change”, “intensive management”,
and “organic nitrogen”, appeared well-developed but less connected to the central topics,
possibly reflecting specialized studies on environmental impacts or specific management
practices. On the periphery, emerging themes such as “nitrous oxide” and “transformation
processes” suggested growing interest in targeted areas like greenhouse gas mitigation and
biochemical pathways in soil.

3.3. Results Classified by Agricultural and Fertilization Practices

The inclusion of other studies beyond the initial focus on OM input, based on the
literature keyword search described in the Materials and Methods (Section 2), provided

https://doi.org/10.3390/su18010319
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additional insights into soil microorganisms and trade-offs in European agricultural soils.
Among the 16 studies, different OM inputs and some agricultural management practices
were encountered [Table 3]. Hence, results are further categorized according to the experi-
mented agricultural and fertilization practices, including the application of agricultural
wastes (e.g., fruit peels, hay residues), digestate and biochar, slurry (including cattle and
anaerobic digested slurry), tillage system, crop rotation, cover crops, and litter [Table 4].
Additionally, in three articles, the contribution of plant diversity in regulating nutrient
cycles was assessed [43,50,51], highlighting a complex relationship with soil carbon storage
and GHG emissions.

Figure 4. (A) Word Cloud based on bibliometric analysis of the 50 most frequently found words,
and (B) co-occurrence network analysis of the 16 scientific articles reported in Table 4. Three clusters
were generated: Cluster 1 (red) with high betweenness and centrality scores, Cluster 2 (blue) with
closeness centrality, and Cluster 3 (green) with influential nodes based on high PageRank values.

3.3.1. Agricultural Organic Wastes

Agricultural organic wastes (AOWs) are outputs from agricultural activities, primarily
consisting of crop residues and livestock waste. In particular, crop residues should be
viewed as a valuable resource. They serve as a nutrient source for beneficial fungi, bacteria,
and insects, help reduce evaporation from the soil surface, and contribute to maintaining

https://doi.org/10.3390/su18010319
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soil moisture. Anastopoulos et al. [44] applied agricultural wastes in soil, specifically
orange, mandarin and banana peels, and compared them with soils fertilized with the
same amount of N in the form of ammonium nitrate. The authors found that agricultural
wastes enhanced CO2 accumulation and enriched the soil with several bacterial groups,
particularly Proteobacteria and Firmicutes, both of which are known to have a copiotrophic
lifestyle under nutrient conditions [57]. These taxa also include numerous species of deni-
trifiers. Moreover, higher N2O emissions were recorded in soils treated with ammonium
nitrate compared to those amended with agricultural wastes, where a substantial reduction
in the relative abundance of soil bacterial taxa associated with N2O emissions was detected.
Interestingly, no association emerged between soil N2O emissions and the composition of
bacterial denitrifiers.

 
Figure 5. Thematic mapping analysis of keywords from the abstracts of the 16 scientific articles using
Bibliometrix. The X-axis, “Relevance Degree”, represents the centrality of a topic within the analyzed
field. Higher values indicate stronger connections and greater importance within the overall network
of keywords. The Y-axis, “Development Degree”, reflects the maturity or advancement of a topic.
Higher values indicate well-established topics with significant structural development. The bubble
size corresponds to the frequency of occurrence of the associated keywords, with larger bubbles
representing more frequently referenced topics, highlighting their prominence in the field. These
dimensions enable the categorization of topics into quadrants, identifying emerging, declining, or
well-established research areas.

The addition of hay residues enhanced soil fauna diversity, and higher species richness
and functional dissimilarity led to increased CO2 emissions (up to 10%) and suppressed
N2O emissions from soil (up to 60%) [49]. The authors concluded that CO2 represents the
end product of microbial-mediated processes such as soil respiration and decomposition.
In contrast, N2O comes from intermediate products or by-products of microbial processes
involved in N transformation, meaning that N2O can be consumed again and converted
back into elemental N2 instead of being released as N2O emissions. This study also
highlighted the major role of earthworms in driving both CO2 and N2O emissions.

https://doi.org/10.3390/su18010319
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Table 4. Effects on C sequestration, N2O emissions and soil microorganisms by the different types of
agricultural management practices or OM inputs as reported in the articles analysed and classified in
this review.

Article N◦ (Based
in Table 3), First
Author and Year

of Publication

Type of Agricultural
Management Practice

or OM Input

Effects on C
Sequestration

Effects on N2O
Emissions

Effects on
Microbiome

A
g

ri
cu

lt
u

ra
l

o
rg

a
n

ic
w

a
st

e 1-Anastopoulos
et al. 2019 [44]

Agricultural waste vs.
ammonium nitrate

↓
(↑soil direct CO2

emissions)
↓ N2O emissions ↑ soil microbiome

9-Lubbers et al.
2020 [49] Hay residues

↓
(↑soil CO2
emissions)

↓ N2O emissions ↑ soil fauna
(earthworms) diversity

B
io

ch
a

r,
d

ig
e

st
a

te
a

n
d

sl
u

rr
y

5-Dicke et al. 2015
[46] Biochar vs. digestate N.A. ↓ N2O emissions ↔ nosZ gene

abundance

2-Bachman et al.
2014 [42]

Digestate vs. no
digestate (negative

control)

↔
(CO2 efflux) N.A.

↓ dehydrogenase and
alkaline phosphatase

activity

7-Johansen et al.
2013 [41]

Raw cattle slurry,
anaerobically digested

cattle slurry/maize,
and cattle

slurry/grass-clover vs.
water and fresh

grass-clover

↑ CO2 emissions

↔
N2O fluxes

(anaerobically
digested materials

↑NO3
− respect to raw

cattle slurry)

↔
(only small transient

changes in soil
microbial biomass,

function, and
community structure

by soil total PLFA)

16-Zistl-
Schlingmann et al.

2020 [55]

Cattle slurry under
extensive and

intensive agricultural
management

Under intensive
conditions ↓

(↓ SOC)

Under intensive
conditions ↑ high

gaseous
environmental N

losses
(and soil N mining)

N.A.

C
o

n
se

rv
a

ti
o

n
sy

st
e

m
a

n
d

cr
o

p
ro

ta
ti

o
n

3-Badagliacca et al.
2021 [29] NT vs. CT ↑ SOC ↑ microbial biomass

and microbial quotient

4-Badagliacca et al.
2022 [45] NT vs. CT

↓ release of labile C
=⇒

↑ carbon storing

↓ release of labile N
=⇒

↓ N2O emissions

depending on soil
texture

13-Rosinger and
Bonkowski 2021

[52]

Crop rotation and
freeze–thaw events

Soil freeze–thaw =⇒
↑ dissolved organic C

Soil freeze–thaw =⇒
↑ total dissolved N=⇒

↑ N2O emissions

Soil freeze–thaw =⇒
↓↓ MBC and ↓ MBN;

↑ SOC =⇒
↑ MBC and MBN

losses

14-Rosinger et al.
2022 [53]

Crop rotation and
freeze–thaw events

↑ microbial cell lysis
=⇒

↑ dissolved organic C
↑ N losses

Soil freeze–thaw =⇒
↓ MBC; ↑ SOC =⇒ ↓

MBC

C
o

v
e

r
cr

o
p

s
a

n
d

li
tt

e
r

6-Drost et al. 2020
[47] Different cover crops ↓ CO2 emissions ↓ N2O emissions ↑ fungal biomass

7-Johansen et al.
2013 [41]

Fresh grass-clover vs.
water and digested

residues
↑ CO2 emissions ↑ N2O emissions ↑ microbial activity

(soil PFLA)

15-Rummel et al.
2020 [54]

Fresh maize root and
shoot litter

↑ C availability =⇒
↓ bacterial community

diversity

↑ N2O emissions;
↑ N availability =⇒

↓ bacterial community
diversity

↑ microbial respiration

8-Lori et al. 2020
[48]

Ecological intensive vs.
conventional intensive N.A.

Ecological intensive
management =⇒
↑ forage N uptake
↑ NO3

− leaching;
Soil OM =⇒

↑ forage N uptake
↓ NO3

− leaching

Ecological intensive
management =⇒

beneficial N-related
microbial community

composition
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Table 4. Cont.

Article N◦ (Based
in Table 3), First
Author and Year

of Publication

Type of Agricultural
Management Practice

or OM Input

Effects on C
Sequestration

Effects on N2O
Emissions

Effects on
Microbiome

P
la

n
t

d
iv

e
rs

it
y

10-Niklaus et al.
2016 [50]

Plant species richness
+ NPK fertilization N.A.

↓ N2O emissions by
plant species richness
(unless fertilization is

applied)

Plant species richness
↑ nitrifying enzyme

activity;
↔ microbial gene

abundance

11-Panico et al.
2020 [51]

Plant species richness,
soil tillage and mineral

fertilization

↑ Ctot, soil respiration
and qCO2 in

root-influenced soils
more than in bulk soils

↑ N2O emissions with
plant growth stage

↓ microbial diversity
in root-influenced soils

12-Ribas et al. 2015
[43]

Plant species diversity
vs. monocolture ↑ CO2 emissions ↓ N2O emissions ↑ microbial amount

and functionality

Even if they are not part of the soil microbiome, the observation on biodiversity increase in soil earthworms
has been reported since they are known to profoundly shape the soil microbiome. “↑” indicates an increase; “↓”
indicates a decrease; “↔” indicates little or no effect; “=⇒” denotes therefore.

3.3.2. Biochar, Digestate and Slurry

Biochar, digestate, and slurry are organic materials derived from agricultural and
waste processing. Biochar is produced by pyrolyzing organic matter, digestate is the by-
product of anaerobic digestion, and slurry is a water-based mixture of organic waste, often
used as fertilizers or soil amendments. Dicke et al. [46] determined that biochar-treated
soil samples produced significantly lower N2O emissions with respect to digestate-treated
soil samples and controls. However, despite different tested conditions, the abundance of
the nosZ gene was not affected, in contrast with other studies. Interestingly, the authors
detected that the nosZ gene copy number was significantly higher in October 2012 than in
June 2013, showing a major influence of temperature and the crop growing season.

Digestate is generally characterized by valuable nutrient (N, P, K) content and low
OM [58]. As expected, the chemical composition and the nutrient availability in soils
treated with digestate are subjected to changes due to the anaerobic digestion process. In
an on-farm field trial lasting 3 years, Bachmann et al. [42] found that CO2 efflux from the
soil surface and N uptake by maize were not significantly affected by the application of
anaerobic digestion slurry residues. However, in digestate-amended soil, they observed a
50% reduction in the activity of soil microorganisms (dehydrogenase, acid- and alkaline-
phosphatase) and a decrease in C turnover.

Johansen et al. [41] compared various amendments, including raw cattle slurry, anaer-
obically digested cattle slurry/maize, anaerobically digested cattle slurry/grass-clover,
and fresh grass-clover, all applied to soil undergoing organic rotation. They observed only
slight changes in microbial community composition with slurry-based amendments, while
N2O emissions were lower compared to those from fresh grass-clover. Additionally, they
found that anaerobically digested cattle slurry resulted in 30–40% more NO3- than raw
cattle slurry.

Studying the effects of plant diversity on yield and CO2 and N2O emissions (also dis-
cussed in the Plant diversity subsection), Ribas et al. [43] tested three different fertilization
levels using filtered pig slurry. They found that increasing the slurry application reduced
soil ammonium content, but no significant changes in emissions were observed, suggesting
that this outcome was likely due to their specific fertilization technique.

In addition, in a 15N-tracing study conducted in C- and N-rich montane grassland
soil, Zistl-Schlingmann et al. [55] investigated the N balance following the addition of
cattle slurry under two different management conditions, namely extensive and inten-
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sive, while also comparing climate-controlled conditions vs. +2 ◦C heating and reduced
precipitation conditions. Both management practices led to high plant biomass, with N
uptake by plants primarily derived from soil organic matter mineralization due to high
microbial immobilization. Differently, fertilizer N was only lightly exploited by plants,
determining significant gaseous N losses, particularly under climate change conditions.
The study further revealed that more intensive management practices caused higher N
mining, depleting organic N stocks in soil and resulting in lower biomass production and
SOC stocks. Ultimately, the intensive application of cattle slurry as fertilizer was linked to
higher N2O emissions and to SOC weakening.

3.3.3. Conservation System and Crop Rotation

No-tillage (NT) is widely reported as the most effective conservation system for im-
proving soil organic matter due to no soil disturbance. This characteristic of no-tillage is
extremely beneficial because surface residues and soil organic matter are left undisturbed,
slowing decomposition and maximizing soil organic matter gains. Moreover, NT improves
moisture retention by reducing evaporation and enhancing water infiltration, making more
water available for crop production [59]. In semi-arid Mediterranean regions, where soils
are particularly prone to OM depletion, Badagliacca et al. [29] found that long-term NT
increased SOC, providing a greater availability of organic substrates, and consequently
enhancing microbial biomass and microbial quotient, thus ameliorating soil quality. Inter-
estingly, the increase in microbial biomass carbon (MBC) in NT vs. conventional tillage
(CT) was mainly attributed to bacterial communities rather than fungi; a result that con-
trasts with several other studies that reported a greater fungal presence in NT systems.
Notwithstanding, in a previous study conducted in the same field location in Sicily (Italy)
by the same Italian research team [60], an almost 50% increase in total N2O emissions,
together with enhanced activity of denitrifying enzymes, was observed during the faba
bean growing season (crop rotation) in NT compared to CT. In a later study conducted in
semi-arid Mediterranean regions, Badagliacca et al. [45] investigated the effects of NT on
wheat performance, revealing an initial reduction in grain yield, along with changes in soil
nutrient levels, microbial communities, and enzyme dynamics, which were likely due to
the reduced availability of crop residues and slower decomposition. Overall, their findings
suggested that NT application could lead to a decreased release of labile N and C forms
into the soil, due to the lower crop residue mineralization, which in turn may affect wheat
yield and soil microbial community.

In the postmining agricultural sequence analysed in [52,53], where fields typically
underwent wheat and barley crop rotation, high-carbon soils were found to be more
vulnerable to microbial losses compared to low-carbon soil. In other words, SOC content
was associated with less microbial variation, primarily affecting MBC and basal respiration.

3.3.4. Cover Crops and Litter

In farming management, cover crops are plants grown primarily to protect and im-
prove soil health, reduce erosion, and enhance soil fertility during the off-season between
main crop cycles. Among the analysed manuscripts, Drost, et al. [47] explored the ability of
different cover crops, both monocultures and mixtures proceeding from diverse species,
to stimulate soil microbial functional diversity by providing a variety of OM inputs and
to mitigate GHG emissions. They observed a similar increase in fungal biomass across
all cover crop treatments tested. The metabolic potential of the microbial community, as
assessed by Biolog ECO plates, was higher in cover crop treatments formed by multiple
species, supporting the hypothesis that plant species richness promotes greater microbial
diversity. Concerning the GHG emissions, they found an immediate reduction in both
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CO2 and N2O emissions from the first day of soil collection after the cover crop addition,
regardless of the cover crop species applied.

In the above-mentioned [41], the soil application of grass-clover provided a higher
amount of readily degradable organic C with respect to raw or digested cattle slurry,
leading to an increase in microbial biomass. However, this also resulted in an undesirable
increase of up to 10 times in CO2 and N2O emissions compared to all other examined
treatments.

Several studies have proved that plant residues can increase N2O emissions upon
incorporation into soils [61]. The term “litter” refers to the layer of decomposing plant and
animal material that accumulates on the soil surface. The chemical composition of soil
litter plays a critical role in C decomposition and availability for biological processes of
nitrogen transformation. In [54], a comparison of GHG emissions from fresh maize root and
shoot litter revealed that shoot litter significantly increased both CO2 and N2O emissions
compared to root litter. Additionally, they observed a significant correlation between total
CO2 and N2O emissions and the soil bacterial community composition, with reduced
bacterial diversity in the presence of higher N levels and higher available C. Remarkably,
the changes observed in bacterial community structure reflected the degradability of the
analysed maize litter types. A lower diversity due to higher C and N availability favoured
the presence of fast-growing C-cycling and N-reducing bacteria, such as Actinobacteria,
Chloroflexi, Firmicutes, and Proteobacteria.

In a comprehensive analysis on selected Terrestrial Model Ecosystems (TMEs) used
in agricultural systems, the abundance, diversity and activity of N-related microbes, as
well as abiotic N-related soil indicators (such as NH4

+, NO3
−f, NO2 and dissolved organic

N) were not significantly affected by the management strategy. However, the strategy did
influence the N-related microbial community composition in connection with the N-cycling
processes of forage-N uptake and NO3

− leaching [48]. Furthermore, soil OM positively
influenced N leaching by decreasing NO3

− leaching, enhancing microbial communities
and at the same time increasing forage-N uptake.

3.3.5. Plant Diversity

At least three of the analysed manuscripts dealt with plant diversity as a driver of
changes in soil microbial structure and composition, subsequently affecting soil C content
and or non-CO2 GHG emissions. Valuable insights into the relationships between the soil
microbiome and N2O and CH4 fluxes were provided in Niklaus et al. [50]. Although the
authors focused on how plant diversity—specifically grass species richness—affects these
emissions, they also carefully examined and linked the abundance of bacterial nitrifiers
and denitrifiers to these fluxes. Soil N2O emissions decreased with species richness in the
absence of mineral fertilization but increased when fertilizer was added, which turned out
to be directly proportional to the fraction of legumes in plant communities. Concerning
methane, plant diversity was inversely related to soil CH4 uptake, regardless of fertilization.
Moreover, plant diversity exhibited significant effects on soil microbial processes and the
abundance of microbial groups involved in these processes.

The effects of plant diversity on yield and GHG exchanges in a forage mixture, mea-
suring N2O, CH4, NH3 and CO2 fluxes in comparison with yield and soil inorganic N,
were explored in [43]. In addition to yield, they observed a significant modulation of soil
NO3

− and NH4
+, with plant diversity reducing N2O emissions. The authors highlighted

that nitric and ammonium nitrates could impact soil microbial communities both directly
and indirectly, although they made these associations without directly measuring microbial
populations. Consistent with the findings in [50], legumes were responsible for the highest
emission rates for all GHGs.
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Lastly, Panico et al. [51] investigated the effects of two different plant species (sorghum
and sunflower) on soil and its microbial communities, measuring the induced changes
in soil physical–chemical characteristics and microbiota composition and functionality.
Soil mineral fertilization was found to influence N-cycling processes based on soil N
content and N2O emissions. In this context, bacterial communities were more affected than
fungal communities.

The average effects on C sequestration, N2O emissions and soil microorganisms
resulting from the different types of agricultural management practices or OM inputs
discussed in the 16 analysed articles are tentatively summarized in Table 4. Agricultural
organic wastes led to an increase in soil CO2 emissions, thereby reducing the soil’s carbon
sequestration potential, but also had a positive effect on N2O emissions, which were
associated with a significant increase in soil microbial diversity and/or microbial biomass.
The effects and trade-offs driven by biochar, digestate and slurry resulted in much more
complex and varied outcomes across the analysed studies. Additionally, tillage system,
crop rotation, cover crops and litter had differentiated effects on C sequestration and
N2O emissions, although most of the analysed studies indicated a shared gain in soil
microorganisms. Finally, with a few exceptions, plant diversity was generally associated
with increased soil CO2 and N2O emissions, with varied response at the soil microbial level
[Table 4].

4. Discussion

Since the strong anthropogenic impact on biogeochemical cycles at the global level has
been ascertained, current research focuses on developing and implementing strategies to
manage nutrient cycling and, consequently, balance GHG emissions. In agricultural soils,
C and N cycles are intricately linked, with efforts to enhance soil C sequestration having
a direct impact on the balance of GHG gases, particularly N2O, as well as CH4 emissions
and N leaching. The aim of this study was to identify the effects of the application of OM
inputs and other management practices on soil microbes in relation to C sequestration and
non-CO2 GHG emissions in EU agricultural soil, through an analysis of scientific literature.
Based on the preliminary article search from the main data sources, it became apparent that
integrated data on soil microorganisms and trade-offs were somewhat limited. Moreover,
the studies varied considerably, with only a small amount of data available from several
independent studies, making it challenging to conduct a robust statistical analysis.

Among the parameters used to assess soil microbial status and composition, microbial
biomass (MB) and activity are often considered as potential indicators of soil quality and
functionality as an ecosystem service provider. Indeed, both MB and microbial activity are
strictly related to the soil’s living component and are highly responsive to management
practices that alter the soil microbiota [62,63]. Indeed, Badagliacca et al. [29] demonstrated
that soil MB and the main microbial groups showed varied or no significant responses
to the different tillage systems, highlighting the diverse outcomes observed in different
studies. Hence, the response of soil microorganisms is likely to be site-specific, depending
on the context in which tillage systems are adopted, based on climate, soil type, fertility,
and other management practices.

Soil microorganisms play a crucial role in regulating N2O emissions in agricultural
systems. An updated description of the key bacterial taxonomic groups involved in various
biochemical reactions of the N cycle is provided in [64], highlighting the potential of N2O
reductase (nosZ) as a target for N2O mitigation, enabling soils to act as a N2O sink. A
general positive effect on N2O emission reduction has been ascertained in most of the
analysed articles, with a few exceptions, such as [41], which reported a huge increase in
N2O emissions due to enhanced microbial activity following the application of grass-clover,
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in contrast with the well-known ability of clover to fix atmospheric N through symbiosis
with Rhizobium bacteria in its root nodules [65]. These unexpected differences likely arise
from the complexity of such studies, where a high number of both natural and artificial
variables can influence the outcomes.

Based on the analysed manuscripts, only limited information could be extracted
regarding the specific role of soil microbiome in modulating the trade-off between C
se-questration and non-CO2 GHG emissions. Nevertheless, evidence from the more re-
cent literature suggests that soil microbial communities promoting C sequestration while
limit-ing GHG emissions are characterized by (i) a high abundance of CO2-fixing and
C-accumulating taxa; (ii) a predominance of methane-oxidizing bacteria prevailing over
methanogenic archaea; (iii) denitrifier communities enriched in nosZ, enabling the com-
plete reduction of N2O and N2 [66]; (iv) high phylogenetic and functional diversity across
C and N metabolic pathways; and (v) functional gene profiles favouring oxidation and
assimilation over production of CH4 and N2O (e.g., higher pmoA relative to nirS/nirK gene
abundances) [67–69].

It is worth noting that the literature search for the current systematic review was
conducted in March 2023, during the execution of the EU ΣOMMIT project, and since
then, several new studies and advancements have been made. Among the various OM
inputs, integrating agricultural organic waste (AOW) into soil management practices can
significantly influence C sequestration, N2O emissions, and soil microbial dynamics. A
result of the articles analysed in this review is that organic amendments used to enhance
soil OM stock and promote C sequestration can potentially offset GHG emissions [70].
Although N2O emissions were lower in the analysed papers [44,49], the impact of AOW on
N2O emissions is variable, depending on factors such as C/N ratios and soil conditions.
This is in line with some studies reporting increased emissions due to enhanced microbial
activity [71]. At the same time, OM inputs can stimulate microbial diversity, including
N2O-reducing bacteria that help mitigate emissions [64].

Biochar promotes C storage by stabilizing C in soils and may reduce N2O emissions
by enhancing soil structure [72]. On the other hand, digestate and slurry contribute to
C sequestration but can increase N2O emissions, especially under high N conditions,
by altering microbial communities [37,73]. In a similar way, the results reported on the
analysed articles show that biochar tends to mitigate N2O emissions, while slurry can
enhance microbial activity but also elevate emissions.

More recently, outside the timeframe of this systematic review, numerous publications
have reported on the effects of biochar on N2O emissions in relation to changes in microbial
communities. This growing body of evidence, extending beyond the period covered by
the reviewed papers, prompted the authors to undertake a deeper analysis of these newer
studies with the support of Elicit AI (https://elicit.com/, accessed on 10 November 2025),
an advanced research assistant for streamlining the analysis of scientific literature. A main
output from the analysis of ten manuscripts [37,74–82] is that biochar application to EU
agricultural soils increases soil organic carbon by 30–150% and reduces N2O emissions by
13–54% through a combination of enhanced microbial functional gene expression favoring
complete denitrification, increased microbial biomass, and physical entrapment of N2O
in biochar pores, with effectiveness dependent on application rates above 20 t/ha and
pyrolysis temperatures exceeding 500 ◦C. The global meta-analysis [78] revealed that
biochar increased amoA gene abundance by 39.4% and nosZ genes by 41.7% while reducing
nirS gene abundance by 17.8%. This pattern suggests enhanced nitrification capacity
alongside increased potential for complete reduction of N2O to N2. Furthermore, biochar
significantly alters bacterial community composition across European sites: for example,
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Italian sites demonstrated enrichment of Protobacteria and Gemmatimonadetes. The complete
report of this analysis is annexed to this manuscript as Supplementary Material S5.

Among the management practices, conservation agriculture may have beneficial
effects on both soil C sequestration and N2O emissions, even though NT is typically linked
to lower crop yields. Interestingly, in Badagliacca et al. [45] it was found that NT reduces
the release of labile C (i.e., C readily available for microbial activity), which in turn slows
microbial decomposition rates. This process encourages the accumulation of OM in the soil,
potentially enhancing long-term C sequestration. Additionally, the reduced availability
of easily decomposable C may limit soil respiration, further supporting carbon storage
over time. The same study also found that NT was associated with a decrease in labile
N, which may decrease microbial activity, including the processes that contribute to N2O
production (such as nitrification and denitrification). Since labile N is a key substrate
for these processes, its reduction could result in lower N2O emissions. However, if N
availability becomes too limited, it could hinder crop growth [83,84], potentially leading to
a trade-off between reduced emissions and overall productivity.

In a study summarizing 57 publications, it was found that in plots with cover crops,
over the long term, there was a 9% increase in organic matter, a 41% increase in microbial
biomass in the soil, and about 50% less N leaching [85]. According to [86], cover crops,
compared to monocropping enhance soil biodiversity and nutrient cycling, prevent runoff
and N leaching, and improve soil physical properties and C sequestration over the long
term. In a meta-analysis, it was concluded that although the effects of cover crop species
and residue management on microbial properties vary across different soil and climatic
conditions, cover crops overall can enhance biological soil health by enhancing microbial
community abundance compared to soils without cover crops [87]. In another meta-
analysis, it was found that cover crops generally enhanced soil microbial abundance,
activity, and, to a lesser extent, diversity [88].

Plants release a variety of compounds through their roots into the soil, known as
root exudates. These compounds, which include sugars, organic acids, amino acids, and
secondary metabolites, serve as food sources for soil microbes. The type and amount of
exudates vary depending on the plant species present in the ecosystem. Greater plant
diversity typically results in a wider range of root exudates, thereby supporting a more
diverse microbial community and beneficial microbial functions such as decomposition,
nutrient cycling, and organic matter stabilization [89]. Concerning N2O emissions, plant
diversity influences N cycling by modifying the availability of labile nitrogen in the soil,
which is crucial for understanding how plant diversity can both increase and decrease N2O
emissions, depending on the balance of microbial processes in the soil [90].

Importantly, the findings of this review are consistent with a recent meta-analysis
on SOC [91], assessing that, especially in the complex agricultural setup, only a limited
number of high-quality meta-analyses were available in scientific literature, leading to
uncertain conclusions and potentially unreliable recommendations for scientists, policy-
makers, and farmers. Notwithstanding, even though the current review provides evidence
that our knowledge is still limited, insightful considerations may be drawn related to
the effects driven by the application of OM inputs to agricultural soils or by implement-
ing management practices like conservation agriculture, crop rotation, and others on soil
microorganisms, C sequestration and N2O emissions.

5. Limitations

While this study provides useful insights into the trade-offs between soil microbes
and the interplay of carbon sequestration and non-CO2 greenhouse gas emissions in EU
agricultural soils, some main limitations are recognized. First, the sample size of included

https://doi.org/10.3390/su18010319
191



Sustainability 2026, 18, 319

studies is relatively small, consisting of only 16 scientific peer-reviewed manuscripts, se-
lected following the PRISMA procedure. This limited sample size reflects several technical
factors mentioned throughout the manuscript, particularly the complexity and number of
required keywords to capture three outcome terms. We selected Scopus as the sole database
because it allows flexible keyword combinations, whereas other databases present more
restrictions and a more difficult keyword handling; however, most Society journals are
not indexed in Scopus. Future studies could benefit from refining or reframing complex,
multi-output research questions into testable hypotheses to increase the significance of
the results.

Second, the selected studies are predominantly from a few EU countries, such as
Germany and Italy, resulting in limited geographical and pedoclimatic representation across
European agricultural soils. Therefore, the results should be interpreted within the context
of the available evidence. There is a clear need for future studies in underrepresented
European regions to improve spatial coverage and validate observed trends across diverse
pedoclimatic conditions. Extending this research to a global scale would further enhance
the generalizability of the findings and provide a more mechanistic understanding of
the relationships among soil microbial communities, carbon sequestration, and non-CO2

GHG emissions.

6. Conclusions

The data from the 16 scientific articles reviewed in this study are valuable; however, the
lack of robust long-term studies conducted across diverse EU regions and pedoclimatic con-
ditions remains a significant gap. Further research is needed to better understand the effects
of different management practices—such as soil conservation and OM-based fertilization—
on soil microbial diversity, carbon sequestration, and N2O and other GHG emissions.

Given the complexity of these studies, with numerous parameters involved and differ-
ent outputs to analyse, the low level of standardization in relation to the field experiment,
methodology used and data measured should be addressed to allow comparisons among
different climate/regional locations. The EU Mission ‘A Soil Deal for Europe’ (Mission
Soil), under the EU Horizon Europe Program, has the goal to create 100 Living Labs (LLs)
and Lighthouses by 2030 to promote sustainable land and soil management in urban and
rural areas (https://mission-soil-platform.ec.europa.eu/about/mission-soil, accessed on
10 November 2025). Through these LLs, Mission Soil can play a pivotal role in demon-
strating the potential of EU-funded soil microbiome research to enhance biodiversity and
support in situ measurements of GHG fluxes and carbon sequestration. At this aim, the
use of soil indicators—chemical, physical and biological—and the establishment of gen-
eral experimental principles and protocols, starting from the field design up to the soil
sample collection, soil microbiome analysis (16S rRNA sequencing) and GHG emissions
measurement, could help to make the comparisons and assessments of variations in soil
microbiota and the trade-offs between carbon sequestration and non-CO2 GHG emissions
less complex.

Most of the selected studies addressed one or more management practices, including
tillage systems, crop rotations, and the addition of litter, digestate, organic waste, or biochar.
The application of OM inputs was generally found to have positive effects on microbial
biomass (MB), influencing the functional diversity dynamics of soil microorganisms. At the
same time, a general increase in soil organic carbon (SOC) content and potential reductions
in GHG emissions were observed. Overall, despite a few contrasting results, the main
findings advocate for soil biodiversity conservation to promote carbon sequestration and
mitigate N2O emissions and encourage sustainable agricultural practices. Another relevant
factor frequently considered in these studies, in addition to the feedstock origin of the
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OM, is the cultivated plant species. Plant richness and diversity appear to reduce soil
N2O emissions and drive C sequestration by shaping the activity and composition of soil
microorganisms, which play a pivotal role in N cycling and C storage.
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Abbreviations

The following abbreviations are used in this manuscript:

amoA Ammonia Monooxygenase gene
AOB Ammonia-Oxidizing Bacteria
AOW Agricultural Organic Waste
BI Biodiversity Index
BR Basal Respiration
C Carbon
CH4 Methane
CO2 Carbon dioxide
CT Conventional Tillage
DM Dry Matter
GHG Greenhouse Gas
LOC Labile Organic Carbon
MBC Microbial Biomass Carbon
MBN Microbial Biomass Nitrogen
N Nitrogen
N2O Nitrous Oxide

nirK and nirS
Nitrite Reductase genes (commonly used as functional marker of denitrifying
bacteria)

nosZ I and nosZ II Nitrous Oxide Reductase genes of clade I and II, respectively
NT No Tillage
OM Organic Matter
PLFAs Phospholipid Fatty Acids
pmoA Particulate Methane Monooxygenase gene
PRISMA Preferred Reporting Items for Systematic reviews and Meta-Analyses
qCO2 Soil microbial quotient
SOC Soil Organic carbon
TME Terrestrial Model Ecosystem
TOC Total Organic Carbon
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