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Abstract

Tillage practices regulate soil health by influencing soil’s physico-chemical qualities and
its capacity to sequester organic carbon. Maintaining soil health contributes to ecosystem
stability and fluidity in the soil-plant-atmosphere relationship. This study aimed to
evaluate soil porosity (SP), aeration limit (SAL), soil capillary capacity (SCC), soil total
capacity (STC), soil temperature (Ts), air temperature (Ta), nutrient availability, soil organic
carbon (SOC), and soil organic matter (SOM) under three different tillage systems: no-tillage
(NT), minimum tillage (MT), and conventional tillage (CT), based on a short-term field
experiment. This research was conducted on Cambic Chernozem soil using a randomized
complete block design with three replications. The results revealed a significant effect of
tillage systems on all evaluated properties. SP reached a higher value under MT (60.01%),
NT (56.74%) and CT (53.58%), respectively. This observation is similar with regard to SAL,
SCC, and STC. It might be due to the reduced soil disturbance characteristics of conservation
systems, thereby maintaining the soil’s natural state. There is a positive regression between
these two properties across all three systems, with the highest R? = 0.8308 observed under
MT. The highest carbon stocks were recorded in NT (2.82%) and MT (2.91%) compared to
2.01% in CT at surface depths of 0-5 and 5-10 cm. This can be explained by the accumulation
of organic residues and a reduction in their oxidation. Nutrient availability (TN, P, and
K) increased at depths of 0-5 cm and 5-10 cm, with the highest values in conservation
systems. Furthermore, the results demonstrate a significant relationship and positive
synergy between soil depth, tillage practices, and key physical and chemical soil properties,
especially carbon stock, across the two cropping seasons.

Keywords: tillage systems; soil total porosity; soil temperature; aeration limit; carbon stocks

1. Introduction

Soil health worldwide goes beyond its ability to produce food in addressing the chal-
lenges posed by population growth, it also involves enhancing its resilience to climate
change, extreme weather, and various environmental occurrences, which are crucial issues
nowadays. It involves the soil’s potential to preserve chemical, biological, and physical
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characteristics that enhance the ecosystem and ensure the healthy development of biodiver-
sity [1]. Soil is the surface layer that covers most of the land. It contains inorganic particles
and organic matter and provides basic support for all plants, for which it is a source of
nutrients and water [2]. Carbon sequestration, nutrient supply, water cycle regulation,
and the dynamics of the aeration and respiration system are just a few of the many other
services provided by the soil that are susceptible to being influenced by the tillage system.

Tillage practices are a key anthropogenic factor that influences not only the soil pore
structure but also each of its physical, chemical, and biological properties. Diverse tillage
systems, including mechanical disturbance, fertilization, mulching, and root activity of
crops, considerably modify the structure and function of the soil [3]. Conservation tillage is
an agricultural system that achieves both soil productivity and ecological sustainability. Its
main idea is to minimize mechanical disturbance to preserve the soil’s natural structure [4].
By reducing mechanical disturbance and raising organic cover, conservation tillage systems
such as no-tillage (NT) or minimum tillage (MT) preserve the quality of soil pores and
improve soil health [5]. The practice of NT restores the physical and chemical properties
of soil, particularly bulk density, soil aggregation, and pore-size distribution [6]. The
advanced structure of NT soils promotes the formation of a highly interconnected pore
structure, improving water infiltration and retention [7,8]. On the other hand, intensive
tillage or conventional tillage (CT) alters soil structure, which reduces pore connectivity
and compromises gas exchange [9]. High yields during dry conditions depend on more
effective water transport, which is made possible by the vertically structured pore networks
in NT system [10]. However, it is also important to recognize the potential disadvantages
of conservation tillage practices. Soil compaction can occur, leading to lower crop yields
and reduced soil aeration. These changes can increase the risk of denitrification and, as a
result, increase greenhouse gas emissions, presenting challenges for the sustainability goals
of conservation tillage systems.

A key metric for evaluating soil health and quality is its pore structure. It directly
affects the transport and distribution of heat, gases, water, and nutrients in the soil and
is essential for microbial activity, plant development, and ecosystem processes [11]. In
addition to determining the hydro-aero physical characteristics of soil, such as permeability
and water retention, soil aeration limit (SAL), soil capillary capacity (SCC), and soil total
capacity (STC), the size, shape, distribution, and connectivity of soil pores also significantly
impact soil’s chemical and biological activities. As a result, understanding soil pore struc-
ture and its dynamic evolution provides a scientific foundation for improving soil quality
and increasing land productivity, while also highlighting the mechanisms driving major
changes in soil quality.

One of the physical properties influencing agricultural yield and sustainability is soil
temperature (Ts). It has a significant influence on many physical, chemical, and biological
processes as well as crop growth and development. According to Jackson et al. it is also
a significant environmental attribute that controls the flow of heat energy between the
atmosphere and the ground surface [12]. In contrast to bare-soil systems, cover crops
and residue retention in conservation tillage (NT or MT) systems allow for regulating
and stabilizing variations in Ts during the crop growth stage [13]. The top layer of the
soil shows a higher rate of management-induced change in Ts, whereas the lower layers
show lower variance [14]. Conservation tillage practices effectively reduced the depth-
dependent variations in Ts [15]. By affecting the soil microtopography, tillage practices
can also change Ts, as Carceles et al. found that inclined ridge surfaces absorb around
10% more solar radiation than level surfaces [2]. Bond Lamberty and Thomson found that
soil respiration is sensitive to variations in Ts and significantly impacts the atmospheric
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carbon cycle [16]. Studies of Ts are essential for understanding climate change and specific
ecological conditions.

In Europe, soil health is considerably compromised by factors such as soil erosion,
nutrient insufficiency, pollution, compaction, and the decline in soil organic matter (SOM),
carbon sequestration, and biodiversity [1]. In Romania, the Podu Iloaie Research Institute
gathered and published information on areas adopting conservative methods from 1980 to
1993. These approaches were adopted to mitigate soil erosion and preserve the ecosystem.
NT and MT have been established as prominent soil conservation practices [17,18].

Soil chemical parameters, although used to assess their ability to provide a favorable
environment for plant growth, are also influenced by NT, MT, or CT. Among these, pH,
soil organic carbon (SOC), phosphorus (P), nitrogen (N), and potassium (K) content are
often used because of their important role in soil processes and plant nutrition [19]. SOC is
a useful indicator that supports agricultural production, soil fertility, and soil sustainability,
and also provides environmental services. It also contributes to mitigating climate change
and providing food security. In the long term, conservation agriculture has established
itself as a strong alternative to CT for SOC sequestration and sustainable crop production.
With the loss of SOC and nutrient availability under CT system, NT or MT reduce soil
disturbance and carbon oxidation [20,21]. According to Jat et al., crop residues remain as
an interface between the soil and the environment, which could be very important for re-
ducing soil erosion and improving soil quality indicators [22]. Sustainability in production
requires maintaining good physical, chemical, and biological qualities, especially those
associated with soil carbon sequestration [23]. All these soil characteristics are completely
interconnected and affected by the tillage system.

In the global context of climate change, it is therefore imperative to adopt sustainable
practices. The main objective of this study was to assess soil-quality-based management
practices and analyze the characteristics sensitive to them. The specific objectives were
to study the effects of short-term tillage systems on aero-physical parameters, nutrient
availability, and SOC sequestration. We hypothesized that conservation tillage enhances
the aero-physical parameters of the soil and organic carbon pools.

2. Materials and Methods
2.1. Research Site Description

The research was carried out at the Ezareni Student Research and Practice Station of
the Iasi University of Life Sciences (47°12" N, 27°51" E). The study was conducted on a
soil type classified as Chernozem (WRB Classification) and clay loam in texture with 35%
clay, 25% silt, and 36.9% sand [24]. The humus content ranges from 2.7% to 3.4% and has
a slightly acidic pH, according to the Romanian Soil Taxonomy System (SRTS 2012). The
experimental research was conducted from April 2024 to September 2025 on the sunflower
crop (Helianthus annuus L.). Initially, since the start of the study, the soil physico-chemical
parameters in the 0-10 cm layer were moderate in C (2.36%) and accessible K (334 ppm),
with a total nitrogen (TN) concentration of 0.203%, a low accessible P level of 96.21 ppm,
and acidic pH (6.3).

Figure 1 shows the meteorological data collected during the two-year research period
(2024 and 2025), indicating diverse weather conditions and seasonal fluctuations. Average
temperatures fluctuate significantly, with a notable increase during the summer months,
peaking June and July, which correspond to the usual climatic conditions. In contrast, the
winter months show significantly lower average temperatures, with February recording
the lowest values for both years. Precipitation regimes show significant between-year vari-
ability, particularly in September, where there is a pronounced increase in 2024 (154.4 mm)
compared to 2025 (37.4 mm). These differences may highlight the influence of irregular
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climatic conditions or changes in weather dynamics. These results highlight the importance
of a comprehensive temporal analysis to understand climate variability. The pronounced
differences between the two years in terms of temperature and precipitation highlight
the potential impacts on ecosystems in the study area, hydric cycles, and agricultural
practices, emphasizing the need to establish adaptation strategies to respond to changing
climate conditions.
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Figure 1. Precipitations and temperatures data of the research site from 20242025 (www.fieldclimate.
com, accessed on 2 October 2025).

2.2. Tillage Systems and Experimental Design

The research was conducted within the context of a long-term field experiment initiated
in 2009. This study, which was organized using a randomized block design, included
three treatments: direct seeding, known as no-tillage (NT); chisel plow, known as minimum
tillage (MT); and conventional tillage (CT) with plowing at 30 cm, followed by two disk
harrow passes (Figure 2). The experimental area was 0.66 ha. Each tillage system covered

an area of 0.22 ha. The sunflower hybrid HTS SUMIKO, from Syngenta, was sown on
30 April in 2024 and on 4 May in 2025, in all three treatments at the same time. The
sunflower hybrid was sown with a classical seed drill in CT and with FABIMAG FG-01
(Fabimag, Ucacha, Argentina) in NT and MT. The crop was harvested on 29 September
2024 and 25 September 2025, using the New Holland TC5050 combine (New Holland
Agriculture, Zedelgem, Belgium).

Figure 2. The geographic location of research plot in the map of Europe and the experimental design.
NT = No-tillage, MT = Minimum tillage, CT = Conventional tillage, R1, 2, 3 = Replicate.
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2.3. Soil Sampling and Analysis
2.3.1. Soil Chemical Analysis

Soil samples were collected in three replicates at depths of 0 to 5, 5 to 10, 10 to 20, 20
to 30, and 3040 cm, respectively, in each plot after the sunflower harvest. The pH was
measured potentiometrically in a 2.5:1 water-to-soil suspension using a glass electrode pH
meter (WTW Multi 3320, Weilheim, Germany). The modified Walkley—-Black titrimetric
method was used to determine soil organic carbon (SOC) and soil organic matter (SOM) [25].
Total nitrogen (TN) was measured using the Kjeldahl method, a widely used technique
for nitrogen quantification. Available phosphorus (P) and potassium (K) were extracted
with 1IN NH4OAc. Phosphorus concentrations were determined using the colorimetric
molybdenum blue method, while potassium levels were measured with the ContrA-700
device (Analytikjena, Jena, Germany).

2.3.2. Soil Physical Analysis

Regarding the physical properties of the soil, samples were taken in three repetitions
at depths of 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm and 3040 cm, respectively, in each plot
and at different phenological phase (sowing, vegetative growth phase and crop harvest).

Thus, the soil total porosity (SP) during this study was determined by calculation
based on the relationship:

SP (%) =[1 — BD/D] 100 1)

where
SP = Soil total porosity (%); BD = Soil bulk density (g/cm?); D = Soil density (g/cm?)
Soil aeration limit (SAL) was also determined by the equation:

SAL (%) = (SP — 10)/BD @)

where

SAL = Soil aeration limit (%); BD = Soil bulk density (g/cm?); SP = Soil total porosity (%).

Soil capillary capacity (SCC) and soil total capacity (STC) were determined by the
saturation method. The samples were collected in their natural state using 5 cm in diam-
eter/5.1 cm in height stainless steel cylinders. In the laboratory, the cylinder caps were
removed, and a cap fitted with a filter paper-covered sieve was placed at the lower end.
After weighing, the cylinder is placed in a bath with water level of 1.5-2 cm on a platform
covered with blotting paper, the ends of which are in contact with the water in the bath. It
is left in the water bath for at least 24 h so that the soil inside the cores becomes saturated by
capillary action. Once the soil is saturated by capillary action, the cylinder is weighed again.
The water bath is then filled until the water level reaches approximately 1 cm bellow the top
edge of the cylinders. It is left to stand for at least 24 h so that the soil inside is completely
saturated. The cylinder is then weighed again. The data is recorded and determined in an
analysis table.

For soil and air temperature we used Spectrum Technologies Water Scout SM300
and air temperature sensors (Spectrum Technologies, Aurora, IL, USA). Soil temperature
(Ts) was recorded at 1-h intervals, at a depth of 30 cm, between 31 May and 8 October
2024, and between 6 June and 15 October 2025, being connected to a WatchDog 1000 series
microstation that stores approximately 11,000 readings. The SM300 sensor measures
temperatures between 0.5 and 80 °C with an accuracy of £0.6 °C. The air temperature (Ta)
was measured with an external sensor, installed at a distance of 1 m from the ground, at the
same time with the SM300 sensor and recorded at 1-h intervals with an accuracy of £0.5 °C.
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2.4. Statistical Analysis

The statistical method used to analyze the data from our research was one-way analysis
of variance (ANOVA), which is appropriate for a randomized complete block design. The
fixed variables studied were tillage practices: NT, MT, and CT. Tukey’s test were applied
to assess significant differences among the treatments. Regression statistical tests were
used to determine the relationship between Ta and Ts by tillage system, considering one
variable as the dependent and the other as the independent variable, and then estimating
the significance of the effect. SPSS 26.0 for Windows was used to perform statistical analyses
(SPSS Inc., Chicago, IL, USA, 2007).

3. Results and Discussion
3.1. Influence of Tillage System on Soil Porosity (SP)

Soil tillage systems and their intensities (NT, MT, and CT) are affected by direct or
indirect effects of SP. It serves as a critical indicator of soil structure and aeration, which are
frequently influenced by tillage practices that modify pore space and connectivity, thereby
affecting soil health and crop growth [5]. The results presented in Figure 3a,b show the
effects of different tillage practices on SP across various depths and growth stages in 2024
and 2025. In all tillage systems, SP shows a clear depth gradient, with the highest values in
the topsoil (0-10 cm) and decreasing with depth. Under NT, at sowing, porosity is highest in
the top 10 cm (59.30%) and then decreases to approximately 57.06%. This trend is consistent
with established physical principles of soil, according to which surface layers tend to retain
higher porosity due to minimal disturbance, accumulation of organic matter, and biological
activity that promotes pore formation. Statistical analysis indicates that NT consistently
results in the highest SP in the topsoil at both sowing and harvest, with average values
of 59.30% and 57.06%, respectively. Similar to 2024, NT consistently showed the highest
SP at all depths and growth stages in 2025, with the topsoil layer (0-10 cm) recording SP
values from 53.35% at sowing to 51.91% at harvest. MT showed high SP at all depths,
especially during harvest, with the highest recorded at 0-10 cm (60.01%). NT maintained
an average SP of approximately 53.35%, compared to 55.20% during the growth phase and
57.24% at harvest in 2025, indicating a slight reduction potentially associated with crop
root activity and soil compaction during the season. These averages are significantly higher
than those observed in the CT, indicated by different letters (b, c), which mean statistically
significant differences at p < 0.05. SP under CT remained lower especially at 10-20 and
20-30 cm depths, suggesting the adverse effects of soil disturbance on soil pore connectivity.
Slight increases in SP at harvest suggest root activity and crop residue decomposition
contributed to pore structure. Furthermore, the unexpectedly higher porosity observed at
depths of 10-20 cm and 20-30 cm in CT in 2024 can be attributed to the physical effects
of tillage practices. Tillage operations generally disrupt soil aggregates and temporarily
increase pore spaces, especially if the soil structure is altered or partially degraded. The
formation of a plow pan, a compacted layer often observed beneath the tilled zone, may
have been mitigated or disrupted during tillage, resulting in localized zone of increased
porosity. Climatic factors, such as increased rainfall during the season, may have further
enhanced soil aggregation thereby influencing pore development. These combined factors
suggest that, under certain conditions, CT can induce complex physical responses in the soil,
including increased SP at specific depths, contrary to the typical expectation of compaction.
The NT system in 2025 indicates intermediate porosity levels, with values generally higher
than those of the CT but still lower than those of the MT. It should be noted that the highest
porosity under MT occurred during the harvest stage, suggesting an accumulation of pore
space, likely due to crop residues. It should be mentioned that the MT and NT systems
maintain higher porosity even at greater depths, indicating the cumulative benefits of
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reduced soil disturbance on pore structure. The results also show that the MT and NT
system improves SP throughout the sampling stages, which is indicative of its ability to
maintain the pore structure essential for aeration, water infiltration, microbial activity,
and nutrient cycling throughout the growing season. Although the values demonstrate
relatively stable porosity between seeding and harvest in each tillage system, there is a
slight increase in porosity at harvest in all systems, probably due to crop root activity. The
significance of the variation is more pronounced in CT, highlighting its impact on pore
integrity during the crop cycle. Over the two years, SP shows a clear depth gradient: the
topsoil layer maintains the highest SP, which gradually decreases with depth. This trend
is consistent with physical principles and the influence of tillage practices, which tend to
preserve pore structures near the surface, particularly in MT and NT systems that minimize
soil disturbance. During the 2025 crop cycle, porosity decreased slightly at harvest across all
tillage systems, likely due to root growth and soil compaction. In NT at 0-10 cm, porosity
decreased from 56.74% during sowing to 53.35% at harvest, indicating that active biological
and physical processes influence pore space. The results for 2025 confirm and expand on the
trends observed in 2024, highlighting the impact of tillage systems on SP at different depths
and growth stages. Over these two years, the results confirmed that MT and NT provide
better preservation of the soil’s pore structure, with MT often recording the highest porosity,
particularly in the critical topsoil layer. It indicates that minimal disturbance effectively
promotes organic matter accumulation, biological activity, and pore connectivity, which are
essential for aeration and water retention. On the other hand, CT had a clear impact on
pore disturbance, as evidenced by consistently lower SP, especially in deeper layers, which
could negatively affect soil health. The interaction between tillage systems, soil depth, and
crop stage (notably evident in 2025) reveals that NT and MT systems sustain higher pore
connectivity throughout the crop cycle, with significant differences at sowing and harvest.
Graphical data illustrate that porosity tends to decline slightly at harvest across all systems,
more markedly under CT, likely due to root growth and soil compaction. For example,
in 2025, SP at 0-10 cm under NT decreased from 56.74% at sowing to 53.35% at harvest,
reflecting biological activity and physical soil adjustments. Deeper layers (10-30 cm) show
that MT and NT better preserve pore space compared to CT, especially during critical
growth stages, indicating their effectiveness in maintaining soil physical integrity over time.
These interaction effects underscore that conservation tillage practices not only improve
initial SP but also sustain it during crop development, thereby supporting aeration, water
movement, and microbial functions.

These results show that the tillage system and its intensity significantly influence SP
at different depths and crop growth stages. It should be noted that MT maintained the
highest porosity in the topsoil at harvest, with average values of 60.01%. These results
confirm those of previous studies, indicating that MT maintains SP by minimizing soil
disturbance, thereby promoting the accumulation of organic matter and biological activity
that improve pore connectivity [26-28]. Similarly, Fernandes reported that NT systems
tend to maintain higher porosity levels at different depths compared to CT, essentially due
to reduced soil compaction and less disruption of natural pore systems [29]. Their studies
also showed that the advantage of NT persisted throughout the crop cycle, as confirmed by
our findings that porosity increased only slightly between sowing and harvest under NT
and MT. In contrast, CT showed significantly lower SP, particularly at depths of 10 to 20
and 20 to 30 cm, which can be attributed to soil compaction and pore disruption caused by
machinery disturbance [30]. This reduction in pore space negatively impacts soil aeration,
water infiltration, and microbial activity. The slight increase in porosity observed at harvest
in all systems could be related to root growth and crop residue decomposition, as noted
by Liu et al., who observed that crop roots can potentially fill pore spaces, especially in
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disturbed soils [31]. Furthermore, the combined effects of reducing disturbance in MT and
NT systems not only increase porosity but also improve soil resilience and structure over
time [27]. Although the average SP values in 2025 are slightly lower than those in 2024,
the relative differences between tillage systems remain constant. MT and NT consistently
perform significantly better than CT by maintaining higher porosity levels, emphasizing
their role in sustaining soil aeration and structure over several years. The slight decline in
porosity over time observed in both years highlights the importance of tillage management
in maintaining soil health. The more pronounced decline under the CT system highlights
the adverse effects of intensive soil disturbance, which can lead to compaction and reduced
pore connectivity. These benefits underline the importance of adopting conservation tillage
practices to maintain soil health and productivity.

3.2. Influence of Tillage System on Soil Aeration Limit (SAL)

SAL is a fundamental indication of SP and gas exchange capacity, frequently reflecting
the level of soil disturbance and compaction resulting from different tillage systems [32].
It is essential for sustaining microbial activity and root respiration, both of which have
a fundamental impact on soil health and productivity. Our results demonstrate that
tillage practices significantly influence SAL across soil depths, crop stages, and years,
with notable interaction effects that provide deeper insights into soil physical dynamics
under various management systems. At the topsoil level (0-10 cm), the MT system has the
highest SAL during sowing and harvesting, with average values of 46.13% and 45.52%,
respectively. These high values suggest that MT effectively preserves the soil’s porous
structure, facilitating optimal gas exchange and improved soil respiration. These results
are in accordance with those obtained by Ketena et al. and Srivastava et al. in their
studies, indicating that minimal disturbance under NT or MT leads to the development
and maintenance of stable pore spaces, thereby improving soil aeration and respiration
capacity [33,34]. Similarly, in 2025, MT recorded an average SAL of 39.15% during sowing
and 47.81% during harvesting, which, despite some variations, remained higher than that
of the NT and CT systems. Notably, the interaction effects reveal that while SAL decreases
with increasing soil depth across all systems, the magnitude of decline varies: the reduction
is more pronounced under CT, especially in deeper layers (10-20 cm and below), where
SAL during sowing drops to approximately 25.46% (NT), 26.10% (MT), and 32.46% (CT).
This pattern indicates that intensive soil disturbance under CT accelerates pore degradation
and compaction, thereby diminishing gas diffusion capacity at depth. The diminishing
differences among tillage systems with increasing depth underscore that tillage effects are
primarily surface-oriented, with limited influence extending beyond the upper soil layers.
In comparison, CT has significantly lower SAL at the surface during sowing (average of
46.13%), but shows a notable decrease at harvest time (37.80%). For instance, in 2025, CT
decreased to 35.75% at harvest. This decrease can be attributed to mechanical degradation
of pore spaces and compaction resulting from intensive soil disturbance, which reduces
pore connectivity and inhibits gas diffusion [35]. NT shows moderate aeration limitations,
with values between those of MT and CT, indicating its relative influence on maintaining
pore integrity space. As soil depth increases (10-20, 20-30, 3040 cm), SAL decrease in all
tillage systems, reflecting the natural pore connectivity and soil compaction with depth.
Notably, differences between tillage systems become less pronounced at different depths,
perhaps due to the limited penetration of tillage effects beyond the direct surface layer.
During the growing stage, a constant trend is observed: SALs tend to decrease from
sowing to harvest across tillage systems, with the most pronounced reductions in the CT
system. This observation may be related to root growth and biological activity during
the growing stage, which can lead to pore-space filling or compaction, particularly in
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disturbed tillage systems. The higher SALs observed under MT highlight its suitability
for maintaining healthy physical conditions throughout the growing stage. Better aeration
not only enhances microbial diversity and activity but also improves water infiltration and
reduces soil compaction, which are essential parameters for optimizing crop yields and
resilience [34]. The significant interaction effects between tillage system, soil depth, and
crop stage underscore that the impact of tillage practices on soil aeration varies depending
on these factors. Specifically, the decline in SAL during the growing season was more
pronounced under CT, reinforcing the notion that intensive tillage adversely affects soil
physical properties over time. Conversely, the decrease in aeration during the growing
stage under CT highlights the potential limitations of intensive tillage practices, underlining
the need to adopt conservative approaches to preserve soil functionality and health. Over
the two years, SAL decreased with increasing soil depth, indicating a natural reduction in
pore connectivity and increased compaction at higher depths. At a depth of 10-20 cm in
2025, SAL during sowing were approximately 25.46% for NT, 26.10% for MT, and 32.46%
for CT, suggesting a more pronounced decline in the case of tillage disturbance. During
the growth phases, a consistent trend is observed: SALs tend to decrease between sowing
and harvest in each tillage system. This reduction is particularly significant in CT, where
biological activity, root growth, and soil compaction during crop growth led to pore filling
and reduced gas exchange capacity. In 2024, NT at a depth of 0-10 cm decreased from
46.13% at sowing to 41.86% at harvest, reflecting progressive changes in soil conditions
during plant growth (Figure 4a,b).

This study demonstrates that SALs are significantly influenced by tillage systems,
with MT consistently showing the highest soil aeration values throughout the crop cycle,
particularly in the surface layer. These results are in agreement with recent research
indicating that MT practices enhance the development and preservation of soil pore space,
thus improving gas exchange and soil microbial activity [32,33], who reported that MT
systems maintain higher SP and aeration capacity than CT, particularly in the upper
soil layers, which is consistent with our observations of high SAL at a depth of 0 to
10 cm. On the other hand, the significant reduction in soil aeration under CT during
crop growth confirms the results achieved by Tan et al. [36]. Furthermore, Li et al., who
demonstrated that intensive soil disturbance leads to pore degradation, compaction, and
reduced gas exchange, showed that CT disturbs soil structure, leading to decreased aeration
and increased soil compaction, which can affect root growth and microbial functions [37].
Other, recent studies conducted by Srivastava et al. have observed that CT practices
tend to decrease soil pore connectivity over time, particularly during the growing stage,
highlighting potential negative impacts on soil health [34]. The moderate response of NT
observed in our study is similar to the results from Martinez et al., who reported that
NT can partially preserve soil structure and porosity, thus sustaining better aeration than
CT, but not reaching the levels observed with MT [38]. Our in-depth analysis reveals a
steady decrease in soil aeration with increasing soil depth in all tillage systems, a trend
confirmed by Armin et al., who reported that surface disturbance affects mainly the upper
soil layers, with decreasing effects at higher depths [39]. This depth scale highlights the
importance of surface management practices in maintaining overall soil physical health.
In addition, the decrease in soil aeration observed between sowing and harvest in each
tillage system, particularly under CT, corresponds to the results obtained by Srivastava
et al.,, who demonstrated in their studies that biological activity, root development, and
soil compaction during the growing stage can fill pore spaces, thereby reducing aeration
capacity. The higher average MT required to maintain higher aeration limits throughout
the crop cycle highlights its key contribution in enhancing a resilient soil environment
conducive to microbial activity and root development, which are essential for achieving
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optimal yields [34]. Although SAL varies between 2024 and 2025, potentially due to
variations in climatic conditions and tillage practices, the relative performance of tillage
systems remains consistent. MT systematically maintains higher SAL throughout the crop
cycle, highlighting its role in protecting soil physical integrity and enabling microbial
and root respiration. The decline in SAL during the crop cycle, particularly under CT,
highlights the importance of adopting conservation tillage practices. During this two-year
research period, despite slight variations in SAL, likely due to climatic factors, the relative
performance of tillage systems remained consistent. The observed interaction effects
reinforce that soil management practices exert nuanced impacts depending on depth, crop
stage, and time. MT performed significantly better than NT and CT by maintaining higher
SAL values, highlighting its role in promoting a resilient soil system conducive to microbial
activity and root growth. The observed decline in SAL during the crop cycle, which was
more pronounced under CT, highlights the importance of adopting conservation tillage
practices to maintain soil aeration, reduce compaction, and promote healthy ecosystems.

3.3. Influence of Tillage System on Soil Capillary Capacity (SCC)

SCC is an essential indicator of water retention and movement in the soil. It directly
influences soil water content availability and nutrient transport for plants [40]. This
indicator of water movement, represented by SCC, is often affected by soil structure,
management practices, and climatic conditions. The table shows that across all tillage
systems and at all stages, a consistent trend emerges: SCC decreases with increasing soil
depth. The highest values are observed in the 0-10 cm layer, with average values reaching
from approximately 40.51% to 43.31%, indicating high moisture retention potential in the
surface layers. In 2025, the surface layer (0-10 cm) continues to show the highest capillary
capacity among all tillage systems and stages. In the case of NT at the sowing stage, the
average capacity is approximately 38.88%, which, despite some variability, remains higher
than MT and CT systems. This trend indicates that NT practices consistently promote
better water retention in the upper soil layers, likely due to reduced soil disturbance and
improved aggregation, thereby enabling pore connectivity and greater soil water retention.
Conversely, the 20-30 and 30—40 cm layers have lower values, often below 30% suggesting
a decrease in capillary rise with increases depth. This finding highlights the essential
role of soil surface layers in the availability of soil water to plants, especially during the
early stages of growth. It is important to note that the SCC varies across stages. In the
0-10 cm layer, values remain relatively stable or decrease slightly from sowing to harvest,
regardless of treatment. Under NT, capillary capacity decreases slightly from 42.63% to
40.51%. In 2025, at 20-30 cm during sowing, NT shows approximately 29.77%, while CT
records approximately 28.54%, indicating similar water retention potentials at this depth in
all systems. In addition, deeper layers show more significant variations; in the 10-20 cm
layer under NT, capacity increases from 29.54% at sowing to 30.51% at harvest. It should
be said that at 30-40 cm, capacity values tend to decrease further but still increase during
harvest compared to sowing, possibly due to water distribution and soil water content
dynamics influenced by crop absorption, root activity, and precipitation. Analysis of the
different treatments indicates differential impacts on SCC. The NT treatment consistently
shows higher values in the upper layers, particularly during sowing, suggesting better soil
water retention or a soil structure conducive to water movement. In contrast, the CT system
has lower SCC, especially during harvest, where values drop from 41.43% to 0-10 cm
in 2025, indicating possible soil structure degradation and reduced pore connectivity
due to mechanical disturbance. The MT and CT show greater variability and, in some
cases, significant differences (Figure 5a,b). The interaction effects observed emphasize
that conservation tillage practices (NT and MT) better preserve soil physical properties
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and maintain higher SCC across depths and crop stages, despite inter-annual climatic
variations. The surface layer remains the primary reservoir of plant-available water, with

SCC decreasing with depth, underscoring the importance of surface management practices
in water conservation strategies.
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Figure 3. (a) Soil porosity (%) in 2024. NT: No-tillage, MT: Minimum tillage, CT: Conventional
tillage. a, b, ¢, d, e: For each stage, means with different letters are significantly different at the 5%
threshold: p < 0.05. The largest means are marked with the letter “a”. (b) Soil porosity (%) in 2025.
NT: No-tillage, MT: Minimum tillage, CT: Conventional tillage. a, b, ¢, d: For each stage, means with
different letters are significantly different at the 5% threshold: p < 0.05. The largest means are marked
with the letter “a”. *: Degree of significance.
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Figure 4. (a) Soil aeration limit (%) in 2024. NT: No-tillage, MT: Minimum tillage, CT: Conventional
tillage. a, b, ¢, d, e: For each stage, means with different letters are significantly different at the 5%
threshold: p < 0.05. The largest means are marked with the letter “a”. (b) Soil aeration limit (%) in
2025. NT: No-tillage, MT: Minimum tillage, CT: Conventional tillage. a, b, ¢, d: For each stage, means
with different letters are significantly different at the 5% threshold: p < 0.05. The largest means are
marked with the letter “a”. *: Degree of significance.
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Figure 5. (a) Soil capillary capacity (%) in 2024. NT: No-tillage, MT: Minimum tillage, CT: Con-
ventional tillage. a, b, ¢, d, e: For each stage, means with different letters are significantly different
at the 5% threshold: p < 0.05. The largest means are marked with the letter “a”. (b) Soil capillary
capacity (%) in 2025. NT: No-tillage, MT: Minimum tillage, CT: Conventional tillage. a, b, ¢, d: For
each stage, means with different letters are significantly different at the 5% threshold: p < 0.05. The
largest means are marked with the letter “a”. *: Degree of significance.

The results indicate a decrease in SCC with increasing soil depth across all tillage
systems and growth stages. It is consistent with the established understanding of soil
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physics, which holds that the upper soil layers generally have a higher water retention
capacity due to their higher SOM content, SP, and finer particle-size distribution. Similar
results have been reported by Huang et al., who observed greater water retention in the
surface horizons of different soil types [41]. The highest SCC values recorded in the 0-10 cm
layer (reaching from approximately 40.51 to 43.31%) highlight the essential role of topsoil
in maintaining adequate soil water content for plant development. This observation is
in agreement with the research of Rocco et al.,, who demonstrated that surface layers
generally have greater soil water retention capacity due to their higher SOM content and
finer texture [42]. On the other hand, the lower capacity in deeper layers (20-30 and
30-40 cm), often below 30%, indicates that these horizons have reduced capacity to retain
water, underscoring the importance of surface management practices that improve water
conservation. Temporal variations during growth stages reveal slight to moderate changes
in soil water dynamics. The slight decrease in SCC in the surface layer in NT cultivation
between sowing and harvest (42.63% to 40.51%) suggests a relatively stable water regime.
These results are similar to those from Liebhard et al., who reported that conservation
tillage maintains more stable soil water content profiles by maintaining soil structure [43].
In contrast, the increase observed in the 10-20 cm layer under NT (from 29.54% to 30.51%)
indicates a potential redistribution of water, which is consistent with the observations of
Pohlitz et al., who noted that minimal disturbance allows for more efficient water movement
in soil profiles [44]. The impacts of tillage systems are significant. MT system shows higher
SCC values in the surface layers, particularly during sowing, which can be attributed to
improved soil aggregate stability, increased SP, and better organic matter retention. These
results confirm the conclusions of Moreira et al. and Wazzan et al. who demonstrated
that MT practices improve soil water properties over time [45,46]. In contrast, CT shows
greater variability and reduced SCC, potentially due to disturbance and compaction of
soil structure, as researched by Smith [47]. These structural alterations can affect water
movement and retention, highlighting the benefits of conservation practices. Although
average SCC values vary from one year to the next, potentially indicating differences in
climatic conditions or soil management, relative trends remain consistent. MT consistently
maintains higher water retention capacities in the topsoil than NT and CT, highlighting its
importance in preserving soil physical properties conducive to soil water retention. The
slight decreases observed during the crop cycle, particularly at the surface, highlight the
dynamic nature of soil water content and the influence of plant absorption and climatic
factors. It should be noted that deeper layers exhibit lower fluctuations, indicating that the
main reservoir of water available to plants is in the topsoil, and that conservation tillage
practices help preserve this critical zone.

3.4. Influence of Tillage System on Soil Total Capacity (STC)

The analysis of Soil Total Capacity (STC) across different depths, growth stages,
and tillage systems reveals both consistent patterns and significant interaction effects,
emphasizing the dynamic influence of tillage practices on soil water retention properties
throughout the crop cycle. At the surface layer (0-10 cm), the soil total capacity remained
relatively constant across treatments and growth stages, averaging approximately 49.12%
under MT. It is notable that the values recorded during sowing and harvesting did not
differ significantly between treatments, indicating that the surface soil maintains a relatively
stable water retention capacity regardless of tillage practice. This stability can be attributed
to the higher organic matter content of the topsoil and its proximity to the soil surface,
both of which influence pore structure and water retention (Figure 6a,b). In the 10-20 cm
layer, values increased from 31.25% to 39.12% during the growing season under CT. This
trend suggests an accumulation or conservation of soil water content at these depths as the
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crop develops, potentially due to reduced evaporation or improved water infiltration over
time. The 20-30 cm layer has similar characteristics, with initial values of approximately
27.89% at the sowing stage, increasing to 32.25-36.88% at harvest. The increase in soil
water retention capacity of this layer during the growing season may be influenced by
modifications in soil structure resulting from tillage practices, root development, or changes
in soil water distribution. At a depth of 30 to 40 cm, there is a considerable increase in the
total soil capacity between sowing and harvesting, with values rising from approximately
30.80% to 35.44%. In 2025, the surface layer (0-10 cm) had the highest total soil capacity
across all tillage systems and growth stages. During sowing under MT, the capacity
reaches approximately 51.83%, and at harvest, it increases further to approximately 55.47%.
Similarly, in the NT system, the values are approximately 42.47% at sowing and decrease
slightly to 40.69% at harvest. The statistical analysis confirms that the interaction between
tillage system and growth stage at the surface is not significant (p > 0.05), reflecting the
stability of surface water retention properties across treatments. These values indicate
that, despite some fluctuations, the topsoil maintains a relatively high and stable water
retention capacity, probably due to a higher organic matter content and better pore stability
associated with minimal disturbance. The deeper soil layers (10-20, 20-30, 30—40 cm)
show a significant increase in total capacity throughout the growing cycle with significant
interaction effects observed (p < 0.05), particularly at harvest. At a depth of 20-30 cm,
under CT, the capacity increases from approximately 29.01% at sowing to 41.22% at harvest.
This increasing trend indicates a potential deepening of soil water retention horizons or
an increase in water infiltration, which could result from tillage-induced soil loosening
or from crop root growth that enhances water movement. However, with regard to the
tillage system, MT and CT tend to promote higher STC at certain depths during harvest
compared to NT, particularly in the 20-30 and 30—40 cm layers. It means that tillage
intensity can influence the soil’s capacity to retain water in subsoil layers, thereby affecting
the availability of water to crops during critical growth stages. The increase in STC between
sowing and harvesting at different depths highlights the dynamic nature of soil water
content during the growing cycle. These modifications could be attributed to a combination
of factors, including soil physical effects, crop uptake, root growth, and distribution of
soil water content. The data demonstrate that tillage systems interact significantly with
soil depth and growth stages, influencing the temporal and vertical distribution of soil
water capacity.
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Figure 6. (a) Soil total capacity (%) in 2024. NT: No-tillage, MT: Minimum tillage, CT: Conventional
tillage. a, b, ¢, d, e: For each stage, means with different letters are significantly different at the 5%
threshold: p < 0.05. The largest means are marked with the letter “a”. (b) Soil total capacity (%) in
2025. NT: No-tillage, MT: Minimum tillage, CT: Conventional tillage. a, b, ¢, d: For each stage, means
with different letters are significantly different at the 5% threshold: p < 0.05. The largest means are
marked with the letter “a”. *: Degree of significance.

The observed stability of STC in the surface layer (0-10 cm) across different tillage
systems and growth stages is consistent with previous studies that highlight the relative
resistance of surface soil water retention properties. The average value of approximately
46.80% suggests a well-maintained pore structure in the topsoil, likely due to the SOM
content and minimal disturbance, which improves consistent water retention. Similar
trends have been observed under MT in soils with high SOM content, where surface
stability is attributed to organic matter’s role in maintaining soil aggregate stability and
pore spaces [38,48]. In the subsoil layers (10-20 cm and 20-30 cm), the gradual increase
in STC during the growing stage indicates the dynamic distribution of soil water content
and the modifications in soil structure induced by crop roots and tillage practices. The
interaction effect indicates that the increase is more significant under MT and CT than under
NT, where STC remained relatively stable from 31.25% to approximately 34.85% in the
10-20 cm layer and from 27.89% to over 36.88% in the 20-30 cm layer is in agreement with
previous research showing that crop root systems and tillage influence soil porosity and
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water retention capacity at these depths. The significant interaction effect confirms that the
influence of tillage on water retention is stage and depth dependent [49,50]. Studies have
shown that tillage can improve pore connectivity, reduce soil compaction, and enhance
the water content retention during critical growth stages [51]. The significant increase
observed at 30—40 cm, from 30.80% to 35.44%, suggests that deeper soil horizons also
contribute to water dynamics throughout the crop cycle. This trend could be associated
with tillage-induced soil loosening, which enhances water infiltration and permeability at
depth, as demonstrated by Pohlitz et al. [44]. In addition, deep-rooted crops can influence
subsoil structure, further improving water retention at these depths [52]. Regarding tillage
systems, the tendency of MT and CT to promote higher STC at certain depths during
harvest highlights the influence of tillage intensity on soil physical properties. The results
obtained are consistent with the literature, indicating that CT improves SAL and SP, thereby
enhancing water content retention in subsoil layers [53]. Conversely, NT practices, while
providing advantages for soil conservation and SOM accumulation, can initially lead to
reduced pore development, which could explain the slightly lower water retention observed
in the NT during this stage [54]. The temporal increase in soil water capacity highlights
the dynamic interactions between soil physical properties and crop development. These
modifications can be achieved through a combination of physical soil alteration, plant water
absorption, root growth, and water content distribution, factors well established in the soil
physics literature [55]. The interaction effects suggest that conservation tillage practices
(NT) favor surface stability but may lead to slightly reduced subsoil water retention during
later stages, whereas more intensive tillage (MT and CT) promote deeper water retention,
especially during critical growth period. Understanding these processes is essential for
optimizing tillage systems to improve water availability, particularly in regions with
irregular precipitation.

3.5. Influence of Tillage System on Soil Temperature (T5)

SM300 sensors were installed at a depth of 30 cm in each tillage system to measure
soil temperature (Ts). The results (Figure 7a,b) indicate that there were no statistically
significant differences between tillage practices in terms of Ts during the periods studied.
During the sowing and emergence stage (Figure 7a), Ts generally varied between 15 °C and
22 °Cin 2024 and 2025. It should be noted that CT tends to have a slightly higher Ts than
MT and NT. Throughout the growing season (Figure 7b), Ts increased significantly, reaching
their maximum in July, with temperatures ranging between approximately 25 °C and 30 °C
during both years. During this period, the NT and MT systems maintained higher Ts
than the CT system, particularly during the warmest months. This increase in Ts in the
NT and MT systems could be attributed to crop residues on the surface, which provide a
protective and conserving layer. Conversely, the CT system tends to have slightly lower soil
temperatures, probably due to increased soil disturbance and exposition. It is important to
mention that under the CT, the measurement system malfunctioned before 30 July, which
explains why the curve cuts down at the end of July under this system and we cannot
rely on the accuracy of the data. Although Figure 7a,b show only minor differences in
Ts at a depth of 30 cm, differences that are not statistically significant, a consistent trend
towards slightly higher temperatures in the NT and MT systems was observed during
key stages of crop development. These subtle differences, particularly during the warmer
months, are biologically relevant because Ts influences microbial activity and enzymatic
processes responsible for nutrient mineralization. Previous studies have demonstrated
that even small fluctuations in surface Ts can significantly affect nutrient cycling in the
upper soil layers (0-10 cm), where microbial activity is most intense, thereby impacting
nutrient availability for crops [56-59]. While the differences at 30 cm depth were minimal,
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the surface layers more directly affected by crop residues and tillage practices are likely
to experience more pronounced temperature variations, which could modulate nutrient
mineralization rates. These observed trends are consistent over both years, suggesting that
tillage practices have an influence on Ts dynamics during different growth stages, and may
affect nutrient processes in ways that may not be fully captured at the measured depth but
are still biologically meaningful for crop nutrition and growth.
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Figure 7. (a) Effect of tillage systems on the soil temperature 2024. (b) Effect of tillage systems on the
soil temperature 2025. a = Sowing and emergence; b = Growing season; ¢ = Maturity.

3.6. Correlation Between Air Temperature (1n) and Soil Temperature (T5)

During sowing, Ta ranged from approximately 12 °C to 27 °C. The trends were very
similar across the different tillage systems, so there were no significant differences between
NT, MT, and CT. These temperature variations are typical and mainly due to natural
climatic conditions rather than tillage practices. This observation is identical to trends
recorded in the growing and maturity stages (Figure 8a,b).
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Figure 8. (a) Daily air temperature 2024. (b) Daily air temperature 2025. a = Sowing and emergence;
b = Growing season; ¢ = Maturity.

Figure 9 and the corresponding regression analyses indicate positive relationships
between Ta and Ts across NT, MT, and CT in 2024 and 2025. In 2024, the regression equation
y = 0.5709x + 10.446, obtained under the NT system, indicates that a 1 °C increase in air
temperature corresponds to approximately a 0.57 °C increase in Ts. The coefficient of
determination (R? = 0.6335) indicates that approximately 63.35% of the variability in Ts can
be explained by variations in Ta. Under MT, the results are similar to those observed with
NT, with the regression equation y = 0.5845x + 10.186 indicating that for each unit increase
in air temperature, Ts increases by approximately 0.58 °C. The coefficient of determination
(R? = 0.6406) suggests that approximately 64.06% of the variability in Ts can be explained by
changes in Ta in this tillage system. Regarding CT, the analysis shows that the relationship
between Ta and soil temperature follows the regression equation y = 0.2602x + 18.176, with
an R? = 0.2714. The positive trendline indicates that Ts tends to increase with rising Ta.
However, the relatively low R? value suggests that Ta explains only about 27% of the
variability in Ts under CT. In the context of soil management, it is important to consider
that CT tends to disturb soil structure, which can influence soil’s hydro-aerophysical
properties and temperature dynamics. Considering factors related to NT and MT when
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analyzing results shows that different tillage practices have a significant impact on Ts
responses, with NT and MT systems often maintaining higher soil water content, greater
pore structure, and higher SOM content, which can mitigate temperature fluctuations.
However, in 2025, under CT with equation regression y = 0.6198x + 9.1953 and R? = 0.8235,
there is a strong positive correlation, 82.35% of Ts variation explained by Ta. The slope
(0.6198) indicates that for every 1 °C increase in Ta, Ts increases by approximately 0.62 °C.
The relatively high R? suggests that soil subjected to CT closely follows fluctuations in Ta,
likely due to minimal disturbance of the soil structure, which allows for optimal transfer
of atmospheric heat into the soil. Similar to the CT system, the NT (y = 0.601x + 10.107)
system shows a strong positive correlation with an R? of approximately 82.45%. The slope
(0.601) indicates a comparable soil response, with a 0.60 °C increase in Ts for every 1 °C
increase in Ta. The higher intercept (10.107) suggests slightly higher reference Ts in the
case of NT, possibly due to greater SOM retention and higher soil water content, which can
attenuate temperature changes. Regarding MT, the results show the strongest correlation
and the highest R? (83.08%), indicating that Ts is more closely influenced predictably by
Ta in this system. The slope (0.6275) exceeds that of the other two systems, indicating a
slightly more sensitive Ts response to atmospheric changes. The higher R? suggests that
soil disturbance under MT could preserve soil properties that enable more direct heat
transfer from the atmosphere. The slight differences in slopes and intercepts suggest that
tillage practices affect Ts dynamics. Overall, these results highlight that tillage practices
significantly influence Ts dynamics. Higher Ts and stronger correlations in NT and MT
systems can be associated with their ability to retain SOM and water and to preserve
soil structure, thereby mitigating temperature fluctuations. In contrast, the association
observed under CT suggests that soil disturbance impairs heat transfer, resulting in lower
Ts responsiveness. These results contribute to understanding how tillage systems regulate
Ts under changing climatic conditions.

The results obtained over the two years of research show that tillage practices signif-
icantly influence the relationship between Ta and Ts, with notable differences observed
between NT, MT, and CT systems in 2024 and 2025. During these two years, NT and MT
systems showed stronger correlations with Ta, with higher slopes and R? values, suggesting
more direct and predictable responses of Ts to atmospheric variations. In contrast, the CT
system showed slight associations, suggesting that soil disturbance reduces its ability to
reflect Ta fluctuations. These results, obtained in our study conditions, are in agreement
with those reported by Doran and Parkin, Chen et al., and Liu et al., who indicate in
their studies that conservation tillage practices promote higher SOM content, better soil
water retention, and improved soil structure [60-62]. Such conditions promote efficient
heat transfer from the atmosphere to the soil, resulting in higher Ts and more sensitive
responses. On the other hand, soil disturbance associated with CT disturbs soil physical
properties, reduces SOM, and promotes heterogeneity, thereby mitigating Ts responses [63].
The observed increase in the strength of these relationships between 2024 and 2025 may be
due to seasonal or climatic variations from one year to the next or to the cumulative effects
of tillage practices over time. This observation is similar to that made by Munoz-Romero
et al., who also reported similar findings in their study [64]. The higher interception rates
in NT systems suggest intrinsically warmer Ts, which can be explained by higher pore
connectivity, better aeration, and soil water retention induced by SOM. The increased
slopes recorded in MT and NT systems in 2025 indicate increased sensitivity, which could
be attributable to changes in soil water content distribution or surface cover conditions.
The higher relationships between Ta and Ts in conservation tillage systems highlight their
potential to stabilize Ts systems, which can influence crop growth, microbial activity, and
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nutrient cycling. Conversely, the mitigated response in CT systems could lead to less
predictable Ts, potentially impacting crop development and soil health.
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Figure 9. Relationship between air temperature (Ta) and soil temperature (T5) according to the tillage systems.

3.7. Influence of Tillage Systems on Soil Organic Carbon (SOC) and Soil Organic Matter (SOM)

Figure 10 shows the variations in soil SOC and SOM in NT, MT, and CT at different
soil depths (0-5, 5-10, 10-20, 20-30, and 3040 cm). The analysis indicates significant
differences in carbon content across tillage practices and soil depths. The NT and MT
consistently show higher SOC and SOM levels at all depths than the CT, suggesting that
soil conservation practices promote greater carbon sequestration in the soil surface layers.
SOC and SOM tend to decrease with increasing soil depth across all tillage systems, a
pattern typical of the accumulation of SOM mainly at the surface. The most significant
differences between tillage practices are observed at the depth of 0 to 5 cm, where tillage
systems most influence surface residue retention. Furthermore, SOM containing all organic
carbon fractions increased by 25.64%. This relationship suggests that most of the SOC
present in these soils is active. The results show that NT practices are the most effective
at increasing SOC, especially at the surface, with positive impacts on both soil health and
carbon sequestration. The decrease in carbon content with depth highlights the importance
of surface conservation management for optimizing organic carbon storage. The significant
differences between tillage practices highlight the potential of agricultural management to
influence soil carbon dynamics and mitigate the effects of climate change.
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Figure 10. Variations and dynamics of soil organic carbon and total organic carbon depths under
tillage systems. NT: No-tillage; MT: Minimum tillage; CT: Conventional tillage. Error bars represent
the corresponding standard error of mean values. Different letters indicate significant differences
between treatments during this period at the 0.05 level.

The higher levels of SOC and SOM observed in NT and MT compared to CT are in
accordance with established findings that conservation tillage practices improve soil carbon
sequestration [21,65-67]. These practices reduce soil disturbance, thereby minimizing the
oxidation of organic matter and promoting the accumulation of residues on the soil surface,
which explains the high concentrations of SOC and SOM in the topsoil layers, especially
between 0-5 and 5-10 cm. The differences mentioned at the depth of 0 to 5 cm highlight
the essential role of surface residue retention and minimal soil disturbance in carbon
sequestration. Furthermore, at depths of 30—40 cm, higher SOC was observed in both the CT
and NT. This result confirms those obtained by Wen et al. and Ding et al., who demonstrated
in their studies that the surface layers are the most sensitive to tillage management due to
the concentration of organic inputs and biological processes [68,69]. The decrease in SOC
and SOM with increasing soil depth is in agreement with the results of [70,71], indicating
that organic input and root biomass accumulate mainly at the soil surface. This vertical
distribution highlights the importance of surface management strategies to optimize soil
carbon stock. The significant differences observed at the lower depth confirm the results
of Lal and Huang et al., who emphasized that surface residues are essential for SOM
formation under conservation practices [72,73]. The close relationship between SOC and
SOM indicates that SOM encompasses all organic carbon fractions, including active pools
and passive pools [21,74], thereby representing a large carbon pool. The predominance of
active carbon fractions in these soils suggests a dynamic pool that responds to management
changes, which has implications for soil fertility. Several recent studies emphasize the
importance of the active carbon pool for soil microbial activity and nutrient cycling, which
NT and MT practices efficiently conserve by maintaining residue cover and reducing
organic matter oxidation through soil disturbance [73]. According to Corsi, NT systems
can increase SOC stocks by 10 to 20% compared to CT within a few years, mainly through
residue retention and reduced oxidation [75]. The differences observed between tillage
practices suggest that adopting conservation tillage could be a practical strategy for farmers,
and in particular for those in Romania who wish to improve soil carbon sequestration and
mitigate the effects of climate change.
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3.8. Influence of Tillage Systems on Soil Chemical Properties and Available Nutrients

Table 1 presents the impact of different tillage systems, NT, MT, and CT, on key soil
chemical properties and nutrient availability at different depths, highlighting soil fertility
status. Soil pH remained relatively stable in all tillage systems and at all depths. However,
slightly higher pH values were recorded under CT at the deeper layers (30—40 cm). The
more acidic pH observed under NT in the 5-10 cm layer (pH = 5.9) may be attributed to the
accumulation of organic matter near the soil surface, which promotes acidification through
organic acid production and nutrient cycling processes. This slight variation indicates
that tillage-induced disturbances have a limited influence on soil acidity or alkalinity in
the profile studied. This observation confirms the results obtained by Lal, demonstrating
pH stability under different tillage systems [76]. The values obtained for total nitrogen
TN (%) show a relatively uniform distribution at all depths in each tillage system, with
some variations. TN values are low (<0.3%) at all depths. However, slight increases in
TN are observed at a depth of 10 to 20 cm below the MT and CT compared to the more
superficial layers. TN is distributed relatively uniformly at all depths in each tillage system,
with some variations. TN values are generally low (<0.3%) at all depths. However, slight
increases in TN are observed at a depth of 10 to 20 cm under MT and CT compared to
the more superficial layers. Furthermore, under NT, TN decreases from the surface layer
to the deeper layer. This result is in agreement with that of Jenkinson et al. [77], who
noted no differences in deeper soil TN content after 100 years of NT practice. TN is an
essential component of organic SOM, and its storage and dynamics are often associated with
those of carbon/organic matter [78]. Similarly, TN was higher in the NT and MT systems,
particularly in the surface layers, confirming the positive relationship between SOM and TN
retention [76]. This suggests that conservation tillage practices provide favorable conditions
and an environment for microbial activity and organic nitrogen stabilization. These results
are consistent with those of other studies [24,79], which have shown that conservation
tillage increases soil TN content.

Regarding the availability of nutrients such as P and K, the available concentrations
of each element showed marked differences across the different tillage systems. NT main-
tained significantly higher P levels at the surface (90.57 ppm) than MT and CT, which
recorded significantly lower levels. P accumulation in NT could result from reduced soil
erosion, leaching and mineralization rates, enhancing nutrient retention [80]. Similarly,
surface K was maximized under NT, reaching 298.10 ppm, indicating that minimal distur-
bance and surface organic matter accumulation preserve exchangeable cations essential for
crop nutrition. The reduction in nutrient levels with depth across all systems underscores
the importance of surface management strategies to optimize nutrient availability. All
of our results show that conservation tillage practices improve soil fertility parameters
and enhance soil chemical health, particularly in terms TN, P, and K, primarily at the
surface. Short-term NT has reduced the TN content of the subsoil, but increased that of
the topsoil from 0 to 5 cm. These practices help to improve nutrient retention, soil health,
and potentially increase agricultural yields [81]. The stability of soil pH in all systems also
confirms the sustainability of conservation tillage in maintaining soil chemical balance.

The PCA biplot from Figure 11 demonstrated that potassium (K) is the most influential
element affecting soil chemical characteristics across the different tillage systems. The
first principal component (F1) explaining 99.12% of the total variance and is strongly
positively correlated with K levels, indicating that K availability is the primary factor
driving differences among treatments. The PCA analysis shows that conventional tillage
(CT) and minimum tillage (MT) cluster closely together, reflecting similar nutrient profiles
characterized by higher K concentrations, which underscores the significance of K in
differentiating these systems from no-tillage (NT).
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Table 1. Soil chemical properties and available nutrients.

Parameters Soil Depth (cm) NT MT CT

0-5 6.68 £0.26 a 6.86 £0.17 a 6.72+0.23a

5-10 590+ 0.14c 6.46 = 0.24b 6.77 £0.30 a

pH 10-20 6.33+0.22b 6.53 +0.15b 6.51 £0.22a

20-30 6.50 £ 0.16 ab 6.56 £0.21b 6.66 £0.25a

3040 6.65+0.25a 6.72 £ 0.25ab 6.76 £0.10 a

0-5 0.253 £0.22a 0.202 £0.15¢ 0.074 £0.22d

5-10 0.161 £0.11 ¢ 0.241+0.21b 0.177 £0.15¢

TN (%) 10-20 0.242 +£0.17 ab 0.292 £ 0.30 a 0.294 £0.28 a
20-30 0.244 £ 0.24 ab 0.119 £0.12d 0.271+£0.22b

3040 0.205+0.20b 0.247 £ 0.14b 0.075+1.77d

0-5 90.57 £0.11a 36.51+0.21a 2529 +0.27b

5-10 80.89 £0.20b 2820 £0.23b 2417 £0.16b

P (ppm) 10-20 3133 +£0.24c 16.51 +0.14 ¢ 28.81 £0.05a
20-30 29.82+0.20d 12.07 £0.18d 21.46 £ 0.15¢

30-40 2467 £0.12e 1194 +0.22d 1497 £ 0.22d
0-5 29810+ 0.11a 286.94 +£0.22 a 24794 +0.21a
5-10 226.01 +£0.12b 229.07 £0.17b 198.04 £0.13 ¢
K (ppm) 10-20 21493 £0.28 ¢ 205.98 £0.18 ¢ 20792+ 0.26b
20-30 205.07 £0.16d 191.04 £ 0.21d 179.95 +0.15d
3040 199.01 £ 0.11e 190.00 £0.17 d 197.06 £0.23 ¢

NT: No-tillage; CT: Conventional tillage; MT: Minimum tillage; TN: Total Nitrogen; P: Available Phosphorus;
K: Available Potassium; pH: Potential hydrogen. a, b, ¢, d, e: For each year, means with different letters are
significantly different at the 5% threshold: p < 0.05 for the same column. The largest means are marked with the

letter “a”.
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Figure 11. Principal Component Analysis (PCA).
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In contrast, no-tillage (NT) revealed a distinct nutrient pattern, with notably lower
K availability and unique phosphorus (P) dynamics—specifically, P accumulation in the
surface layer under NT. Despite P’s tendency to concentrate at the surface, its overall
contribution to treatment variability is less significant than that of K. Soil pH and total
nitrogen (TN) contributed minimally to the variance, indicating their relative stability across
tillage practices. These results highlight that tillage practices significantly influence soil
nutrient profiles, with K playing a central role in distinguishing the chemical characteristics
of each system.

4. Synergy Between Soil Porosity, Aeration Limits, Soil Capillarity, and
Soil Organic Carbon

The results of our research demonstrate a significant relationship and synergy among
soil depth, tillage practices, and key physical and chemical properties, especially SOC
and SOM, across the two cropping seasons. It should be mentioned that the topsoil layer
(0-10 cm) has the highest values for SP, SAL, SCC, SOC, SOM, and nutrient content in NT
and MT systems, highlighting the essential role of minimal soil disturbance in promoting
soil health. These surface benefits decrease with increasing depth, but NT consistently
maintains a higher pore structure and organic carbon sequestration than CT, which can
be explained by reduced soil disturbance and increased accumulation of SOM. The depth
gradient in SP and SOC content corresponds to the physical principles of soil layer forma-
tion, in which surface layers accumulate SOM, promoting microbial activity and nutrient
retention. Based on these results, we can deduce that SP plays a crucial role in promoting
effective carbon sequestration in NT system through several interdependent mechanisms
guided by the principles of conservation agriculture. Reduced tillage minimizes soil distur-
bance, which helps preserve and improve the natural soil pore structure. Higher porosity
allows for better aeration, enabling the microbial communities responsible for decompos-
ing and stabilizing SOM to develop. This microbial activity is essential for transforming
organic residues into stable SOC and SOM. In addition, increased pore space improves
water infiltration and retention, providing an environment conducive to microbial pro-
cesses and protecting SOM from rapid mineralization. Improved pore connectivity also
promotes root growth and the incorporation of organic residues, further contributing to
carbon storage. On the other hand, higher SP reduces compaction and erosion, which affect
SOM accumulation. The synergy between these physical improvements and biological
activity results in higher carbon sequestration in the soil profile, especially in the surface
layers where SOM inputs are the highest. While reduced tillage is a key factor, the benefits
extend to other soil properties, such as increased nutrient retention (TN, P, K), improved soil
chemical stability (pH, SOM), and improved physical attributes (SCC, SAL), which together
promote a resilient soil ecosystem conducive to long-term carbon storage. In addition, soil
chemical parameters, including pH, SOM, TN, P, and K, show a similar trend, with higher
concentrations near the surface in conservation tillage systems. It is important to emphasize
that the stability and slight decrease in these properties during crop development stages
highlight the dynamic interactions between biological activity, soil structure, and tillage
practices. Essentially, this synergy results from high SP maintained through minimal dis-
turbance, which establishes optimal physical and biological conditions that enhance SOM
accumulation, stabilize carbon compounds, and improve overall soil health. This integrated
effect underscores that soil porosity is not merely a physical characteristic but a crucial
factor that facilitates sustainable carbon sequestration in NT system. It should also be noted
that Ts measurements showed that conservation practices helped maintain more stable,
moderate surface and subsurface temperatures, thereby reducing temperature fluctuations
that can affect microbial activity and the decomposition of organic matter. These results
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suggest that optimizing SP not only promotes carbon sequestration but also creates a more
favorable temperature condition, contributing to sustainable soil management.

These results indicate that conservation tillage practices, particularly NT and MT,
optimize soil physical health and enhance organic carbon stocks, thereby strengthening
their potential for sustainable soil management and climate change mitigation through
improved carbon sequestration and nutrient retention in critical surface horizons. Our
study, conducted in northeastern Romania, provides insights for farmers who could gain
many benefits from adopting NT and MT systems in the short, medium, and long term.

5. Conclusions

The results obtained after two years of study have deepened our understanding of
the influence of conservation systems (NT, MT) and conventional systems (CT) on specific
physical and chemical properties, particularly organic carbon sequestration in soil. This
study highlights the essential role of soil physical and chemical properties in promoting
sustainable soil health and carbon sequestration across different tillage systems and depths.
The results indicate that minimal soil disturbance through NT and MT practices significantly
improves soil porosity (SP), aeration limit (SAL), capillarity, and organic carbon content
(SOC), particularly in the upper layers. These physical improvements facilitate microbial
activity, enhance nutrient retention, and promote organic matter accumulation, creating
an ecosystem conducive to long-term carbon sequestration. The depth gradients observed
highlight the importance of the topsoil layers as critical zones for organic matter input
and storage, which are better preserved under conservation tillage systems. Synergistic
interactions between physical characteristics, such as porosity, and biological processes
underscore that sustainable soil management practices can optimize soil functions and
contribute to climate change mitigation by increasing soil organic carbon sequestration.
The adoption of conservation tillage practices not only improves the physical and chemical
health of soils but also plays a significant role in establishing a resilient and sustainable
soil ecosystem. These observations confirm the need to integrate the management of soil
physical properties into agricultural strategies aimed at environmental sustainability and
carbon emission reduction.
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