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71-459 Szczecin, Poland; lilla.mielnik@zut.edu.pl

3 Institute of Soil Science, Plant Nutrition and Environmental Protection, Wrocław University of Environmental
and Life Sciences, Grunwaldzka 53, 50-375 Wrocław, Poland; jerzyweber@gmail.com (J.W.);
elzbieta.jamroz@upwr.edu.pl (E.J.)

4 Institute of Agriculture, Warsaw University of Life Sciences, Nowoursynowska 166, 02-787 Warsaw, Poland;
aneta_perzanowska@sggw.edu.pl (A.P.); dariusz_gozdowski@sggw.edu.pl (D.G.)

5 The Prof. Marian Górski Experimental Station in Skierniewice, Warsaw University of Life Sciences,
Nowoursynowska 166, 02-787 Warsaw, Poland; pawel_szacki@sggw.edu.pl

* Correspondence: edyta_hewelke@sggw.edu.pl

Abstract: The aim of this study was to compare the long-term effects of conventional tillage (CT) and
no-till (NT) systems on the main soil properties that determine soil health. The research was conducted
in a field experiment established in 1975 in Chylice, central Poland, at the WULS-SGGW Experimental
Station Skierniewice. Soil samples collected from 0–10 and 10–20 cm of the mollic horizon of the
Phaeozem were analysed for total organic carbon (TOC) content, fractional composition of SOM and
spectroscopic properties of humin, soil structural stability, soil water retention characteristics and soil
water repellency (SWR). The results showed that NT practice almost doubled the TOC in the 0–10 cm
layer. However, optical parameters of humin indicated that NT management promoted the formation
of humin with a lower molecular weight and lower degree of condensation of aromatic structures. In
the NT 0–10 cm layer, a significant increase in the number of water-resistant macroaggregates was
found. In the 0–10 cm layer, the water capacity increased by 9%, 18%, 22% and 26% compared to CT
at (certain soil suction) pF values of 0.0, 2.0, 3.0 and 4.2, respectively. SWR occurs regardless of the
cultivation method at a soil moisture equivalent to pF 4.2, and the greatest range of SWR was found
in the NT 0–10 cm layer.

Keywords: soil organic carbon; humin; soil structure; soil water retention; soil water repellency;
spectroscopic properties; fluorescence properties

1. Introduction

Soil is a key component of the terrestrial biosphere, not only for its production of food
and fibre, but also for its role in maintaining environmental quality. For this reason, the
provision of high-quality soil is a major concern for many researchers, not just soil scientists.
The metaphor of “soil health”, which refers to the ability of a soil to provide ecosystem
services, was widely adopted by the scientific community in the 1990s [1]. However, the
concept of applying this metaphor to soil is much older. The earliest mention of “soil
health” comes from a 1910 thesis at Iowa State University by H.A. Wallace, who wrote
about the importance of humus in maintaining soil health [2]. This first concept of soil
health was based on the physical and chemical properties of the soil and its fertility, and
over time has been complemented by the biological properties of the soil.

Today, “soil health” is defined as “the continued capacity of soil to function as a vital
living ecosystem that sustains plants, animals, and humans” [3], while its longer version
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is “the capacity of soil to function as a vital living system, within ecosystem and land-use
boundaries, to sustain plant and animal productivity, maintain or enhance water and air
quality, and promote plant and animal health” [4]. A soil is considered healthy if it provides
comparable or better ecosystem services than undisturbed reference soils of a similar type
in the same region [5]. The sustainable management of agricultural soils fits into the current
European research needs on the health of agricultural soils and soil resilience to climate
change [6,7]. However, soil health is neither a readily quantifiable nor measurable object,
so there are no simple indicators for it [8].

In addition to soil properties being limited by the parent rock type, soil organic matter (SOM)
content and quality, moisture regime, and chemical and biological properties, they are influenced
by anthropogenic activities [9]. This includes preferred cropping practices and intensive land
use management, which can have positive or negative effects on soil health. No-tillage (NT) is
considered an effective way to improve soil health in both the short and long term, with the
magnitude of benefits depending on specific practices and environmental conditions [10–12].

NT practices have been observed to improve soil’s physical, chemical and biological
properties. The longer the duration of NT, the better the effect. Improvements include
increased soil organic carbon (SOC) content, especially in surface layers [13,14], but little is
known about changes in the soil’s organic matter characteristics, including those of humic
substances. In particular, the humin fraction is the least known component of the SOM,
although this fraction may represent an important part of the pool responsible for carbon
sequestration [15–18]. Changes in the directions of SOM transformation, including the
humin fraction, can be accurately determined using advanced techniques such as UV–Vis
supported by fluorescence [19–21].

Long-term NT significantly increases soil aggregation and aggregate stability, especially in
the surface layers [10–12], which improves soil structure and reduces erosion [10,13]. Conventional
tillage (CT), in contrast to NT, contributes to an increase in soil bulk density, particularly in the
upper soil layers, which can lead to soil compaction problems [10]. NT has also been shown to
increase soil infiltration and water storage, improving soil moisture retention [10,13,22,23]. In
Tahad’s et al. [24] review of agricultural practices, NT reduced the amount of irrigation water
applied by 1/8 to 1/4 compared to CT. Thus, NT increases water use efficiency and, consequently,
overall net returns. The NT system also increased the soil water repellency (SWR), contributing to
soil degradation by changing some soil processes (e.g., carbon sequestration and soil erosion). Soil
structure had a direct influence on SWR [25–27], and was a result of the interactions between the
pore structure and hydrophobic substances [26]. Further studies into the mechanisms controlling
SWR require more than a quantification of TOC [27].

The aim of this study was to assess the effects of almost 50 years of NT vs. CT
treatments on soil’s physical and chemical properties, including changes in the molec-
ular structure of the rarely studied humin fraction of SOM, with particular attention to
differences between the 0–10 cm and 10–20 cm layers.

2. Materials and Methods
2.1. Long-Term Tillage Experiment

The 47-year field experiment in Chylice (central Poland, 52.098◦ N, 20.548◦ E) was
established in 1975 at the WULS-SGGW Experimental Station in Skierniewice. The experi-
ment is the longest-running soil cultivation type of experiment in Poland and one of the
oldest in Europe. The area has an average annual temperature of 9.3 ◦C and an average
annual rainfall of 600 mm, classifying its climate as warm temperate (Cfb) [28]. In the
decade 2011–2020, the average annual precipitation was 604.1 mm (min 476 mm in 2019,
and max 725 mm in 2016) and the average annual temperature was 9.4 ◦C (min 8.8◦ in 2012,
and max 10.5◦ in 2019), respectively. The groundwater level ranges from 70 cm in April to
170–200 cm in the summer months.

The experiment was carried out on Phaeozem derived from sandy loam (sand 70%,
silt 17%, clay 13%) on 20 m2 plots. A randomised block design was used with two contrasting
tillage systems, i.e., traditional full inversion tillage with mouldboard plough (CT), and NT with
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direct drilling. Both tillage systems used the same crop rotation and mineral fertiliser regime. Crop
rotation was dominated by cereals, but from 2020 onwards, a monoculture of maize was grown.
The average fertilisation level over many years was 100–170 kg N adapted to the needs of crops
(in legumes 20 kg), 30.6 kg P and 87.2 kg K per hectare. Cereals dominated crop rotation. In 2022
in CT and NT systems, the same crop (winter wheat in 2021), corn variety (Gallery), sowing date,
fertilisation and level of chemical plant protection were used. On 28 April 2022, NPK mineral
fertilisers were applied in the following doses: 21 kg of N in ammonium and 92 kg in amide
forms, 30.6 kg of P and 87.2 kg of K in potassium chloride per hectare. Mineral fertilisers in the CT
were mixed with the soil using a cultivator. On 29 April 2022, corn was sown in 88 thousand seeds
per hectare with simultaneous under-sowing NP mineral fertilisers: 21 kg of N in ammonium
form and 30,6 kg of P per hectare. A mixture of nicosulfuron, sulcotrione and terbuthylazine was
sprayed after the emergence of maize plants. Three plots of each tillage system were selected
(Figure 1) and in mid-season 2022, soil samples were collected from 0–10 cm and 10–20 cm soil
layers at 10 points in each block plot and averaged by gently mixing.
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Figure 1. Localisation and the scheme of the long-term tillage experiment.

2.2. Basic Chemical Properties

Soil pH was measured potentiometrically in a 1:2.5 suspension of soil and 1 M KCl.
Total organic carbon (TOC) and total nitrogen (TN) were determined using the Enviro
TOC+N analyser (Elementar; Langenselbold, Germany). Cation exchange capacity (CEC)
was calculated as the sum of H+ ions determined in 1 M KCl, and exchangeable base
cations extracted with 1 M NH4Ac, and measured by atomic emission spectroscopy
(K+, Na+ and Ca2+) and atomic absorption spectroscopy (Mg2+). Plant available nutrients
(P, K, Mg) were determined by the Mehlich 3 method [29].

2.3. The Fractional Composition of SOM

The fractional composition of SOM was determined using the modified method of Swift [30].
H2SO4 was used to decalcify the soil, which allowed us to obtain a low-molecular-weight fraction
called fulvic fraction (FF). The C content of the supernatant (FF) was determined using the Enviro
TOC+N analyser (Elementar; Langenselbold, Germany). An exhaustive alkaline extraction with
0.1 M NaOH was then performed until the supernatant was light-coloured, in which the C content
was determined as total extractable carbon (TEC). This fraction contained humic acids (HAs)
and fulvic acids (FAs). In the next step, the alkaline supernatant was acidified to pH = 2, which
caused HA precipitation. The HA was separated from the FA by centrifugation. Finally, hot 0.02
M NaOH was used to dissolve the precipitate and the C concentration in the whole volume was
determined as HA. The content of the FA fraction was calculated as the balance between the TEC
and HA fractions (FA = TEC − HA). The content of the humin fraction was calculated according
to the formula HUM = TOC − (TEC + FF).
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2.4. Spectroscopic Analysis

The spectroscopic properties of the humin isolated from the 0–10 cm layers were
determined by means of UV–Vis spectroscopy and fluorescence analysis. The UV–Vis
spectra were recorded in the wavelength range of 200–700 nm using a Jasco UV-VIS-NIR
770 spectrometer (Jasco-Global, Tokyo, Japan).

Fluorescence spectra were recorded using a Hitachi F 7000 spectrofluorometer (Hitachi,
Tokyo, Japan). Emission spectra were recorded at several fixed excitation wavelengths ex.
Synchronous scan spectra were measured in the range of 220–620 nm, keeping the scan
difference constant, ∆λ = λem − λex = 20 nm. The monochromators of the excitation and
emission slits were 5 nm and 10 nm, respectively, and the scan speed was a 240 nm min−1.

Humin was dissolved in a mixture of DMSO and 98% H2SO4 (94% and 6% v/v,
respectively) to obtain a carbon concentration of 10 mg dm−3. Prior to optical analysis, the
samples were filtered through a syringe filter with a pore size of 0.45 µm.

2.5. Bulk Density and Structural Stability

Soil bulk density was determined by the gravimetric method in undisturbed samples
in three replications for each plot and layer. Structural stability was determined in 30 g
samples of dry soil aggregates placed on top of a set of sieves in cylindrical containers filled
with distilled water in Baksheev′s apparatus [31].

Mean weight diameter of water-resistant aggregates (MWDw) was calculated based
on the share of weighted mean diameters of aggregates of all size-fraction classes in the
soil according to the formula described by Elliott [32]:

MWDw = ∑n
n=1 xiwi (1)

where MWD = mean weight diameter (mm) = mean diameter of each size faction,
wi = proportion of total sample weight,
n = number of size fractions.

2.6. Soil Water Retention Characteristic

The undisturbed, standard soil samples (100 cm3) were collected in three replicates
from each block plot design in the two layers (36 samples in total) for the determination
of soil water retention characteristics (SWRCs). Retention curves were measured in the
laboratory using reference methods [33]. Moisture content values in the range of pF = 0 to
pF = 2 were determined on a sand table, while the amounts of water at the pF: 2.3, 2.7, 3.0
and 4.2 were measured in pressure chambers. The plant available water capacity (AWC)
was calculated as the difference between the field capacity pF = 2.0 and the permanent
wilting point (pF = 4.2), the easily available water (EAW) was calculated as the difference
between pF = 2.0 and 3.0 and the difficultly available water (DAW) for the plant was
calculated as the difference between pF = 3.0 and pF = 4.2.

2.7. Soil Water Repellency Assessment

SWR was assessed by the most widespread method, the water drop penetration time (WDPT)
test [34]. The WDPT test was performed at different moisture contents that had been adjusted by
equilibrating the undisturbed soil samples at characteristic pF values in triplicate, for each block
plot and layer. A detailed description has been presented in previous work by Hewelke [35]. The
classification of SWR proposed by Dekker and Jungerius [36] was used to evaluate the test results.

2.8. Statistical Analysis

Statistical analysis was performed using analysis of variance and the Fisher procedure
of multiple comparisons, α = 0.05. The Kruskal–Wallis test was used for WDPT test values
that did not follow a normal distribution. Principal component analysis (PCA) was used
to investigate the multivariate relationships between the examined soil variables studied
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and the tillage systems. All analyses were carried out using the data analysis programme
Statistica version 13 [37].

3. Results and Discussion
3.1. Basic Chemical Properties

Compared to CT, NT can have a positive effect on most soil parameters, with changes
usually limited to the top 10 cm [12]. The basic chemical properties of the soils studied are
shown in Table 1. A global meta-analysis of soil pH responses to NT by Zhao et al. [38]
suggested that changes in organic matter decomposition under undisturbed soil could
lead to higher H+ concentration, thereby lowering soil pH. Our research indicated that
long-term NT can reduce the pH of a surface layer of soil from 6.19 to 5.33. No such effect
was observed in the 10–20 cm layer.

Table 1. Basic chemical properties.

Variant pH (KCl)
TOC TN

TOC/TN
CEC P K Mg

g kg−1 cmol (+) kg−1 mg kg−1

0–10 cm layer
CT 6.19 b 9.87 a 1.00 a 10.50 a 8.21 a 128.33 a 125.33 a 107.67 a
NT 5.33 a 17.60 b 1.63 b 10.83 a 9.31 a 196.67 b 218.00 b 114.67 a

10–20 cm layer
CT 5.38 a 12.13 a 1.07 a 11.30 a 7.56 a 121.33 a 121.67 a 100.67 a
NT 5.54 a 11.43 a 1.20 a 9.73 a 10.61 a 121.67 a 109.00 a 120.00 a

NT resulted in a significant increase in TOC and TN, but only in the top layer of the soil,
indicating the beneficial effect of NT on SOM content [39–41]. Increased soil C levels under
NT compared to CT are a result of a 1.5 times slower C turnover, leading to a stabilisation
of C within microaggregates [42]. Our results showed that compared to CT (9.87 g kg−1),
almost 50 years of continuous use of NT increased TOC by 78%, indicating that this type of
practice maintains soil health [43] and minimises the risk of soil degradation [44].

Despite an increase in TOC content of almost 80% in the surface soil layer, no effect of
NT on CEC was observed in either the surface or deeper soil layers. However, there was a
significant increase in the content of plant-available forms of potassium and phosphorus,
in the upper 0–10 cm layer.

3.2. The Fractional Composition of SOM

Several studies have demonstrated the positive effects of NT on soil organic carbon
stocks, but little is known about the effects of this soil management on the characteristics
of accumulated SOM. CT generally reduces the aggregation and content of particulate
organic matter (POM). Six et al. [42] found that C concentrations in fine intra-aggregate
POM were on average 51% lower under CT than under NT. Results obtained by Aduhene-
Chinbuah et al. [45] in a 19-year field experiment showed an increase in carbon, nitrogen
and phosphorus in POM fractions at 0–7.5 cm depth in the NT system, leading the authors
to suggest that this system must be highly effective in improving soil fertility.

There is a lack of comprehensive research on the effect of NT on changes in the
fractional composition of humic substances. Our results showed that this type of soil
management had a significant effect on the FF fraction in the 0–10 cm soil layer (Table 2).
The content of this highly mobile fraction, consisting mainly of low molecular weight
organic matter, was significantly lower in the NT system (8.77% of TOC) than in the CT
(11.65% of TOC). Szajdak et al. [46] found a 42 to 59% higher concentration of HA in NT
soils, whereas the concentration of FA was 54% higher in conventionally cultivated soils.
In contrast, Wulanningtyas et al. [47] showed negative effects of NT in combination with
fallow, hairy vetch and rye on the ratio of humic acids to fulvic acids. Our research did
not show a clear effect of NT on the humification process. A higher, but not statistically
significant, proportion of HA (51.55% of TOC for CT vs. 46.25% of TOC for NT) and a higher
HA/FA ratio (3.46 for CT vs. 2.50 for NT) were found in both the 0–10 cm and 10–20 cm
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layers. This may suggest that CT favours the humification process and the formation of
organic matter with highly reactive organic fractions to a greater extent than NT practice.
However, this hypothesis requires more in-depth research on a larger number of samples.

Table 2. Fractional composition of SOM.

Variant
TOC

g kg−1
FF HA FA HUM HUMg

kg−1 HA/FA
% of TOC

0–10 cm layer
CT 9.87 a 11.65 b 51.66 a 15.65 a 21.05 a 2.08 a 3.46 a
NT 17.60 b 8.77 a 46.25 a 18.64 a 26.34 a 4.63 b 2.50 a

10–20 cm layer
CT 12.13 a 10.04 ab 48.84 a 15.65 a 25.47 a 3.09 a 3.28 a
NT 11.45 a 11.22 b 41.98 a 21.10 a 25.70 a 2.92 a 2.03 a

TOC—total organic carbon, FF—low molecular fraction, HA—humic acids, FA—fulvic acids, HUM—humin; HA and
FA% of TOC and HA/FA value were calculated based on values from individual replications and, because of that, are not
exactly equal to ratio calculated based on the means of HA and FA% of TOC and HA and FA values.

Also noteworthy is the quantitatively significant increase in the content of the humin
fraction in the NT system (from 2.08 g kg−1 to 4.63 g kg−1 for CT and NT, respectively,
in the 0–10 cm layer). This is of environmental importance, as the increase in this fraction,
considered the most resistant to decomposition, has a significant effect on the increase in carbon
sequestration. However, it should be noted that this is the effect of the increase in TOC content.

3.3. Spectroscopic Properties of Humin

In the study of various organic substances, including SOM, their optical properties are
increasingly used. Thanks to the high sensitivity of fluorescence methods, they allow the
identification of even small differences in their structure, which may indicate the directions
of incipient changes in their transformation. Sometimes they are not advanced enough to
be detected by other methods.

3.3.1. UV–Vis Analysis

The UV–Vis spectra of the investigated humin showed a specific profile with a prominent
double maximum in the short wavelength range, at 260 nm and 280 nm (Figure 2). In this
range, humin isolated from objects with CT showed a much higher absorption capacity. Light
absorption by organic matter in this wavelength range increases with increasing degree of
condensation of aromatic rings, a higher ratio of carbon in the aromatic core of the molecule
to carbon in aliphatic chains and higher molecular weight [48]. On the other hand, at higher
wavelength values, corresponding to the Vis range, the absorption efficiency is due to acceptor–
donor complexes formed as a result of internal and external molecular aggregation [48,49].
In this range, the analysed humin did not show significant differences.

Differences in soil management and their influence on the transformation of fresh
organic matter are also reflected in the absorption coefficient values often used in the
literature (Table 3). They are calculated for the absorption values at individual wavelengths.
Lower E260:E280 and E465:E665 values for humin from CT indicated their larger size and
molecular weight [50] and increased highly complex aromatic structures and alkyl sub-
stitution [51], indicating a more advanced stage of the transformation [52]. Changes in
the values of the E280:E365 and E280:E470 coefficients of the discussed humin samples also
indicated different dynamics of the transformation processes of SOM, as well as the influx
of fresh mass [53,54]. Higher values of these indices for humin from CT indicated its higher
degree of humification.
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Table 3. UV–Vis and fluorescence spectroscopic analysis and correspondent indices.

Variant
UV–Vis Spectroscopy Fluorescence Spectroscopy

E260:E280 E465:E665 E280:E365 E280:E470 IFl330:IFl390 IFl330:IFl470 HIX A440

CT 0.77 2.37 12.90 35.48 1.88 5.48 1.76 30.04
NT 1.04 3.40 6.61 14.79 2.67 7.69 1.39 25.24

3.3.2. Fluorescence

Differences in SOM transformation processes in NT and CT soils were also visible
in the synchronous scan fluorescence spectra (Figure 3), mainly in the shortwave region
(280–340 nm). Humin from NT showed a greater ability to emit fluorescence. This band is
attributed to the presence of fluorophores of lower molecular complexity. In particular, the
band at 280–300 nm is due to the presence of aromatic amino acids, such as tryptophan,
and other substances with strongly coupled aliphatic structures [55,56]. According to
Duarte et al. [57], in the synchronous scan fluorescence spectra, the band at about 280 nm
can be attributed to structural fragments derived from lignin. Its intensity increases towards
smaller sizes and lower molecular complexity.
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The humin fractions tested showed very weak fluorescence in the 340–600 nm range,
with CT humin showing slightly higher fluorescence. Peaks in the 420–600 nm range
indicate the presence of high molecular weight polycyclic aromatic compounds, while
increased fluorescence in the 340–420 nm range indicates the presence of large amounts
of simple, dissociated phenolic and quinone groups [18,56,58,59]. It is assumed that the
increase in humification leads to a higher fluorescence intensity in the longer wavelength
range. This is related to the increase in the number of highly substituted aromatic rings
and/or highly conjugated unsaturated systems [54,60]. The observed low fluorescence
in the long wavelength part of the tested humin may indicate the degradation of high
molecular weight components and the formation of smaller fractions.

The calculated fluorescence coefficients (Table 3) are related to the degree of humification
and to the degree of condensation of the aromatic group in humin. They indicate a similar
effect of the cultivation method on the humin properties as the UV–Vis data. Higher values of
IFl330:IFl390 and IFl330:IFl470 for NT indicate a lower degree of humification of these samples.
This reflects the relationship between relatively simple fluorophores and the number of
strongly coupled and condensed aromatic nuclei [54,61]. Similarly, lower HIX and A440
values for NT confirm a lower degree of internal transformation of the humin molecule, thus
indicating a lower “packing” of this humin. According to Fuentes et al. [62], higher HIX
values may be associated with a lower share of oxygen-containing functional groups.

3.4. Bulk Density and Structural Stability

In our investigation, NT caused a significant reduction in bulk density for the 0–10 cm
layer, with values of 1.56 g cm−3 for NT and 1.65 g m−3 for CT, respectively. There were no
differences in the 10–20 cm layer. Similar results were reported by Blanco-Canqui and Ruis [12],
although they noted in their review that NT can have different effects on bulk density,
depending on soil texture.

The 0–10 cm layer showed significantly more large water-resistant macroaggregates with
fraction sizes of 10–7, 7–5, 5–3 and 3–1 mm in NT compared to CT (Figure 4a,b). Their pro-
portion was 204, 302 and 244% higher in NT, respectively. In contrast, there were significantly
more water-stable macroaggregates of smaller diameters (1–0.5 mm and 0.5–0.25 mm) and
microaggregates (<0.25 mm) in CT (by 39.5, 42.6 and 45.3%). This varied share of water-resistant
fractions of different sizes significantly influenced MWDw—the average diameter of the water-
resistant aggregate in NT was almost twice that in CT (Figure 4c). The obtained results clearly
indicate that the soil structure of CT was unstable and easily disrupted in the water environment
into smaller macroaggregates and microaggregates compared to NT. Zheng et al. [63] also
reported the enhancement of soil macroaggregate stability in the 0–10 cm surface soil layer
under long-term NT conditions. The improvement of the surface soil structure in NT was also
confirmed in different regions and soils [64–66]. The use of NT was associated with the cessation
of periodic mechanical destruction of soil aggregates and the accumulation soil organic matter,
which increases the dominance of stabilisation processes over destabilisation processes and
enhances the process of the cementation of soil particles into stable structures by organic binding
agents [67,68].

3.5. Soil Water Retention Characteristic

SWRCs were significantly affected by the tillage treatments, especially in the 0–10 cm layer
for all soil water pressures (Figure 5a–d). The NT treatment in 0–10 cm significantly increased the
SWRCs at all soil water pressures compared to the CT. In the 0–10 cm layer, under the influence
of 47 years of NT, the water capacity increased by 9%, 18%, 22% and 26% compared to CT at
pF values of 0.0 (Figure 5a), 2.0 (Figure 5b), 3.0 (Figure 5c) and 4.2 (Figure 5d), respectively. It is
noteworthy that differences were obtained at pressures corresponding to the permanent wilting
point in the 0–10 cm layer, compared to the 10–20 cm layers, where no significant differences
were found. Layer 0–10 cm can retain 50% more water in the NT system compared to CT and
25% more compared to the 10–20 cm layer in both treatments. Similar observations were made
by De Vita et al. [69], who concluded that NT performed better with limited rainfall during
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the durum wheat growing season. Higher moisture contents obtained for NT under certain
conditions indicate the water-saving effect due to low soil structure disturbance, as documented
for Scandinavia [70], the North American drylands [71] as well as for Germany [72].
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Figure 4. Water-stable soil macroaggregate and microaggregate size distribution for CT and NT
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gregates (MWDw) (c). Different letters indicate significant differences (according to analysis of
variance and Fisher’s procedure, p < 0.05).
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Figure 5. Soil water retention (box plots) measured at pF 0.0 (a), pF 2.0 (b), pF 3.0 (c) and pF 4.2 (d). Water
available (boxplots and outliers) to the plant (e), including easily available (f) and difficultly available (g).
Mean value n = 9; different letters indicate significant differences (according to analysis of variance and
Fisher’s procedure, p < 0.05) for the analysed CT and NT, and for the layers 0–10 and 10–20 cm.
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Research conducted by Jabro and Stevens [73] during a four-year tillage study showed
that soils under NT management had significantly higher plant AWC than soils under CT
practices. This long-term study provided critical information on the effect of NT and CT
on the range of water that is difficult for plants to access (Figure 5g), which may not effect
plant development (Figure 5e,f), but may affect SOM transformation processes.

3.6. Soil Water Repellency

The results indicated by the WDPT test medians for dry soil, i.e., potential SWR and
actual SWR obtained at different soil moisture levels, assess it as the hydrophilic, wettable
class of SWR [32]. Hydrophobicity was obtained at a single soil moisture content of pF 4.2
(Figure 6) for different system managements and layers, allowing it to be classified as SWR
class 2, i.e., strongly repellent. As drought becomes more common, SWR is expected to
become more common [74]. Bianco-Canqui [75] found an increase in SWR of 1.5 to 40 times
in NT compared to CT management. Fifteen years of NT practice increased the water
repellency index compared to the CT, as a consequence of the interactions between the
hydrophobic substance and pore structure [26]. In our case, the significant difference and
the lowest value of SWR were found for 10–20 cm of the NT system, which is beneficial for
water infiltration. However, the widest range of values was found for NT 0–10 cm, from
wettable to highly hydrophobic, suggesting that hydrophobic components accumulate in
the unmixed 0–10 cm layer. The importance of the wetting history, i.e., the strength and
duration of soil drying and wetting [76,77], is suggested to be the key for the effectiveness
of SOM stabilisation by SWR. Bianco-Canqui and Ruis [12] and Behrends Kraemer et al. [78]
proposed SWR as a driver to maintaining or improving the structural quality of the soil.
Zhang et al. [79] stressed the SWR protection of aggregates is mainly related to the reduction
in the initial wetting rate, which diminishes the build-up of air pressure in soil pores
and reduces the slaking stress. The environmental implications of SWR occurrence are
negatively perceived, i.e., slow water infiltration, increased runoff, reduced water storage
and thus plant growth [80–82]. Increased SWR may cause significant restrictions and
conditions for agricultural production, land use and environmental protection [83].
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3.7. Soil Health Assessment

The results of the PCA are presented in Figure 7. The first two principal components
(PC1 and PC2) explain about 81% of the total variability of the data set of soil properties, which
was used for the analysis. This means that most of the variability is explained by these two PCs.
Both treatments (NT and CT) for the soil layer 10–20 cm were very similar according to all the
soil properties used for the PCA. These two treatments, NT (10–20) and CT (10–20), have high
DAW, BD and AWC, while simultaneously having a low p = F0, pF = 4.2, SWR and sand content.
For the 0–10 cm layer, very large differences were observed between NT and CT. CT (0–10) was
characterised by high HA (C% in TOC), pH (KCl), parts < 0.25 and low HUM (C% in TOC).
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NT (0–10) was characterised by high HUM (g kg−1), TOC, TN, parts 10–7, 3–7, pF = 0, PF = 4.2
and SWR and simultaneously by low BD and FF (C% in TOC).
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4. Conclusions

Our long-term study showed that a 47-year application of NT, compared to CT, resulted
in a doubling of the TOC content and an improvement in the soil structure and water regime.
The fractional composition of humic substances, considered as a percentage of TOC, did not
change significantly, indicating that, despite a significantly slowed mineralisation of SOM,
the directions of its transformation were similar in both treatments. As a result, the humin
content, quantified in g kg−1, doubled under NT. This is ecologically important because
the increase in this fraction, which is considered to be the most resistant to decomposition,
has a significant effect on carbon sequestration.

The UV–Vis and fluorescence properties of the humin studied showed the different
dynamics of the SOM transformation processes occurring under the cultivation methods
discussed. The spectroscopic properties of the humin fraction formed under NT condi-
tions indicated its smaller size and lower molecular weight, suggesting a lower degree of
humification of these substances formed under NT cultivation conditions.

NT also induced changes in physical properties, but these were confined to the 0–10 cm
layer only. There was a significant improvement in soil structure and water holding capacity.
A particularly positive effect on water retention was observed at pF values of 3.0 and 4.2,
where soil water retention increased by 22% and 26%, respectively. However, it should be
stressed that SWR occurs at low soil moisture levels, regardless of the cultivation method.
The identified wide range of its values in 0–10 cm NT may lead to unfavourable phenomena
related to the irregular wetting front after dry periods. Increasing the SOM content and water
retention of the soils under NT conditions may be a good way to contribute to climate change
mitigation and ensure food security. An integrated sustainable approach linked to soil health
is needed for a long-term strategy and recognition of resilience to climate change.
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