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Abstract

Soil health is vital for food security and ecosystem services supporting climate change
mitigation. Cover crops (CCs) improve soil quality and crop yields in intensive agriculture.
This study assessed the impact of Sinapis alba L. as a CC on ten physical, chemical, and
biological soil indicators before maize planting. Three management systems were com-
pared: (i) CC with conventional tillage (CT), (ii) CC under no tillage (NT), and (iii) tilled
fallow without CC (TF). Measurements were taken at 60 and 90 days after sowing (DAS)
at 0-6 and 0-20 cm depths. The Soil Quality Index (SQI) was higher at the surface under
NT (0.69 at 60 DAS; 0.65 at 90 DAS). At 0-20 cm, SQI values increased at 90 DAS but did
not differ among treatments. TF also showed improvements (up to +18% at 0-20 cm). Dis-
solved organic matter increased significantly (1.7-2.5 times), especially under NT and CT.
NT enhanced structural stability (+70%) and reduced bulk density (—47%). All glomalin
fractions decreased at 90 DAS; however, NT retained higher concentrations of recalcitrant
glomalin in the 0-6 cm layer compared to the other treatments. These findings highlight
S. alba under no tillage as a promising strategy to improve soil quality, though long-term
studies are needed.

Keywords: SQI; minimum data set; service crop; sowing practices; on-farm conditions; soil
properties; crop grow stages

1. Introduction

Soil is a vital and non-renewable natural resource that provides essential goods and
services for ecosystems and human life, with food production being its most prominent
function [1,2]. Interactions between soil and plants are crucial to this process, as nutrient
uptake by crops depends on both nutrient concentration and bioavailability, as well as
on the soil’s capacity for cation exchange and water retention [3]. Additionally, physical
properties such as texture, structure, and permeability influence mechanical resistance and
root development, thereby affecting plant growth [4]. Considering these factors, sustainable
soil management is essential to meet the increasing demand for food and to mitigate
environmental challenges, a role in which agriculture plays a key part—particularly in
Mediterranean regions where climate and soils are more vulnerable to degradation [5].
However, the intensification of agricultural practices, characterized by monoculture and
deep tillage, has increased the risk of soil degradation [6]. This underscores the need
to assess soil quality, defined as the capacity of a soil to function within its ecosystem,
sustaining biological productivity, maintaining environmental quality, and promoting plant

Sustainability 2025, 17, 5949

https://doi.org/10.3390/sul7135949


https://doi.org/10.3390/su17135949
https://doi.org/10.3390/su17135949
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0630-1181
https://orcid.org/0000-0002-1006-5030
https://doi.org/10.3390/su17135949
https://www.mdpi.com/article/10.3390/su17135949?type=check_update&version=2

Sustainability 2025, 17, 5949

2 0f 23

and animal [7]. In this context, FAO highlights that a healthy soil functions as a living
system, capable of sustaining biodiversity and essential ecological processes. Moreover,
FAO [8] emphasizes the importance of sustainable land management to ensure the provision
of agroecosystem services, especially in Mediterranean areas, where soils are particularly
susceptible to degradation.

The European Green Deal promotes soil health and quality as central elements in
addressing environmental challenges. Within this framework, the Common Agricultural
Policy (CAP) supports agricultural practices that increase soil carbon sequestration [9].
Among these, maintaining vegetative cover and implementing crop rotations are notable
strategies for improving soil structure and fertility, while also helping to mitigate the
impacts of climate change in arid and Mediterranean environments [10]. Cover crops (CCs)
have been extensively documented as providing multiple ecosystem services: they suppress
weeds, conserve moisture, prevent erosion, accelerate organic matter decomposition, and
enhance nutrient cycling [11-14]. Their implementation under Mediterranean conditions
has shown promising results, improving soil structure and reducing degradation. Studies
conducted in Southeastern Spain have demonstrated that interseeding Brassica spp. as cover
crops in sustainable agricultural systems improves soil fertility and reduces erosion [13].
Furthermore, research in irrigated areas indicates that cover crops enhance soil functionality,
promote soil recovery, and optimize carbon storage capacity [14].

In the region of Aragén (Spain), maize is a major summer irrigated crop [15]. However,
several studies [16,17] have linked intensive maize production to high input use and signif-
icant environmental impacts, including biodiversity loss, soil degradation, and reduced
agroecosystem resilience. To mitigate these effects, the introduction of cover crops such
as white mustard (Sinapis alba L.) has emerged as an effective strategy. This species is
characterized by fast growth, high soil coverage, and low regrowth potential, enabling
it to efficiently suppress weeds—particularly grasses [12,18,19]—and exhibit nematicidal
activity [20]. Additionally, its deep root system enhances water infiltration and nutrient
availability in the soil profile [12], thereby contributing to more sustainable agriculture.
The aim of this study is to assess the Soil Quality Index (SQI) on-farm in conventionally
managed maize fields following the introduction of a short-cycle service crop (Sinapis alba
L.) under different sowing practices. The traditional management of first-season maize typ-
ically involves ploughing the fields after grain harvest and the maize stover removal. This
study introduces a winter service crop into that system, with two contrasting establishment
methods. In all plots, maize residues were removed after harvest, but in one treatment, the
cover crop was sown directly into undisturbed soil using no-tillage practices (conservation
agriculture), while in the other, it was sown after conventional tillage.

These two approaches were selected to reflect both the dominant local practice (tillage-
based) and an alternative, increasingly promoted for its potential environmental benefits
(no till). Evaluating both allows us to compare their effects on soil quality under real
farming conditions. Similar strategies have been explored in other Mediterranean and semi-
arid regions, but there is still limited information on their performance when integrated into
conventional maize system. This comparison helps to understand not only the agronomic
viability of service crops in such contexts, but also how their interaction with tillage
practices can influence soil function and sustainability outcomes [12,13,17].

This study hypothesizes that incorporating a short-cycle service crop (Sinapis alba
L.) between cash crop cycles, using different sowing strategies within a conventionally
managed maize system, can enhance soil quality, as evaluated through a Soil Quality Index
(SQI). It is expected that the magnitude of this improvement will vary depending on the
method of establishment, due to differences in soil cover, biomass input, and crop-soil
interactions. This research is distinctive for being conducted under real farm conditions,
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capturing the complexity of actual agricultural systems. By evaluating a temporary service
crop within a tillage-based system and applying the SQI in a practical context, the study
addresses a knowledge gap in Mediterranean and semi-arid environments and helps bridge
scientific research with on-farm decision-making.

2. Materials and Methods

2.1. Experimental Design and Treatments

The study area is in the locality of Ariéstolas (41°57'56.62” N, 0°11'14.55” W) in
Huesca (Spain), a region with a temperate Mediterranean climate characterized by an
average annual precipitation of 432 mm, a mean annual temperature of 13.2 °C, and a
potential evapotranspiration of 1387 mm/year. Average monthly temperatures range from
—5°Cto 38 °C[21].

The experiment was conducted under field conditions in a 114 ha agricultural plot
placed on the lower terrace of the Cinca River, on a Calcaric Fluvisol [22]. This field has
traditionally been used for cultivating isogenic maize (Zea mays L.) for human consumption.
However, in 2022, white mustard (Sinapis alba L.) was also sown as an intermediate cover
crop at a seeding rate of 5 kg/ha. The total time period of the experiment corresponds to
one full agricultural year. Maize, the main crop, was sown between April and May and
harvested in October. Instead of leaving the soil fallow during the post-harvest period
(October to the following April), a short-cycle service crop (Sinapis alba L.) was introduced
to cover the soil and avoid bare ground. This cover crop was managed during the fallow
phase and harvested before the next maize cycle began. Therefore, the experiment spanned
the full year, including both the main crop and the intermediate cover crop phase. For
this study, after maize harvest, the field was divided into two subplots, where white
mustard (cover crop, CC) was sown using different sowing practices: no tillage (NT) on
4 ha, conventional tillage (CT) on 32 ha, and a tilled fallow plot without cover crop as a
control (TF) on 78 ha. All plots were irrigated by a sprinkler, using a pivot irrigation system

(Figure 1).

s : Tillage ralGr——

Figure 1. Location of the treatments: tillage fallow plot (TF), no-till plot (NT), and conventional
tillage plot (CT). Images of each treatment (right) correspond to the sampling conducted 90 days after
sowing (DAS).
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All plots received a basal fertilization of 20,000 L/ha of “enriched water,” a mixture
consisting of water combined with cleaning residues from a fertilizer plant’s pipelines
and by-products from the cogeneration of pig slurry. The exact chemical composition
of this amendment is not fully characterized, as it is a complex mixture derived from
industrial residues and organic by-products. This amendment is a routine practice applied
by the landowner as a basal fertilizer. Importantly, this fertilization treatment was applied
uniformly across the entire experimental area and to all treatments, ensuring that any
effects observed are not confounded by differences in basal fertilization.

A metaldehyde-based phytosanitary treatment was applied after sowing.

2.2. Soil Sampling

To ensure representative sampling, each plot (TE, NT, and CT) was subdivided into
four subplots, each 50 m wide (corresponding to the width between the wheels of the
irrigation ranger), with variable lengths depending on the total area of each plot.

To assess the temporal variation in soil quality, sampling was carried out at 60 days
after sowing (DAS) of the CC, and again at 90 DAS, corresponding to its peak development
stage. During each sampling period, soil samples were collected from the 0-20 cm depth
in all subplots, using a soil hand auger (Eijkelkamp). Each composite sample was formed
by mixing 10 subsamples taken at 100 m intervals, resulting in four composite samples
per treatment. In addition, to evaluate the effect of the cover crop on the surface soil
layer, 10 undisturbed surface samples (0—6 cm) were randomly collected in each plot
using a metal cylinder. The sampling depths were selected based on the criteria proposed
by Duval et al. (2016) [23]. The sampling design was based on established criteria for
soil studies in large-scale agricultural plots and was further supported by the relatively
homogeneous conditions of the study site. The subplots are located on an alluvial terrace
with uniform topography, which minimizes small-scale soil variability. The slope within
the NT plot was 1.47 & 1.11°, in the CT plot 1.77 & 4.01°, and in the TF plot 1.68 £ 3.38°.
Elevation values were also relatively consistent across treatments, with 271.09 £ 0.40 m in
NT, 270.05 £ 0.93 m in CT, and 273.26 + 1.23 m in TE.

2.3. Samples Processing and Determination of Soil Properties

Soil samples from the 0-20 cm depth were sieved through a 2 mm mesh and stored at
4 °C until analysis. Undisturbed samples from the 0—6 cm layer were used for mesofauna
extraction (Berlese-Tullgren funnels) and for bulk density determination. Table 1 summa-
rizes the physical, chemical, and biological indicators assessed in this study, along with the
analytical protocols used.

Table 1. Protocol measurements for indicators selected in the study.

Parameters Unit Protocol Reference
Field capacity (FC) m?/m3 Gra‘c’;rr;itgfn‘gtf; oven Allen et al. (1998) [24]
Soil aggregate stability (SAS) % Wet sieving Kemper and Koch (1996) [25]
Bulk density (BD) g/cm? Cylinder method Blake and Hartge (1986) [26]
pH 1:2.5 (w:w) soil-water suspension  Soil Survey Laboratory (1992) [27]
Electrical conductivity (EC) dS/m (www) soil-water suspension  Soil Survey Laboratory (1992) [27]
Total organic matter (TOM) g/kg Calcination Heiri et al. (2001) [28]

Oxidizable organic matter (OxOM) g/kg Wet oxidation method Walkley and Black (1934) [29]
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Table 1. Cont.
Parameters Unit Protocol Reference
. . 1:5 aqueous extract and .
Dissolved organic matter (DOM) g/kg wet oxidation Ghani et al. (2003) [30]
Glomalin (T-GRSP EE-GRSF, g/kg Bradford method Wright and Upadhyaya (1996) [31]

and R-GRSP)

Soil organic matter was estimated from carbon content using the Van Bemmelen
factor [32].

M.O. (%) = % C org x 1724 if %C < 5.8, M.O. (%) = % Corg x 2if %C > 5.8

Additionally, based on mesofauna quantification, the following biodiversity indices
were calculated: Shannon-Wiener diversity index (H'), species richness (S), and Pielou’s
evenness index (J).

S
H= =) pilog,p,
i=1
where S is the total number of species; and p; is the proportion of individuals belonging
to species 7, i.e., the number of individuals of species i divided by the total number of
individuals in the community [32].

_ H H
Hyax  log, S

J

where H is the Shannon diversity index, and S is the number of species [32].

2.4. Soil Quality Evaluation Method

Given that soil is a complex ecosystem where multiple factors interact, its quality can-
not be assessed using a single indicator [33]. Physical, chemical, and biological properties,
along with the processes occurring in the soil, serve as indicators of its condition, function-
ality, and capacity to respond to changes in management. However, these indicators may
vary depending on soil type and use, ecological function, pedogenetic factors, and climatic
conditions, making it difficult to establish universal criteria for soil quality assessment [34].

The most used approaches for selecting indicators are the Total Data Set (TDS) and
the Minimum Data Set (MDS) [35,36]. Several studies have shown that the MDS method
is more suitable due to its efficiency and accuracy, as well as being faster and simpler to
implement [36]. For this reason, the MDS approach was adopted in the present study. Once
the appropriate indicators were selected, they were quantified and weighted to estimate the
Soil Quality Index (SQI), following the equation developed by Andrews et al. (2004) [37]:

SQIy =Y, (W; x X;)

where SQIyy is the weighted soil quality index for a given ecosystem, W; is the weight-
ing factor for indicator i, X; is the score of the indicator, and n is the number of
indicators evaluated.

To evaluate the relationship between the indicators and soil quality, scoring functions
were developed and classified into three types, S-shaped, inverse S-shaped, and parabolic
(Table 2), depending on the influence of each indicator on soil quality. In these equations,
x represents the indicator value; f(x) is its score, which ranges between 0.1 and 1; and a
and b correspond to the lower and upper thresholds, respectively. Threshold values for
indicators with a strong agricultural relevance were established according to the methods
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used in the analytical determinations (Table 1). For the remaining parameters, reference
values were taken from previous studies (Table 2).

Table 2. Standard scoring functions and parameters for soil indicators.

Parameters

Function
Type

a; ap by b, Standard Scoring Function Reference

pH

BD

Parabolic
membership
function

Soil Survey
Laboratory
(1992) [27]

p(x)

45 9 55 89 1, by >x < by

((;1:‘16111)) +01, al < X < bl
(x

—a )
2_;2) +0.1,a < x < by

(b
01, x > a;, x < ap

0.9
0.9 Nyéki et al.
(2016) [38]

1.39 176 140 175

SAS

FC

TOM

OxOM

DOM

T-GRSP

EE-GRSP

S-shaped
membership
function

Kemper
and Koch
(1996) [25]

Allen et al.
1998 [24]

Heiri et al.
(2001) [28]

Safa et al.
(1996) [39]

Stellacci
et al.
(2021) [40]

Nautiyal
etal.
(2019) [41]

Cerny et al.
(2024) [42]

40 - 98 -

020 - 0.30 -

10 - 60 -

35 1, x>0
Hix) = €09 —F=2—

) +01,a<x<b
01, x <a

1025 -

1.3 - 4 -

013 - 0.87 -

EC

Inverse
S-shaped
membership
function

1, x<a

_ (x—b)
u(x) =409 @D

01, x >0b

Soil Survey
Laboratory
(1992) [27]

+01,a<x<b

Abbreviations for Table 2: bulk density (BD), field capacity (FC), structural stability of aggregates (SAS), total
organic matter (TOM), oxidizable organic matter (OxOM), dissolved organic matter (DOM), total glomalin-related
soil protein (T-GRSP), easily extractable glomalin fraction (EE-GRSP) and electrical conductivity (EC).

The Ecological-Morphological Index (EMI) has been used as a biological index to
evaluate soil mesofauna. This index is based on the classification of extracted specimens
at the order or class level, assigning them a value between 1 (no soil adaptation) and 20
(maximum soil adaptation) [43,44]. Unlike other parameters, the EMI does not evaluate a
specific soil function; rather, its relevance lies in the presence or absence of certain orders.
Nonetheless, it was included in the SQI determination as an indicator.

To identify key indicators and establish the Minimum Data Set (MDS), a Principal
Component Analysis (PCA) with normalized values was performed. In this analysis,
each variable received a factor loading indicating its contribution to the total variance,
with only those exhibiting high loadings being considered. When several variables were
selected within the same principal component, multivariate correlation coefficients were
calculated [34,35,37]. If two or more parameters showed significant correlation (r > 0.60,
p < 0.05), the variable with the highest factor loading was retained to avoid redundancy [45].

To assess the evolution of soil quality, analytical results from samples collected at two
sampling dates after the cover crop sowing and at two depths were analyzed. From these
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data, an SQI was calculated for each time x depth combination, yielding a total of four
values: 60 DAS at depths of 0-6 cm and 0-20 cm, and 90 DAS at the same depths. Once
calculated, the SQI value was interpreted as a direct measure of the suitability of the cover
crop for agricultural use, with higher values indicating better soil quality [46,47].

2.5. Statistical Analysis

To evaluate the effect of the cover crop sowing method (NT, CT, and TF) and its
temporal evolution, a two-way analysis of variance (ANOVA) was performed separately
for each soil depth (0—6 cm and 0-20 cm) and the interaction among the two factors (sowing
method x days after sowing). The pairwise comparison of Tukey’s HSD test (p < 0.05) was
also used to evaluate the statistical significance of the differences in the response variables.
When the data did not meet the assumptions of normality, even after transformation,
a non-parametric Kruskal-Wallis test was conducted to assess the differences among
groups. When significant differences were detected, Dunn’s post hoc test was applied for
pairwise comparisons (p < 0.05). Pearson’s correlation coefficient was employed to analyze
linear relationships, and Principal Component Analysis (PCA) was conducted to identify
multivariate data patterns. All analyses were carried out using Past v.4.03 [48] and XLSTAT
v.2024.2.2.1422 [49].

3. Results and Discussion
3.1. Effect of the Cover Crop on Soil Physical, Chemical, and Biological Properties

Overall, soil pH (Figure 2) was, on average, 0.5 units higher at the 0-20 cm depth
compared to the 0-6 cm layer. At the surface (0-6 cm), pH values ranged from 7.88 £ 0.12
(NT, 60 DAS) to 8.11 £ 0.12 (CT, 90 DAS), characteristic of a basic soil with high availability
of Ca?* and Mg?*, but with limitations in phosphorus and micronutrient availability [39]. At
this depth, no significant differences were observed between cover crop sowing treatments
(p = 0.31). When comparing the two sampling times within each treatment, no significant
differences were found between sampling periods within treatments (p = 0.57).

9.00

A
a
= b

a

HoD
i
HT
]

8.00

Hio
HOD
i
—
)

o

7.00
6.00 _ _
5.00 W ::Z- '

pH

4.00

E160 DDS
3.00

90 DDS

2.00
1.00

0.00 N o) NN DR S L NN
TF NT cT ¢ TF NT CT
0-6cm 0-20cm
Treatments

Figure 2. pH values at two depths (0-6 cm and 0-20 cm) and two sampling times (60 DAS and 90
DAS), according to cover crop sowing treatments (TF, tillage fallow; NT, no till; and CT, conventional
tillage). Lowercase letters indicate significant differences (p < 0.05) between sampling periods within
each treatment, while uppercase letters denote significant differences (p < 0.05) between treatments.
Bars represent the mean (n = 4) £ standard deviation.
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At 0-20 cm depth, pH values ranged from 7.71 £ 0.07 (TF, 90 DAS) to 8.38 £ 0.07 (CT,
60 DAS), with no significant differences among treatments (p = 0.28). Nonetheless, when
comparing sampling dates within each treatment, significant differences were detected
(p < 0.001), with mean pH values significantly lower at 90 DAS. The significant pH decrease
observed at 0-20 cm depth across all treatments between 60 and 90 days after sowing
(DAS) likely reflects enhanced biological activity linked to root development and the
decomposition of maize residues. These processes, including root exudation, microbial
respiration, and organic acid production, can transiently acidify the rhizosphere, although
such effects may be moderated over time by the buffering capacity of calcareous soils. These
results are in line with previous studies reporting that tillage does not directly determine
soil pH, but rather modulates biogeochemical processes whose effects depend on factors
such as soil type, climate, and residue management [50].

The electrical conductivity (EC) values across all plots, at both analyzed soil depths
and during both sampling periods, ranged from 0.37 to 1.12 dS/m, as a result of seasonal
variations in the concentration of ions solution (Figure 3). In the surface layer (0-6 cm),
no significant differences were observed either between treatments (p = 0.61) or between
sampling periods (p = 0.27). At the 0-20 cm depth, however, EC showed significant
differences between the two sampling periods (p < 0.001), with a marked increase in EC
observed at 90 days after sowing (DAS) across all treatments.

A A A POA A A

1.00 - : -
0.90 ; I
0.80 ] E
: a a
_ 0.70 a = -
£ 0.60 ; b
Py a daa
£ 050 8 [ : b
g 040 N1 £360 DDS
030 Hi TN 90 DDS
0.20 : R ; =
0.10 X N :
000 b= el
TF NT cT o TF NT CT
0-6cm 0-20cm
Treatments

Figure 3. EC values at two depths (0—6 cm and 0-20 cm) and two sampling times (60 DAS and 90
DAS) according to cover crop sowing treatments (TF, tillage fallow; NT, no till; and CT, conventional
tillage). Lowercase letters indicate significant differences (p < 0.05) between sampling periods within
each treatment, while uppercase letters denote significant differences (p < 0.05) between treatments.
Bars represent the mean (n = 4) £ standard deviation.

The significant increase in EC observed at 90 DAS in the 0-20 cm soil layer may be
explained, at least in part, by the accumulation of dissolved organic matter (DOM) in
the soil solution. A strong and significant positive correlation was found between EC
and DOM content (r = 0.80; p < 0.0001), indicating that higher levels of organic solutes
likely contributed to increased ionic strength and, consequently, to higher EC values. This
relationship suggests that the decomposition of organic residues and the associated release
of soluble ions may play a key role in modulating soil salinity dynamics at this depth. As
microbial activity intensifies during the cover crop growing period, particularly under
warm conditions (spring), the decomposition of organic residues leads to the release of
soluble ions and low-molecular-weight organic compounds that contribute to increased
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EC in the soil solution. This process is further enhanced by the upward or downward
movement of water through the soil profile, which can redistribute soluble components and
lead to their accumulation at intermediate depths. Previous studies have reported similar
patterns, where increased DOM concentrations were associated with elevated EC values,
highlighting the role of organic matter mineralization in modulating soil salinity [51].

The structural stability values obtained are characteristic of surface horizons of cul-
tivated soils, which typically exhibit low organic matter levels and are exposed to tillage
with heavy machinery [4,52]. At the 0-6 cm depth (Figure 4), significant differences in soil
aggregate stability (SAS) were observed among cover crop (CC) treatments (p < 0.001), with
the conventional tillage (CT) treatment showing the lowest mean values. No significant
differences were found between sampling times (p = 0.22), but there was a significant
interaction effect (p = 0.014). This interaction was due to significant temporal differences
only within the no tillage (NT) treatment (p = 0.043), where SAS was higher at 90 days after
sowing (DAS).

80.00

70.00

60.00 —

o))

50.00

40.00

SAS (%)

a ' 1

30.00 a B 60 DDS

90 DDS

20.00

F—l

10.00

T
V]
o

0.00 == '
TF NT cT TF NT CcT
0-6 cm : 0-20cm
Treatments

Figure 4. Soil aggregate stability (SAS) at two depths (0-6 cm and 0-20 cm) and two sampling times
(60 DAS and 90 DAS), according to cover crop sowing treatments (TFE, tillage fallow; NT, no till;
and CT, conventional tillage). Lowercase letters indicate significant differences (p < 0.05) between
sampling periods within each treatment, while uppercase letters denote significant differences
(p < 0.05) between treatments. Bars represent the mean (n = 4) & standard deviation.

At 0-20 cm depth, SAS values ranged from 55.78 £ 19.70% (NT, 90 DAS) to
16.92 £ 4.34% (CT, 90 DAS), and were generally higher than those observed at the surface.
No significant differences were found between treatments (p = 0.35) or sampling times
(p = 0.050), but a significant interaction was detected (p = 0.026). As at the surface, the only
significant difference was observed within the NT treatment between the two sampling
times (p = 0.042). Structural stability was greater at the surface (0-6 cm) at 60 DAS, whereas
in the subsurface layer (0-20 cm), higher values were recorded at 90 DAS. These results
suggest a differential temporal development of soil structure under no-tillage management.

The results demonstrate that SAS is influenced by both agronomic practices (sowing
method) and soil depth [53], with higher values observed at 0-20 cm. This suggests that
subsurface layers are more responsive to management-induced changes. At 90 DAS, SAS
increased notably in NT and CT treatments at this depth, likely reflecting the beneficial
effects of cover crop development. Similar short-term improvements in structural stability
under no-till systems with cover crops have been associated with increases in labile carbon
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pools [53]. Evidence from semi-arid regions also supports this pattern, with improvements
in SAS in the 10-20 cm layer linked to higher levels of soil organic carbon and nitrogen [54].
Conservation practices—especially the combination of no-till system and cover cropping—
have been shown to promote aggregate stabilization even under irrigated conditions [55].
In particular, the use of Sinapis alba L. as a winter cover crop has been associated with
enhanced soil aggregate stability and porosity under reduced tillage, driven by increased
root development and biological activity [56].

The CC sowing method significantly influenced soil bulk density (BD) values in the
plots (Figure 5). Significant differences were observed among the CC sowing treatments
(p = 0.003), with BD values similar for the NT and CT treatments, both significantly higher
than the TF treatment. When analyzing the sampling dates within each treatment, no
significant differences were found for TF (p = 0.58) or CT (p = 0.34). However, NT showed
marginally significant differences (p = 0.061), with an average BD value 47% higher at
60 DAS compared to 90 DAS.

2.00 B

1.80
1.60
1.40

1.20
1.00
0.80
0.60
0.40
0.20
0.00

i

BD (g/cm?)

E160 DDS

e
e

90 DDS

TF NT CcT
0-6cm
Treatments

Figure 5. Bulk density (BD) at surface (0-6 cm depth) and two sampling times (60 DAS and 90 DAS),
according to cover crop sowing treatments (TF, tillage fallow; NT, no till; and CT, conventional tillage).
Lowercase letters indicate significant differences (p < 0.05) between sampling periods within each
treatment, while uppercase letters denote significant differences (p < 0.05) between treatments. Bars
represent the mean (n = 4) & standard deviation.

Although differences between sampling periods were not statistically significant—
possibly because detecting changes in physical indicators generally requires more than
four years of continuous CC growth [56]. BD values in the CT and NT treatments showed
a reduction of 15% to 30% at 90 DAS. This suggests a progressive improvement in soil
physical properties due to the cumulative effects of cover crop development. This trend is
particularly relevant given the silty loam texture of the soil, which is naturally prone to com-
paction under conventional tillage. This improvement is partially driven by physical and
biological processes associated with root growth, promoting soil loosening [57]. Conversely,
the TF treatment consistently exhibited lower BD values compared to the other treatments.
This pattern may be attributed to the continued use of conventional tillage in the TF system,
typically resulting in lower bulk density in surface soil layers. In contrast, the NT and
CT treatments are in the early stages of transition toward conservation agriculture, where
a temporary increase in bulk density is commonly observed during the initial years of
implementation [58].
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In the superficial layer, statistically significant differences were observed in the field
capacity (FC) of the soil (Figure 6) between the sowing treatments (p = 0.003), with higher
mean values in the NT and CT treatments, suggesting a greater water retention capacity,
which benefits crop development under conditions of limited water availability [59]. At this
depth, the sampling period had no statistically significant effect (p= 0.106) on FC values. At
0-20 cm soil depth, significant differences were observed among treatments (p= 0.012) and
sampling periods (p < 0.001). The highest FC values were recorded in the NT treatment,
followed by CT and, finally, TF, indicating a positive effect of reduced tillage intensity on
soil water retention. In all plots, the mean FC value at 90 DAS was significantly lower than
at 60 DAS, possibly due to porosity loss caused by soil settling after tillage. This behavior,
common in short-term studies, may be more related to pre-sowing management practices,
especially tillage, whereas the initial development of the cover crop—whose effect on soil
structure and water retention requires more time to fully manifest—was still limited. This
underscores the importance of the duration of management implementation to achieve
substantial improvements in soil water dynamics [60,61].
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Figure 6. Field capacity (FC) at two depths (0-6 cm and 0-20 cm) and two sampling times (60 DAS
and 90 DAS), according to cover crop sowing treatments (TF, tillage fallow; NT, no till; and CT,
conventional tillage). Lowercase letters indicate significant differences (p < 0.05) between sampling
periods within each treatment, while uppercase letters indicate significant differences (p < 0.05)
between treatments. Bars represent the mean (n = 4) & standard deviation.

Soil organic matter (SOM) is a key indicator of soil quality due to its role in nutrient
cycling, structural stability, and carbon sequestration. While cover crops (CCs) are widely
recognized for enhancing SOM content, it is essential to distinguish between its different
fractions, as their chemical nature determines both their stability and their function in the
biogeochemical carbon cycle [62,63].

At the 0-6 cm depth, the sowing method significantly influenced total organic matter
(TOM) content (Figure 7) (p = 0.039), with the highest values observed in the NT treatment,
followed by the TF and CT treatments. However, no significant temporal variation was
detected within treatments at this depth (p = 0.31). In contrast, at 0-20 cm, differences
between treatments approached statistical significance (p = 0.057), and a significant decrease
over time was observed in the TF treatment (p = 0.024), with lower TOM content at 60 DAS.
Oxidizable organic matter (OxOM) content (Figure 7) ranged from 22.90 to 33.93 g/kg at
0-6 cm, and from 20.23 to 26.83 g/kg at 0-20 cm. Despite this variability, no statistically
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significant differences were found between treatments (p = 0.17 and p = 0.33) or sampling
periods (p = 0.26 and p = 0.17), respectively. Dissolved organic matter (DOM) (Figure 7),
recognized as a sensitive indicator of changes in soil biochemical status under varying
management [34], did not differ significantly among treatments at either depth. However, a
marked temporal increase in DOM was observed at 0-20 cm (p < 0.001), with concentrations
at 90 DAS being 1.7 to 2.5 times higher than at 60 DAS across all treatments. This suggests
an accumulation of soluble organic compounds, potentially linked to increased microbial
activity and residue decomposition as the cover crop developed.
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Figure 7. (A) Total organic matter (TOM), (B) oxidizable organic matter (OxOM), and (C) dissolved
organic matter (DOM) in soil at two depths (0-6 cm and 0-20 cm) at two sampling times (60 DAS
and 90 DAS), according to cover crop (CC) sowing treatments (TF, tillage fallow; NT, no till; and
CT, conventional tillage). Lowercase letters indicate significant differences (p < 0.05) between the
two sampling periods within each treatment, while uppercase letters indicate significant differences
(p < 0.05) between treatments. Each bar represents the mean (n = 4) and standard deviation.

Although short-term changes in SOM are often limited following the introduction of
cover crops and shifts in tillage practices, an increase in TOM was detected at the surface
in NT plots. This accumulation is likely attributable to crop residues left on the soil sur-
face after harvest, a typical feature of no-till systems [43,64,65]. Since TOM encompasses
both labile and stable fractions, this increase may reflect transient contributions from par-
tially decomposed residues. In contrast, tilled plots displayed lower surface residue cover
(10-20%) [43], reducing such accumulation. With increasing depth, treatment differences
diminished, but SOM in TF plots tended to be lower, likely due to early-stage residue
decomposition and delayed stabilization. The OxOM fraction remained unchanged across
treatments and sampling times, underscoring its limited responsiveness over short time
scales [62,63]. By contrast, DOM content significantly increased at 0-20 cm depth by 90 DAS
in all treatments. This rise likely resulted from intensified microbial activity and vertical
mobilization of labile organic compounds. The increase in DOM was strongly and nega-
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tively correlated with soil pH (r = —0.834, p < 0.001), suggesting that acidification promotes
solubilization of organic matter and stimulates biogeochemical processes [30,62,66]. These
dynamics may influence the vertical distribution of the soil C/N ratio. Specifically, surface
accumulation of high-C/N residues in NT may temporarily elevate the C/N ratio due to
nitrogen immobilization, while the concurrent increase in DOM and lower pH at depth
could facilitate microbial turnover and release of low-C/N compounds, thereby reducing
the C/N ratio in subsurface layers [67]. The SOM balance between 60 and 90 DAS supports
these dynamics: at the surface (0-6 cm), the control treatment exhibited increases in all
fractions; CT showed consistent declines; and in NT, TOM decreased slightly, while OxOM
and DOM increased. At 0-20 cm depth, all treatments showed positive balances across
fractions except for TOM in CT, which continued to decline. Notably, DOM rose sharply
in both the control (+152.79%) and NT (+126.75%) treatments, indicating a substantial
mobilization of labile organic matter under reduced tillage.

Various studies have highlighted the potential of soil proteins extracted using citrate
and autoclaving (ACE proteins), commonly referred to as Glomalin-Related Soil Proteins
(GRSPs), as sensitive bioindicators of soil health. Traditionally associated with arbuscular
mycorrhizal fungi, recent research suggests that these proteins may represent a broader
class of compounds more closely related to humic substances than to pure fungal glycopro-
teins [68]. This evolving understanding helps explain the strong correlations between GRSP
and key soil properties, such as organic matter content, aggregate stability, and nitrogen
reserves. Their relatively low seasonal variability and responsiveness to management
practices, such as tillage, cover cropping, and crop rotation, further support their utility as
indicators of agroecological sustainability. Their chemical nature remains under debate,
but GRSPs are known to contribute to soil aggregation and structural stability due to their
hydrophobic character and affinity for soil particles, ultimately helping to reduce erosion.
For all of these reasons, their inclusion in SQI can provide complementary insights into soil
fertility, physical stability, and resilience to disturbance.

The glomalin fractions showed distinct responses to CC sowing and sampling time
(Figure 8). Total glomalin (T-GRSP) concentrations at 0-6 cm depth were significantly higher
under NT, approximately double those in CT and FT treatments (p < 0.001). In contrast,
the easily extractable fraction (EE-GRSP) did not differ significantly between treatments
at either 0-6 cm (p = 0.058) or 0-20 cm depth (p = 0.079). Sampling time had a significant
effect on both fractions across depths. T-GRSP concentrations declined markedly from 60
to 90 days after sowing (DAS), with reductions of 29% to 39% at the surface (p = 0.01) and
38.4% to 41.0% at 0-20 cm depth (p < 0.001). Similarly, EE-GRSP decreased by an average of
52% at 0—-6 cm (p = 0.005) and 33% at 0-20 cm (p = 0.013). EE-GRSP was consistently more
abundant in surface soils, with mean values 35.5% higher than deeper layers at 60 DAS
and 17% higher at 90 DAS. The EE-GRSP /T-GRSP ratio, an indicator of carbon stabilization
associated with glomalin [69], showed significant treatment differences at the soil surface
(p =0.0013). NT plots had the lowest ratio, with EE-GRSP comprising only 17% of total
GRSP, compared to 24-30% in tilled treatments. This suggests enhanced transformation of
labile glomalin into more stable forms under NT management. No significant differences
were detected at 0-20 cm depth (p = 0.22), and sampling time did not significantly affect this
ratio at either depth. These vertical and compositional patterns highlight the contrasting
behaviors of glomalin fractions: T-GRSP appears more stable and linked to long-term
carbon accumulation, whereas EE-GRSP is more dynamic and responsive to short-term
environmental and management changes.
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Figure 8. (A) total glomalin content (T-GRSP), (B) easily extractable glomalin (EE-GRSP; panel (B)),
and (C) recalcitrant glomalin (R-GRSP) in soil at two depths (0-6 cm and 0-20 cm) and two sampling
times (60 and 90 DAS), according to cover crop planting treatments (TF, tillage fallow; NT, no till;
and CT, conventional tillage). Lowercase letters indicate significant differences (p < 0.05) between
sampling times for each treatment, and uppercase letters indicate significant differences (p < 0.05)
among treatments. Each bar represents the mean (n = 4) and standard deviation.

Glomalin-type proteins’ sensitivity to agricultural practices supports their role as
valuable indicators of soil health and agroecological sustainability. In this study, T-GRSP
at the soil surface correlated positively and significantly with total organic matter (TOM)
(r =0.524, p = 0.009), aligning with previous findings that link glomalin content with organic
carbon levels in agricultural soils [68-70].

EE-GRSP, representing the more labile glomalin fraction and recent microbial pro-
duction, was significantly more abundant in surface layers. While the taproot system of
mustard might limit microbial stimulation near the surface, lower GRSP concentrations
were not observed there, suggesting that other factors, like legacy effects of previous
crops and glomalin stabilization within the soil matrix, help maintain surface levels across
depths [69]. Recalcitrant glomalin (R-GRSP) accumulated more in NT plots’ surface soils,
likely reflecting enhanced persistence and physical protection against microbial degrada-
tion in reduced disturbance systems [70]. Evaluating the T-GRSP/TOM ratio revealed
significant differences between NT and tilled treatments, reinforcing the impact of soil
management on glomalin dynamics. The higher ratio at the surface under NT (~5% of
soil organic matter pool) suggests improved glomalin preservation, while lower ratios in
tilled plots indicate disruption of glomalin accumulation despite cover crop presence. At
deeper layers (0-20 cm), the opposite trend suggests tillage may facilitate glomalin incorpo-
ration into subsoil horizons [71]. This complex spatial distribution indicates trade-offs in
soil carbon sequestration between conservation and tillage practices. Temporal changes
strongly influenced glomalin parameters. All treatments showed a marked decline in
T-GRSP, EE-GRSP, and the T-GRSP/TOM ratio from 60 to 90 DAS, across depths. This
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may relate to the introduction of Sinapis alba, a non-mycorrhizal cover crop species, which
likely reduces symbiotic interactions and, thus, glomalin production [71]. Additionally,
microbial degradation transforms labile EE-GRSP into more recalcitrant forms, contributing
to this decline. Interestingly, contrary to several studies reporting positive correlations
between EE-GRSP and soil aggregate stability (SAS), this study found a significant neg-
ative correlation at 0-20 cm (r = —0.715, p < 0.001). This suggests that higher EE-GRSP
concentrations do not always translate into enhanced aggregate stability, potentially due to
accumulation in structurally inactive forms. Standard extraction protocols for GRSP may
retrieve fractions not contributing to physical soil stabilization, a factor particularly relevant
in conventionally tilled soils where oxidation and mechanical disturbance could release
non-bound glomalin [71]. Moreover, distinct temporal dynamics of EE-GRSP and SAS
were evident: in NT plots, EE-GRSP slightly declined between 60 and 90 DAS, while SAS
increased considerably, possibly reflecting glomalin’s initial role in aggregate formation fol-
lowed by integration into more stable organic matter fractions [72]. Finally, it is important
to consider that soil aggregate stability depends on multiple interacting factors, including
organic matter, root activity, and microbial communities. The formation and stabilization
of aggregates result from complex physical, chemical, and biological processes [73,74].

Considering the bioindicator function of soil mesofauna, no significant differences
were observed in the biodiversity indices obtained across the different treatments (Table 3).
The Shannon index showed a p-value of 0.94, species richness showed p = 0.38, and Pielou’s
evenness index showed p = 0.77, indicating a homogeneous community structure regardless
of the management applied. In all cases, the Shannon index reflects low diversity, with
values ranging between 0.91 &= 1.41 and 1.67 & 0.18. This range is below the normal values
expected in natural ecosystems, where higher species diversity is typical [75].

Table 3. Mesofauna diversity by species richness, the Shannon-Wiener index, and Pielou’s evenness
index (n = 13). Means =+ standard deviations are presented for each treatment, along with significance
levels (p-values).

Shannon index
Species richness
Pielou’s index

CT NT TF
60 DDS 90 DDS 60 DDS 90 DDS 60 DDS 90 DDS p-Value
167018 120+135 140+183 091+141 158+014 1.03+0.14 0.94
6.00+135 9.00£135 800£114 6.00+133 4.00£0.82 7.00=£0.97 0.38
065+020 038+143 047182 035+089 079+£018 0.37+0.10 0.77

Although no significant differences were found among treatments, the mean values
of the ecological indices were lower during the period of maximum CC development
(90 DAS). This decrease can be associated with the increased dominance of the previously
mentioned species at 90 DAS. However, despite the reduction in the mean Shannon index
value at 90 DAS, the mean species richness remained practically constant throughout the
CC growth period. Regarding evenness, measured by Pielou’s index, a decrease in mean
values was observed across all treatments during the second sampling, consistent with the
observed lower diversity.

In all the surface samples and treatments analyzed, the highest number of identified
species corresponded to the groups Collembola and Acari. The ecological importance of
both groups lies in their value as biological indicators. Several studies have highlighted
the importance of Acari for assessing the nature of the ecosystem and the disturbances
occurring within it [76,77]. Similarly, Collembola have been widely used as bioindicators
of soil contamination, being sensitive to changes in pH, moisture, and organic matter
content [78,79]. Due to this high sensitivity, both groups allow detection of differences
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between ecosystems with varying degrees of disturbance, so that an increase in the number
of observed species highlights the positive role of white mustard as a CC on soil biodiversity.

A detailed analysis of the two dominant groups of identified soil mesofauna revealed
shifts in suborder composition depending on the developmental stage of the cover crop
(CC). At 60 DAS, mites were dominated by the suborders Cryptostigmata, primarily
decomposers, and Uropodina, which are mainly predators. However, during peak CC
development, a greater diversity of mite suborders was observed, with no single group
dominating. For Collembola, the early growth stages of the CC were characterized by
the predominance of individuals from the genera Tomocerina and Entomobrya. In con-
trast, at peak development, there was a higher presence of individuals from the order
Poduromorpha, all of which are decomposers.

The presence and variation in these mite and springtail suborders suggest that the
agroecosystem is influenced by factors such as organic matter, moisture, and agricultural
practices. Nevertheless, despite the potential of these organisms as bioindicators, they
cannot yet be considered key indicators due to the lack of knowledge about their ecology,
biology, and physiology, making the information their study provides partial [79,80].

3.2. Soil Quality Index (SQI)
Once the Minimum Data Set (MDS) indicators were determined, their relative weights

were calculated (Table 4) [45].

Table 4. Relative weights of soil quality indicators according to the MDS for samples taken at 60 and
90 DAS, at depths of 0—6 cm and 0-20 cm.

60 DDS 90 DDS
0-6 cm 0-20 cm 0-6 cm 0-20 cm
pH 0.35 0.43 0.47 0.42
EC 0.40 0.43 0.47 0.29
SAS 0.17 0.43 0.12 0.10
DOM 0.40 0.18 - 0.29
TOM 0.35 0.38 0.47 0.42
OxOM 0.35 0.38 0.26 0.19
BD 0.40 - 0.15 -
FC 0.40 0.38 0.15 0.42
T-GRSP 0.35 - 0.26 -
EE-GRSP 0.40 0.18 - 0.10
Mesofauna 0.17 - 0.26 -

An analysis of the normalized weights of the indicators included in the SQI reveals
variations depending on both soil depth and sampling time. At 60 days after sowing (DDS),
the surface layer (0-6 cm) was dominated by physicochemical indicators such as BD (0.40),
EC (0.40), DOM (0.40), TOM (0.35), and OxOM (0.35), with notable contribution from the
biological indicator EE-GRSP (0.40). These results reflect the greater sensitivity of the upper
soil layer to management practices and early crop development stages.

In the 0-20 cm layer at the same time point, the highest weights were also associated
with physicochemical indicators, including pH (0.43), EC (0.43), SAS (0.43), FC (0.38), TOM
(0.38), and OxOM (0.38), suggesting a more stable environment, characterized by slower
accumulation and transformation processes.

At 90 DDS, a redistribution of indicator weights was observed. In the 0-6 cm layer,
pH, EC, and TOM exhibited the highest weights (each 0.47), indicating a transition toward
more consolidated soil conditions. In contrast, the contribution of physical indicators
such as SAS decreased notably (0.12). EE-GRSP was excluded from this stage, having been
deemed redundant according to the MDS procedure, while T-GRSP showed an intermediate
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weight (0.26). In the 0-20 cm layer, pH (0.42), TOM (0.42), and FC (0.42) again stood out,
reinforcing the trend toward the predominance of chemical indicators in the later stages of
the cropping cycle.

The SQI, derived from the MDS indicators, is used to assess soil quality following
the introduction of white mustard as a cover crop (Figure 9). The indices are calculated
throughout the crop’s development (60 and 90 DAS) at both surface (0—6 cm) and sub-
surface (0-20 cm) layers. It is important to highlight that analysis of variance (ANOVA)
is a key statistical tool in this type of study, as it allows for the objective identification of
which parameters significantly influence soil quality at the agricultural scale. This approach
provides quantitative support for the results obtained through the SQI. However, it should
be noted that, in some cases, laboratory analyses may reveal significant differences between
treatments that are not as clearly reflected in the SQI. This is because individual values may
fall within ranges considered suitable for the agroecosystem under evaluation, thereby min-
imizing their impact within the composite index. Therefore, the SQI not only synthesizes
complex information but also contextualizes it within a functionally and agronomically
relevant framework.
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Figure 9. Soil Quality Index (SQI) at two depths (0-6 cm and 0-20 cm) and two sampling times (60
DAS and 90 DAS), according to cover crop sowing treatments (TF, tillage fallow; NT, no till; and CT,
conventional tillage). Lowercase letters indicate significant differences (p < 0.05) between sampling
periods within each treatment, while uppercase letters indicate significant differences (p < 0.05)
between treatments. Bars represent the mean (n = 4) & standard deviation.

At the 0-6 cm depth, the SQI showed significant differences between treatments
(p = 0.00073), while no significant effects were detected for sampling time (p = 0.55) or the
treatment x time interaction (p = 0.13). SQI values ranged from 0.51 & 0.03 (CT, 90 DDS)
to 0.64 £ 0.02 (NT, 90 DDS). At both sampling times, CT and TF treatments exhibited
similar SQI values, whereas NT differed significantly, showing increases of 18.46% and
2.94% compared to TF and CT, respectively, at 60 DDS, and 19.17% and 24.31% at 90 DDS.

At the 0-20 cm depth, no significant differences were observed between treatments
(p = 0.38) or for the interaction (p = 0.63), although sampling time had a significant effect
(p = 0.0018). In all cases, SQI was higher at 90 DDS, indicating a positive effect of cover crop
establishment. Values ranged from 0.56 & 0.04 (TE, 60 DDS) to 0.69 +£ 0.08 (CT, 90 DDS).
Although differences among treatments were not statistically significant, at 60 DDS the
NT treatment exhibited an SQI value 10.24% higher than TF and 3.05% higher than CT.
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These differences decreased at 90 DDS, suggesting a convergence in soil quality among
treatments as the crop cycle progressed.

Regarding the relative ranking of treatments, at 60 DDS, the SQI order for both the
0-6 cm and 0-20 cm soil layers was TF < CT < NT. At 90 DDS, the pattern shifted slightly: in
the surface layer, it was CT < TF < NT, and at depth, TF < NT < CT. This variability suggests
that, while conservation practices exhibit more pronounced benefits in surface layers, soil
responses at greater depths appear to be more influenced by slower accumulation processes
and long-term management effects.

From a comparative perspective, NT was the only treatment to show consistent SQI
increases across both depths and sampling times, particularly in the surface layer. In
contrast, CT, despite achieving the highest value at depth at 90 DDS, showed a marked
decline in surface quality. TF showed a positive trend in depth (+17.86%) but maintained
low surface values. These patterns indicate that the benefits of conservation tillage not
only emerge quickly in sensitive surface layers but may also extend to deeper layers as the
management system matures.

According to established criteria for soil quality evaluation, this study classifies the
SQI of maize plots with an intermediate mustard cover crop into five categories [46]:
high (0.8-1), relatively high (0.6-0.8), moderate (0.4-0.6), relatively low (0.2-0.4), and
low (0-0.2) [47]. Based on these thresholds, most SQI values in this study fall within the
relatively high and moderate categories. The NT treatment was the only one to maintain
relatively high SQI values at both studied soil depths and sampling times.

These findings suggest that while cover cropping can confer agronomic benefits, it
is conservation tillage (NT) that has the most decisive impact on improving soil quality.
In contrast, conventional tillage (CT) tends to degrade surface soil quality, accelerating
degradation processes. Conservation practices not only enhance topsoil properties but also
promote positive effects at depth, even during the early stages of cover crop establishment.
These management approaches foster soil structure recovery, improve water retention,
reduce profile temperature, and increase resistance to compaction [4]. Additionally, the
accumulation of organic residues, such as maize stubble, alters nutrient dynamics, en-
hances rainfall infiltration, and acts as a thermal barrier, reducing evaporation [64]. These
effects may explain the improvement observed under the fallow treatment (TF), which
showed some gains at depth but failed to improve surface soil quality, indicating limited
effectiveness in preserving upper soil functionality.

4. Conclusions

This study provides insights into how winter cover crops, particularly white mustard
(Sinapis alba), interact with tillage to influence soil quality in intensive maize-based sys-
tems. The results partially support the initial hypothesis: introducing a short-cycle cover
crop between main crop cycles can enhance soil quality, especially when combined with
conservation practices like no tillage. Improvements in physical, chemical, and biological
indicators contributed to significant increases in the Soil Quality Index (SQI).

However, the effects varied by soil depth. At 0-6 cm, the SQI showed differences
between treatments but remained stable between 60 and 90 days after sowing (DAS),
indicating that management practices strongly influenced soil properties in this surface
layer. In some cases, physical, chemical, or biological properties even declined, likely due
to the impact of tillage or other management actions, limiting the positive influence of the
cover crop. Conversely, at 0-20 cm, where treatment effects were less pronounced, the SQI
improved significantly over time, suggesting that the benefits of the cover crop became
more evident at greater depths, less affected by surface management disturbances.
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These findings highlight the importance of considering the depth of sampling soil
when assessing the effects of cover crops and tillage on soil quality. They also emphasize
the need for long-term studies and deeper soil sampling to better capture improvements
associated with cover cropping and sustainable management practices.
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Abbreviations

The following abbreviations are used in this manuscript:

CcC cover crops

CT conventional tillage

NT no tillage

TF tillage fallow

DAS days after sowing

SQI Soil Quality Index

FC field capacity

SAS structural stability of aggregates
BD bulk density

EC electrical conductivity
TOM total organic matter
OxOM oxidizable organic matter
DOM dissolved organic matter

T-GRSP total glomalin fraction
EE-GRSP  extractable glomalin fraction
R-GRSP  recalcitrant glomalin fraction

H Shannon-Wiener diversity index
S species richness

4 Pielou’s evenness index

TDS Total Data Set

MDS Minimum Data Set

EMI Ecological-Morphological Index
PCA Principal Component Analysis
SOM soil organic matter

GSRP Glomalin-Related Soil Proteins
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