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Among the current global challenges, the research of new practices aimed at mitigating soil impoverishment,
exacerbated by the pressing climate changes, is the most urgent. Studying soil organic matter (SOM) ecological
dynamics and comparing the conventional intensive farming practices with the emerging alternative sustainable
ones can represent a key indicator in soil health investigation, helping to find new guidelines for conservative
agrosystems management. In this study, the soil from a Mediterranean olive orchard, with both sustainable
(Smng) and conventional (Cmng) land use for 21 years, was investigated for its physicochemical properties, with a
particular attention to the soil organic matter from aggregates (SOM-A) and its interaction and distribution at
different soil depths. Significantly higher amounts of total carbon (+50.7 %) and nitrogen (+74.9 %), as well as
of SOM-A aromatic component (+76.0 %), were detected in the topsoil layer (0-5 cm) of the Syng, compared to
the Cnng, a sign that the organic matter from surface deeply seeps slowly. This evidence was highlighted espe-
cially in micro-aggregates (< 0.063 mm) of the Sy, compared to the Cpng (C = +59.3 %; N = +-86.7 %; SOM-A
aromatic component = +87.7 % in the Spng). This trend was also reflected in an increase in the bacterial
abundance and in a different accumulation of organic compounds deriving from microbial fermentation pro-
cesses in Sypg soil, as highlighted by the SOM-A qualitative characterization by metabolomics. The soil miner-
alogical analysis showed that minerals maintained a higher crystallinity in the Sy than in the Cyng, Where soil
tillage promoted their alteration. Moreover, Fourier-transform infrared (FTIR) spectroscopy analysis highlighted
that soil disturbance in the Cmng can affect SOM distribution, creating different spatial distributions in the
particle aggregates and soil depths. Distinguishing SOM quantity, quality, and interaction with mineral com-
ponents can help to understand its degradability and dynamics, both essential for mitigating the effects of climate
change and promoting land protection.

1. Introduction

Currently, climate change, the lack of resources and the increase of
world population, with the consequent growing demand for food, entails
the urgent need of sustainable, regenerative and conservative agricul-
tural practices able to combat soil pauperization and degradation
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(Chittora et al., 2020; Kalyanasundaram et al., 2020; Gongalves, 2021;
Tan et al., 2021). Soil organic matter (SOM) can be of pivotal impor-
tance to understand the soil ecological dynamics because underpins soil
health (Doran and Parkin, 1994; Doran and Zeiss, 2000). This latter is
like a three-legged stool: physical, chemical, and biological components
sustain soil health, with each one affecting the others. The
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corresponding indicators, including soil texture, bulk density, pH,
organic carbon quantity and quality, microbial diversity and activities,
can have a crucial role in the soil health assessment (Fierer et al., 2021).

Specifically, SOM is considered the most important terrestrial carbon
stock and source of soil nutrients, whose increase is associated with
higher agricultural yields, with a crucial role in food security issues
(Canisares et al., 2023; Li et al., 2023; Kane et al., 2021). The SOM is
mainly formed (1) via fragmentation of the above-ground plant and
animal residues; (2) by exudates from plant roots; (3) by mineral and
organic fertilization; (4) by other carbon inputs (such as pruning resi-
dues, fallen/thinned olives and leaves, cover crop residues, and residues
from olive oil production); (5) by the living soil biomass (especially
microbial). These sources of SOM can regulate soil nutrient availability,
aggregate stability, carbon sequestration and pollutant degradation, and
plant disease prevalence and plant growth promotion (Gonzalez-Pérez
et al., 2005; Prescott and Vesterdal, 2021; Whalen et al., 2022). The crop
type, as well as the soil tillage and management, influences SOM for-
mation processes and SOM stability, modulating qualitatively and
quantitatively its supplies and the relative decomposition rates. In
particular, grassing and organic land use under long-term cause in-
creases in SOM amount (Pulleman et al., 2000; Leifeld and
Kogel-Knabner, 2005; Haghighi; Guimaraes et al., 2013). Consequently,
this capacity of the soil to preserve and store organic carbon depends on
many factors, such as soil type, soil mineralogy, soil depth, and climate
(Yeasmin et al., 2023).

In Mediterranean climates, often influenced by water scarcity and
high temperatures - factors today exacerbated by the pressing climate
change - soil health in orchard agroecosystems is endangered by erosion
and loss of fertility (Iglesias et al., 2007; Keesstra et al., 2016; Sofo and
Palese, 2021). Olive is an economically and socio-culturally important
tree crop for the countries of the Mediterranean area, being part of the
Mediterranean triad, together with vine and wheat. However, its man-
agement is becoming unsustainable because of the lack of young
farmers, increasing soil degradation, and the high cost of mineral fer-
tilizers. Among the sustainable practices that can be adopted to reverse
this negative trend, no- or minimum tillage, localized irrigation, and
managing carbon inputs internal to the orchard have a special role (Sofo
and Palese, 2021). At the olive orchard level, a healthy soil rich in
organic matter can be a crucial driver for olive productivity and prof-
itability in the long term, providing a wide range of ecosystem services
(Gonzalez-Pérez et al., 2005; Benitez et al., 2006).

This research aims at characterizing the soil chemical, physical and
microbiological features, with a particular attention to the composition
of soil organic matter from aggregates (SOM-A) and to its interactions
with soil mineral components in a Mediterranean olive orchard differ-
entially managed (sustainably and conventionally) for 21 years. More
specifically, we examined (i) the essential elements content (carbon and
nitrogen), (ii) mineralogical soil composition, (iii) SOM-A quanti-qual-
itative analysis, including the study of metabolites, and (v) bacterial
abundance in the topsoil (0-30 cm) considering three different depths
(0-5, 5-15, 15-30cm) and three aggregate size classes (1-0.250,
0.250-0.063, < 0.063mm) with the scope to highlight their
management-driven variability. We hypothesized that SOM dynamics
could have been influenced by the two different agricultural practices
applied for a long term in the field.

2. Materials and methods
2.1. Geological setting, experimental field and its management

The site under study is in a basin of foredeep deposits of the Pliocene-
Pleistocene age (i.e., Bradanic depression), which lies partly on the
southern Apennine front. The Bradanic Depression deposits consist
primarily of sea sands and conglomerates. In the investigated area, the
Basento watercourse, with its SE-oriented beds, cuts through the marine
terraces and the underlying layers of silt and clay from the Pleistocene
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(Bentivenga et al., 2004). The land under study falls within the munic-
ipality of Ferrandina and is on the fluvial terraces of the Basento valley,
formed by Holocene alluvial sands with a predominantly siliceous
composition and conglomerates (Supplementary Fig. S1).

The trial was conducted in a 2-ha mature olive grove (Olea europaea
L., cv. ‘Maiatica’; plants with an age of approximately 70 years, trained
to vase at a distance of 8 x8 m; NE orientation) in Ferrandina (Southern
Italy, Basilicata region; N 40°29’, E 16°28’) and split into two plots, one
managed using sustainable (sustainable management, Syng) and the
other with conventional agricultural practices (conventional manage-
ment, Cyng) (Supplementary Figs. S2 and S3). The area is characterized
by a warm temperate, dry climate, with an annual rainfall of 540 mm
(mean 1995-2019) and a mean annual temperature of 16.2 °C. The soil
is a sandy loam, Haplic Calcisol, with sediment as parental material (Lal,
2017; Sofo and Palese, 2021).

Sustainable techniques have been adopted for 21 years (starting in
2000) in a mature olive orchard to conserve and improve soil organic
matter content, maintaining olive tree productivity. The Sy,g area was
drip-irrigated (on average, 2850 m® ha! yr’l) from March to October,
with urban wastewater treated by a pilot unit (Palese et al., 2009; Sofo
et al., 2019). The average values (mean 2000-2019) of organic N, P and
K distributed through the treated wastewater were 52, 4 and 49 kg ha!
yrl, respectively, and an integrative amount of 40 kg ha™! yr™! of N-NO3
was distributed in the early spring to satisfy plant nutrient needs (Sofo
and Palese, 2021). The soil was no-tilled. The soil was permanently
covered by spontaneously self-seeding weeds mowed at least twice a
year. A light pruning was performed yearly during winter to reach the
vegetative-reproductive balance of the trees. Pruning and grassing re-
siduals were shredded and left along the row as mulch.

The adjacent Cpng plot (1 ha) was kept as a control and treated
conventionally: it was rain-fed, fertilized once per year in the early
spring with mineral N, P and K in amounts of 80, 10 and 40 kg ha™! yr?,
respectively. Soil was managed by tillage (harrowing up to 10 cm soil
depth) performed 2-3 times per year to control weeds. Intensive canopy
pruning was performed every two years. Pruning and grassing residuals
were removed from the olive orchard (Sofo and Palese, 2021). Table 1
summarizes the two land use systems.

The main physicochemical properties of the topsoil layers (0-5,
5-15, and 15-30 cm depth) in the Syng and Cing systems are reported in
Supplementary Table S1. There were no diseases, biotic stresses, nor N
and P deficiency symptoms in the trees of both the management systems.
There were no significant differences in tree height (about 4.0-4.5m)
and trunk diameter between Sy,g and Cppg trees. In the Spy,g system,
higher olive yield occurred compared to the Cpyg System (8.2 vs 6.0t

Table 1
Comparison between the sustainable (Syng) and conventional (Cpng) practices
applied in the olive orchard.

Practice Sustainable (Smng) Conventional (Cpng)
Irrigation Ferti-drip irrigation (2850 m® Rain-fed
Fertilization ha! yr!) with treated urban
wastewafle g (Nlj(: 50, 4 and Mineral fertilization (80, 10
49kgha™ year ), from March and 40 kg ha™! year ), once
to October + mineral N-NO3 or vear ?n the }(;arl S’ i
(40kgha™ yr'), in the early pery Y spring
spring
Soil tillage No tillage Harrc?wmg (10 cm depth),
2-3 times per year
Grassing Spontaneously self-seeding No grassing
weeds
f:ll;‘:;li Mowed twice a year, left on
the field as mulch
management
Pruning Light pruning, yearly during Intensive canopy pruning,
winter every two years
Pru'mng Shredded and left on the fields =~ Removed from the orchard
residuals
as mulch and burned
management
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ha! yr’l, mean 2001-2019) (Sofo and Palese, 2021).
2.2. Soil sampling, aggregate size distribution and C/N measurements

In August 2021, soil sampling was performed in the row area of both
systems (Smng and Cmpg) at about 130 cm from the trunk in the soil
wetted by fertigation of the Spng and in the corresponding positions in
the Cppng. Three trenches (40 x 50 cm) in three different parts of the
fields were excavated with a hoe and, for each trench, 10 soil sub-
samples were picked at three different soil depths (0-5, 5-15 and
15-30 cm) (Supplementary Fig. S4). The 10 sub-samples were taken in
proximity and pooled on site to make up a composite soil sample of
about 1.0kg. Therefore, for each soil management systems (Smng and
Cmng), three composite samples for each soil depth (0-5, 5-15 and
15-30 cm) (18 composite samples in total) were collected and carefully
transported at the laboratory to avoid the disruption of the aggregates.
This sampling technique allowed for minimal spatial variability, ac-
cording to Sofo et al. (2019). After removing visible crop residues, the
soil composite samples were immediately stored in sterilized plastic
bags and stored at 4°C for chemical analyses. After three days, soil
samples were transferred from plastic bags to plastic trays and let dry in
a cold room (5 °C) for 14 days before sieving.

The dry sieving was conducted with a sequential iron sieve series (5,
2,1, 0.250 and 0.063 mm) (Flinn Scientific Inc., Hamilton, ON, Canada)
shaken manually for 3 min. This allowed to separate six aggregate size
classes (>5, 5-2, 2-1, 1-0.250, 0.250-0.063, and < 0.063 mm) that were
placed plastic containers. An aliquot (5 g) of each aggregate sample was
inserted in ceramic crucibles, weighted, desiccated for 24 h at 105 °C,
placed in a desiccator containing silica gel until a constant weight was
reached, and then weighted again to calculate the percentage of water
loss. Based on this latter value, the aggregate samples were entirely
weighted and the resulting weight was corrected by removing the per-
centage of water. The aggregate class distribution in the two treatments
at each of the three soil depths was calculated.

The smaller aggregate size classes (1-0.250, 0.250-0.063, and
0.063 mm) were analyzed, with 54 samples (2 soil management types x
3 soil depths x 3 aggregate size classes x 3 composite sample repli-
cates). Successively, each soil sample was ground for 5 min using a mixer
(model ProMix 800W; Koninklijke Philips N.V., Amsterdam, The
Netherlands), and the resulting powder was used for the analysis of soil
total carbon (STC) and soil total nitrogen (STN). Aluminum capsules
containing approximately 20-30 mg of the ground soil were used for
STC and STN elemental determination by a C-N analyzer (model CN 802;
Velp Scientifica, Usmate Velate MB, Italy) and the results were expressed
on a weight basis. The remaining soil not used for STC and STN mea-
surements was powdered (particle size of approximately 10 pm) using a
bead beater Mixer Mill MM 200 made of stainless steel (Retsch Tech-
nology, Diisseldorf, Germany) at 18 Hz for 1 min and then at 25 Hz for
1 min, and used for the following analysis.

2.3. X-ray powder diffraction (XRPD) mineralogical analysis

To characterize the mineralogical properties of the finely ground soil
samples was performed on all samples by X-ray Powder Diffraction
(XRPD), through a Bruker D8 Advance diffractometer (Bruxer Co.,
Billerica, MA, USA), with Cu-Ka radiation, operating at 40kV and
40 mA. Scans were collected between 3°-66° 20 using a step interval of
0.02° 20 with a step counting time of 0.2s. The EVA software program
(DIFFRACplus EVA; Bruker Co.) identified the mineralogical phases in
each X-ray powder spectrum by comparing experimental peaks with
PDF2 reference patterns. An assessment of the semi-quantitative
mineralogical abundance present in the samples were attained by
Rietveld refinements (Gualtieri et al., 2019; Addesso et al., 2022), using
TOPAS software V.4.2 (Bruker Co.). Crystallinity of minerals was eval-
uated by the evolution of the full width at half-maximum (FWHM) of the
main reflection (hkl) on XRPD patterns.
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2.4. Fourier-transform infrared (FTIR) spectroscopy analysis

To evaluate the SOM variabilities in its composition, the finely
ground soil samples were analyzed with Fourier-transform infrared
(FTIR) spectroscopy using the KBr technique (Ellerbrock and Gerke,
2013). Briefly, 1 mg of the sample was mixed with 99 mg of potassium
bromide (KBr), stored overnight in an exsiccator, finely ground using an
agate mortar, and pressed into pellets (Ellerbrock et al., 1999). The
pellets were analyzed using an FTS135 spectrometer (BioRad Corp,
Hercules, CA, USA). All spectra were recorded in absorption mode at a
resolution of 2 cm™! by using 16 scans (i.e., 16 co-added single spectra),
corrected against ambient air as background (Haberhauer and Gerzabek,
1999), and smoothed using a “boxcar”’-function (factor 25; Bio-Rad
Winirez software; Bio-Rad Laboratories Inc., Hercules, CA, USA). The
baseline-corrected spectra were interpreted as Ellerbrock et al. (1999)
described using Biorad Winirez software. The absorption maximum of
the C-O-C band was found in the WN range of 1100-1000 cm™, in
accordance with the range reported by Ellerbrock et al. (1999) for arable
soil samples. The region of the maximum of the COO™ band (WN¢oo.)
was found from WN 1690-1560 cm ™! (Celi et al., 1997), and the one of
the OM,¢ band was found in the region from WN 1440-1400 em!
(Alvarez-Puebla et al., 2005).

2.5. Organic matter from aggregates (SOM-A) quantification and
metabolomic analysis

For SOM-A desorption, stabilized within aggregates, the finely
ground soil samples (350 mg for each sample) were placed in Eppendorf
tubes, and 1 mL of 0.01 M NaCl brought to pH 4 with HCl was added
(Mikutta et al., 2007). The tubes were placed in a horizontal shaker for
20 h at 90 rpm and then centrifuged for 30 min at 12,000 xg. The su-
pernatant was taken and immediately read at 280 nm (absorption peak
for aromatic rings) by a spectrophotometer (model Cary IE UV-Vis;
Varian Inc., Palo Alto, CA, USA) for SOM_A quantification using a
quartz cuvette and only solution without soil as the blank, according to
Mikutta et al. (2007).

The SOM-A supernatant was filtered using a 0.22 pm pore size filter.
The filtered liquid was then placed in 2 mL vials and dried completely in
a vacuum concentrator without heating. Afterwards, the samples were
derivatized in two steps, following the method described by
Lopez-Gonzalez et al. (2023). The first step of the derivatization was
methoximation, which involved adding 40 pL of methoxyamine hydro-
chloride (20 mg/mL in pyridine) to the dried samples and incubating
them at 37 °C for 2 hours in a thermomixer set to 950 rpm. The second
step of the derivatization was silylation, which involved adding 70 pL of
MSTFA to the aliquots. The samples were then placed in a thermomixer
at 37 °C and shaken for 30 min at 950 rpm. Finally, 110 uL of the
derivatized samples were transferred to glass vials for GC-MS analysis
(Lopez-Gonzalez et al., 2023).

The derivatized extracts were injected into a gas chromatograph
apparatus (Thermo Fisher G-Trace 1310) coupled to a single quadrupole
mass spectrometer (ISQ LT). Samples were chromatographically sepa-
rated using a capillary column (TG-5MS 30 m x 0.25mm x 0.25 pm),
and helium (6.0) was used as the carrier gas. The injector and source
were set at 250 °C and 260 °C, respectively. One pL of the sample was
injected in splitless mode with a flow rate of 1mLmin™. The pro-
grammed temperature was set: an isothermal hold at 70 °C for 5min,
followed by a 5°Cmin™! ramp to 350 °C with final heating at 330 °C for
5min. Mass spectra were recorded in electronic impact (EI) mode at
70 eV, scanning in the 45-600 m/z range.

The MS-DIAL software, which has a publicly available EI spectra li-
brary, was used to extract, filter, and calibrate raw peaks. Additionally,
it was used to align peaks, analyze deconvolution, integrate peak height,
and annotate peaks. A peak width of 20 scans and a minimum amplitude
of 1000 were used, with a sigma window value of 0.5 and EI spectra cut-
off of 10 amplitudes for deconvolution. For peak identification,



R. Addesso et al.

retention time tolerance was set at 0.5 min, m/z tolerance was set at
0.5 Da, EI similarity cut-off was set at 70 %, and the identification score
cut-off was set at 70 %. The alignment parameters and retention time
tolerance were set at 0.075 min.

Publicly available libraries were used for compound annotation,
based on mass spectral patterns compared to EI spectral libraries such as
the MSRI spectral libraries from Golm Metabolome Database (Kopka
et al., 2005) available from Max-Planck-Institute for Plant Physiology
(Golm, Germany) and MassBank (Horai et al., 2010), MoNA (Mass Bank
of North America). Once compounds and features were annotated and
identified, shared metabolites were only reported as quantified and
confidently identified. To identify metabolites, metabolomics standards
initiative (MSI) guidelines for metabolite identification were followed
(Fiehn et al., 2007). Samples were annotated at two levels: (i) Level 2,
which involved identifying compounds based on a match factor greater
than 70 % in the spectral database, and (ii) Level 3, which only allowed
to identify compound groups based on specific ions and RT regions of
metabolites (Lopez-Gonzalez et al., 2023).

2.6. Total bacterial counts

The total bacterial count was performed to characterize the soil
bacterial load in response to the SOM-A availability, considering the
different management practices. It was performed on an agar medium
(tryptone 5.0 gL_l, yeast extract 2.5 gL_l, glucose 1.0 gL_l, bacterio-
logical agar 12.0gL™! at pH 7.0 & 0.2. This medium satisfies the re-
quirements defined by ISO 4833 and the American Public Health
Association (ISO, 4833, 2003). The prepared medium underwent an
autoclave sterilization cycle at 121 °C for 20 min. An aliquot of 100 mg
was suspended in 10 mL of distilled water for each soil sample and
vortexed for 30 sec. After that, the other serial dilutions were prepared
by progressively pipetting 1 mL of the previous dilution into 9 mL of
distilled water, and the 10™* and 107> dilutions were plated on agar
Petri dishes (@ = 90 mm). All plates were incubated at 37+2 °C for 48 h
under aerobic conditions. After incubation, the colonies formed were
counted with a stereomicroscope. The number of bacteria expressed in
colony-forming units (CFU) was multiplied by the dilution factor to get
the total CFU per gram of soil.

2.7. Statistical analysis

Statistical differences were evaluated, distinctly, on the aggregate
abundance, the SOM-A content, and the bacterial count, in the univar-
iate domain by three-way analyses of variance (three-way ANOVA),
followed by Tukey post-hoc tests, considering three fixed variables: the
aggregate size classes (>5, 5-2, 2-1, 1-0.250, 0.250-0.063, < 0.063 mm
for the aggregate abundance; 1-0.250, 0.250-0.063, < 0.063 mm for the
SOM content and the bacterial count), the typologies of treatments (Syng
or Cmng) and the soil depth (0-5, 5-15, 15-30 cm). Whereas, in the
multivariate domain, statistical differences, distinctly, on the STC, STN
content, and C/N ratio and on mineralogical characteristics were eval-
uated through a multivariate analysis of variance (MANOVA), using the
aggregate size classes, the typologies of treatments and the soil depth as
fixed factors, with Pillai’s trace (for STC, STN and C/N ratio) and Wilk’s
trace (for the mineral components) as the test statistics. A non-metric
multidimensional scaling (NMDS), based on the Euclidean distance
metric and on 2 axes, with the superimposition of confidence ellipses (a
= 0.05) for treatments and soil depth for STC, STN and C/N ratio and the
treatments and aggregate size classes for the mineralogy, was also sub-
sequently performed. All the statistical and graphical analyses were
conducted in the R 4.0.0 programming environment (R Core Team,
2020), with functions from the ‘vegan’, ‘agricolae’, ‘dplyr’, ‘mult-
compView’, ‘ggplot2’ and ‘RColorBrewer’ packages, and using the
open-source vector graphics editor Inkscape 0.92.

Metabolomic data were analyzed using Metaboanalyst 5.0
(https://www.metaboanalyst.ca) (Pang et al., 2021). Three different
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comparisons were made for data analysis: (i) comparison according to
agricultural practices (Cng Vs Smng), (ii) comparison according to depth
(0-5 vs 5-15 vs 15-30cm) and (iii) comparison according to gran-
ulometry (1-0.250 vs 0.250-0.063 vs < 0.063 mm). Metabolite con-
centrations were checked for accuracy, and any missing values were
replaced with a small positive value (half of the minimum positive
number detected in the data). The data were normalized, transformed
through "Log normalization," and scaled using Pareto-Scaling. Unsu-
pervised Principal Component Analysis (PCA) was used to create a score
plot for group discrimination.

Further analysis was conducted through supervised partial least-
squares discriminant analysis (PLS-DA) for depth and granulometry
comparisons, and an ortho-PLS-DA was performed to compare agricul-
tural practices. Features with the highest discriminatory power were
selected based on their variable importance in the projection score. The
PLS-DA and ortho-PLS-DA models were validated to avoid overfitting
using Q2 as a performance measure, the 10-fold cross-validation and
setting in the permutation test a permutation number of 20. Univariate
analysis: one-way ANOVA was used to highlight statistical differences
among single metabolites and treatments, with a false discovery rate
applied to control for false-positive findings (p < 0.05) for depth and
granulometry comparisons, and a t-test was used for agricultural prac-
tices comparison with a false discovery rate applied to control for false-
positive findings (p < 0.05). Finally, all statistically significant features
affected by the treatments were presented as a heatmap and clustered
using the Euclidean method for distance measurement and the Ward
algorithm for group clusterization.

3. Results and discussion
3.1. Aggregate size and C/N analyses

The aggregate distribution, determined by the dry weight percentage
(% dw) for each aggregate size class (>5, 5-2, 2-1, 1-0.250,
0.250-0.063, < 0.063 mm), considering the typologies of treatments
(Smng Or Cmng) and the soil depth (0-5, 5-15, 15-30 cm), is reported in
Fig. 1. The three-way ANOVA enabled the identification of highly sig-
nificant differences in the aggregate distribution in relation to the
aggregate size classes (P < 0.001). The macro-aggregates (with a
diameter > 0.250 mm) in the 0-5 and 5-15 cm layers were more rep-
resented in the Spng, while the opposite happened for micro-aggregates
(with a diameter < 0.250 mm). This could be because of the less
disturbance to the soil (no-till) and higher content of organic matter (see
following data), acting as a cementing agent of soil particles (Rabbi
et al., 2020). Indeed, it is known that the state of aggregation of soil
particles is influenced by tillage performed in the Cpng, causing a
disruption of macro-aggregates with a consequent increase of
micro-aggregates (Grandy and Robertson, 2006; Olchin et al., 2008;
Helgason et al., 2010). The higher abundance of large aggregates with a
diameter >2mm in the 15-30 cm of the Spqg layer can depend on the
difficulty that surface inputs of organic residues in the Spyg had in
reaching the deeper layers (Fig. 2a). Moreover, tillage in the Cppg could
also create a compacted soil sole underneath the tilled part (tillage sole),
which may have induced the higher presence of of Ilarge
macro-aggregates in this layer (Dimanche and Hoogmoed, 2002; Mur-
uganandam et al., 2009; Addesso et al., 2023).

Fig. 2a shows the dry weight percentage of STC and STN, and C/N
ratio, for each aggregate size class (1-0.250, 0.250-0.063, <
0.063 mm), considering the typologies of treatments (Smng Or Cmng) and
the soil depth (0-5, 5-15, 15-30 cm). Three-way MANOVA highlighted
significant differences in relation to STC, STN content and C/N ratio,
both among the two treatments (Pillai’s trace = 0.909, p < 0.001) and
the three different soil depths (Pillai’s trace = 1.016, p < 0.01), but not
among the aggregate size classes (Pillai’s trace = 0.663, P=NS)
(Supplementary Table S2). The NMDS (Fig. 2b), with superimposition of
confidence ellipses for treatments and depths, showed differences
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0.063 mm), based on the typologies of treatments (Smng, Cmng) and the soil depth (0-5, 5-15, 15-30 cm). Range bars represent the standard deviations of the means.
Different letters in the legend indicate significant differences (for « = 0.05) among aggregate size classes, according to the Tukey post-hoc tests.
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Fig. 2. a) Barplots showing the STC, STN content (% dw) and C/N ratio, for each aggregate size class (1-0.250, 0.250-0.063, < 0.063 mm), considering the ty-
pologies of treatments (Smng, Cmng) and the soil depth (0-5, 5-15, 15-30 cm). Range bars represent the standard deviations of the means. b) NMDS biplot, with the
superimposition of confidence ellipses for a = 0.05, according to the typologies of treatments (Smng, Cmng) and the soil depth (0-5, 5-15, 15-30 cm), based on STC,
STN and C/N ratio values.
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among the soil samples. In particular, it displayed a clear separation of
the confidence ellipses grouping the Syg and Crpg treatments, owing to
the higher N and C concentrations in the Spg, according to Wander and
Traina (1996). Similarly, the soil sampled at 15-30 cm depth is clearly
differentiated by that one sampled at 0-5 cm depth that showed a higher
content of C and N (+50.7 % and +74.9 %, respectively), whereas that
one sampled at 5-15 cm depth revealed intermediate characteristics, as
highlighted by the partial overlapping of its confidence ellipse with the
other two. The C/N ratio remained quite constant in the two cultivation
systems in all samples, regardless of soil depth and aggregate size
(Fig. 2a). The Spng showed a lower C/N ratio than the Cypg, due to the
increase of STN (Fig. 2a).

The higher C and N amount in the soil surficial layer confirms that
organic matter inputs in the Sy;g struggled to establish relationships
with soil phases in the deeper layers (5-15 and 15-30 cm). It can also be
hypothesized that STC and STN, and therefore also the SOM, increased
in the < 0.063 mm aggregate class of the Syng (+-59.3 % and +86.7 %,
respectively), in accordance with Green et al. (2005), because they

a . 100

75
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formed relationships more easily with particles having a smaller diam-
eter, with a higher specific surface area, such as colloidal materials
(Totsche et al., 2018).

3.2. XRPD mineralogical analysis

Fig. 3a reports the mineral assemblage of the studied soils, mainly
consisting, in decreasing order of abundance, of quartz (qtz), plagioclase
(albite-anorthite; plg), K-feldspar (with common orthoclase; ort), calcite
(cal), and minor amounts of clay minerals (i.e., illite, montmorillonite,
kaolinite and phlogophite), representing an assemblage typical of
Basento valley (see the geological setting in the materials and methods
section). Oxides occur in accessory phases. Three-way MANOVA high-
lighted significant differences in relation to the mineral composition of
the samples, both among the two treatments (Wilks’s trace = 0.056, p <
0.001) and the aggregate size classes (Wilks’s trace = 0.028, p < 0.01),
but not between the three different soil depths (Wilks’s trace = 0.989, P
= NS). The NMDS (Fig. 3b), with superimposition of confidence ellipses

Treatment

E‘ Conventional
‘:I Sustainable

Minerals

j2
:\2 50 . Cal
. Clay minerals
M o
25 B osices
[ P
Qtz
0
Aggregate
size class (mm) 1-0.250 0.250-0.063 <0.063 1-0.250 0.250-0.063 <0.063 1-0.250 0.250-0.063 <0.063
Depth (cm) 0-5cm 5-15cm 15-30 cm
b 0 |
L) o
Aggregate size class (mm)
< oxides == 1-0.250
o = = 0.250-0.063
- = <0.063
™
o Treatment
=== Conventional
N ~ = Sustainable
o
@ A
=
pz4 -
o
o |
o
b
S
1
N
o
1
I | [ I I
-0.4 -0.2 0.0 0.2 0.4
NMDS1

Fig. 3. a) Barplots showing the mineralogical composition of soil samples, considering the aggregate size classes (1-0.250, 0.250-0.063, < 0.063 mm), the ty-
pologies of treatments (Smng, Cmng) and the soil depth (0-5, 5-15, 15-30 cm). For minerals, the following abbreviations were used: Cal - calcite, Qtz - quartz, Plg —
plagioclase, Ort — orthoclase. b) NMDS biplot, with the superimposition of confidence ellipses for a = 0.05, according to the typologies of treatments (Smng, Cmng) and
the aggregate size class (1-0.250, 0.250-0.063, < 0.063 mm), based on the mineralogical composition of soil samples.



R. Addesso et al.

for treatments and aggregate size classes, highlighted a distinct sepa-
ration among the confidence ellipses grouping the Syng and Cpng
treatments because of the higher qtz, plg, ort and cal content in the Spg;
similarly, 1-0.250 and 0.250-0.063 mm aggregate size classes are
clearly differentiated by that one < 0.063 mm, showing also higher
contents of qtz, plg, ort, and cal, whereas the < 0.063 mm class revealed
a higher content of clay minerals than the other two size classes. The
1-0.250 mm class of Cyyg soils contained clastic minerals, such as qtz,
plg, ort and cal. Furthermore, XRPD data highlighted various groups of
phyllosilicate clays as by-products (secondary/pedogenic). In particular,
1:1 (i.e., kaolinite) and 2:1 clays (i.e., vermiculite and illite) are common
weathering products of silicate minerals (White, 2005; Scarciglia et al.,
2005; 2016). These latter include plg and ort, that were present in our
soils (Fig. 3a).

Moreover, in the aggregate size class 0.250-0.063 mm of Cyypg soils,
there were the same clastic minerals (qtz, plg, ort, cal) with clay min-
erals. As expected, in the class < 0.063 mm, there was a higher presence
of phyllosilicate clay minerals besides the other clastic minerals (qtz,
plg, ort, and cal). In the aggregate size classes 1-0.250 and
0.250-0.063 mm of Sy soils, clay minerals were not identified, but
there were clastic minerals (qtz, plg, ort, and cal). Here, ort and plg
showed a high crystallinity, probably because of a parent rock poorly
weathered, given the absence of clay products. In < 0.063 mm class,
referred to the Syng, besides clastic mineral residues (qtz, plg, ort), there
were also clay minerals (illite, kaolinite and montmorillonite), while cal
was absent. Compared to Syyg soils, Cmng Ones, in addition to qtz and
plg, showed a higher content of cal and ort. In Cpyg soils, the presence of
clastic minerals (cal and ort) was probably because of the clasts’
breakage in the conglomerates following soil tillage and disturbance,
while clay minerals derived from the alteration of plg and ort. In the
same aggregate size classes, a higher crystallinity of clay minerals was
noted in the Sy compared to the Cipg, likely because of its undisturbed
cultivation. As all the studied soils derived from the same parent rock,
likely a differential physical attack of the primary minerals could have
influenced the newly formed components’ quantification and the
altered/non-altered ones in the different samples. Another explanation
for the different mineral distribution between the two soil management
types could be the reallocation of minerals across soil layers and
aggregate classes caused by soil tillage disturbance occurring in the Cing
(White, 2005).

3.3. FTIR analysis

Fig. 4 reports the spectra obtained through FTIR analysis, showing a
similar general scheme, with seven main absorption bands at the
following wave numbers (WN): (i) 1050 cm ! indicative for Si-O-Si
groups in soil minerals (quartz, clay minerals), (ii) 1420 cm ! indica-
tive for C=0 bonds in SOM interacting with cations (OMcg), (iii)
1650 cm ™! indicative for COO~ groups, (iv) 1720 em ! indicative for
COOH, (v) two small absorption bands at the shoulder of the broad OH
band (WN 2700 and 2800 cm™!) indicative for hydrophobic CH groups
in SOM, and (vi) and a broad band at 3500 cm_l, indicative for OH
groups in SOM, adsorbed water, and soil minerals (Ellerbrock and
Gerke, 2016). The band at WN 1050 cm™! was most intense because of
the high content of soil minerals in the size fractions.

The spectra of all aggregate size classes of the Syyg soil (Fig. 4a-c;
left), considering the replicates I to III, showed slight differences in the
intensity of the OM, absorption band, indicative of SOM-cation/
mineral interactions, which mostly decrease gradually in the sequence
I > II > III, suggesting that the number of SOM-cation/-mineral in-
teractions was higher in soils from replicate I as compared to those from
replicates II or III. Whereas those related to Cnpg soils (Fig. 4a-c; right)
showed superimposable band heights of the OMc,y, except for the
replicate II, highlighting that the OM in these fractions is higher in the
OM-cation associations amount, compared to both all Syng replicates
and to the replicates I and III of the Cpg fraction (Fig. 4a-c; red arrows).
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Such variabilities in SOM composition for the Syng and Crng treatments
can result from soil management and tillage, which may create a
different spatial heterogeneity (Vieublé-Gonod et al., 2009). The FTIR
spectra of the < 0.063 mm fractions in Syng samples from different
sampling depths showed that OM,; band intensities increased in the
sequence 0-5 cm </= 5-15 cm < 15-30 cm, suggesting an increase of
SOM-cation interactions with depth (Fig. 4d; left). The spectra of the
Cmng fractions did not show such differences (Fig. 4d; right). This can be
likely explained, even in this case, by soil management type, which in
the Cing included plowing up to 30-cm depth in the inter-row portion,
with a consequent homogeneous distribution of soil components
(Becher, 1995; Limousin and Tessier, 2007).

3.4. Quantitative and qualitative organic matter from aggregates (SOM-
A) analysis

Like any soil constituent, organic matter, in its smaller and dissolved
fractions, has relationships with the mineral phase of the soil, therefore
it is stabilized within the aggregates. The soil mineral phase always
absorbs substances circulating in the soil solution as it is characterized
by surface charges (generally negative, changing with the soil pH),
whose magnitude and selectivity depend on the type of mineral, the
compound’s nature, and the concentration in solution (Violante, 2013).
Among the various compounds adsorbed by mineral colloids, there are
organic molecules that are part of the dissolved organic matter (DOM) or
that portion of organic matter dissolved in the soil solution.

Fig. 5 shows the absorbance values giving a quantitative indication
of the SOM-A aromatic component content in the analyzed samples,
considering each aggregate size class (1-0.250, 0.250-0.063, <
0.063 mm), the typologies of treatments (Smpg Or Crng) and the soil
depth (0-5, 5-15, 15-30 cm). The three-way ANOVA highlighted sig-
nificant differences in SOM-A in relation to all the considered fixed
variables among the typologies of treatments (p < 0.001), the three soil
depths (p < 0.001) and among the aggregate size classes (p < 0.01). As
for STC and STN, the SOM-A content in Sy soils was higher in the
samples taken in the first few centimeters of soil (0-5 cm) (4 76.0 %)
with higher values in < 0.063 mm aggregates (4+87.7 %) (Fig. 5a), and
gradually decreasing in the other two layers (5-15 and 15-30 cm), with
no significant differentiation. These results highlighted the impressive
effects of soil management on SOM accumulation. Franzluebbers and
Arshad (1997) found that soil organic carbon (SOC) increased of
10-30 % under no-tillage (NT) compared to conventional tillage (CT),
with the consequent sequestration into SOC by biomass equal to 22 %
under NT, versus only 9 % under CT. In Sy soils, the constant surficial
cover and no tillage promoted the release and storage of organic matter
with a continuous and fresh OM supply from surface, but it takes a long
time before it establishes stable bonds with the soil mineral phases in the
deeper layers (Komatsuzaki and Ohta, 2007). Moreover, the higher peak
observed in the sustainable treatment at the finer particle size could be
due to both the higher specific surface area of such fractions and the
specific interactions established between the mineral phase and organic
matter, which are usually much more abundant in the finer soil fraction
(Sheehy et al., 2015; Totsche et al., 2018; Yeasmin et al., 2023).

SOM-A analyzed by GC-MS showed differences in results depending
on the type of comparison. Based on the agricultural practices used, the
PCA score plot was built using two components, PC1 vs PC2, and
described 60.6 % of the total variability (Fig. 6a). PC1 explained the
highest variance (49.6 %), while PC2 explained 11 % of the total vari-
ance. The PCA revealed discrimination between the groups, but the
separation was unclear. The supervised ortho-PLS-DA showed a clear
separation between the Spyyg and the Cppng. The separation was achieved
by the first two principal components (orthogonal T score vs T score),
which explained a total variance of 50.7 %. The orthogonal T score
explained the highest variance (27.3 %), while the T score explained
23.4 % of the total variance (Fig. 6b). The variable importance of pro-
jection (VIP) scores derived from the ortho-PLS-DA analysis
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Fig. 4. FTIR spectra of (a) 1-0.250 mm, 0.250-0.063 mm and < 0.063 mm sized fractions. (b) FTIR spectra of < 0.063 mm sized fraction, both collected at 0-5 cm
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Fig. 5. Organic matter from aggregates (SOM-A) content of soil samples for each aggregate size class (1-0.250, 0.250-0.063, < 0.063 mm), considering the ty-
pologies of treatments (Smng, Cmng) and the soil depth (0-5, 5-15, 15-30 cm). Range bars represent the standard deviations of the means.

(constructed based on metabolites with a VIP score greater than 1.4)
showed that certain metabolites, including D-(+)-galactose, behenic
acid, 4-hydroxybutyric acid, urea, icosanoic acid, stearic acid, 4-hydrox-
ypyridine, oleic acid, and L-pyroglutamic acid, were the primary con-
tributors to the differentiation between the groups (Fig. 6¢). A t-test was
performed to find which metabolites were significantly altered among
treatments (Lopez-Gonzalez et al., 2023). The analysis revealed that 34
out of the 56 compounds identified were significantly altered. Those
metabolites were presented on a heatmap showing how each metabolite
varied according to the management (Fig. 6d).

In the Cmng, an accumulation of some amino acids (f-alanine, L-
alanine, and L-valine), polyamines (e.g., putrescine); some sugars (f-D-
glucose, D-arabinose, and D-galactose), as well as urea, was observed,
while these were reduced in the Sppg. In the Syg, an accumulation of
fatty acids (palmitic acid, stearic acid, oleic acid, myristic acid and
heptadecanoic acid), organic acids (salicylic acid, behenic acid, icosa-
noic acid, fumaric acid, gallic acid, and others), and sugars (e.g., D-
ribose), which were reduced in the Cpyg, was recorded. The accumula-
tion of organic acids and short-chain fatty acids, as observed in the Spyg,
is common in soils characterized by fermentative soil microbes (Melero
et al., 2006; Jonhs et al., 2017).

Concerning the depth comparison, as in the comparison of farming
practices, the PCA score plot was built using two components, PC1 vs
PC2, and described 60.6 % of the total variability (Fig. 7a). PCl
explained the highest variance (49.6 %), while PC2 explained 11 % of
the total variance. The PCA revealed discrimination between the groups,
but the separation is much more unclear than with the comparison of
agricultural practices. Here, the supervised PLS-DA showed an unclear
separation among the depths analyzed, with a small separation of the
0-5 cm depth from the other two depths. The separation was achieved
by the first two principal components (component 1 vs component 2),
which explained a total variance of 53.3 %. Component 1 explained the
highest variance (49.2 %), while component 2 explained 4.1 % of the
total variance (Fig. 7b). The VIP scores derived from the PLS-DA analysis
showed B-D-(+)-glucose, 2-furoic acid, D-(—)-arabinose, L-alanine, 1-3-
diaminopropane, oleic acid, stearic acid, and icosanoic acid, were the
metabolites that mainly contributed to the differentiation among the
depths (Fig. 7c).

A univariate ANOVA was performed to reveal which metabolites
were significantly altered among treatments. As a result, 27 out of the 56
compounds identified were significantly altered. Those metabolites
were presented on a heatmap showing how each metabolite varied

according to the depth group (Fig. 7d). The 0-5 cm depth was charac-
terized by an increased accumulation of organic acids (2-furoic acid, 3-
hydroxybenzoic acid, 4-hydroxybenzoic acid, behenic acid, fumaric
acid, icosanoic acid, and succinic acid) and some fatty acids (heptade-
canic acid, nonadecylic acid, myristic acid, oleic acid, palmitic acid, and
stearic acid) which were reduced at the soil depths 5-15 and 15-30 cm.
These latter accumulated amino acids (valine and alanine), sugars (D-
arabinose and p-D-glucose), and other compounds (urea, 4-hydroxybu-
tyric acid, 1-3 diaminopropane and dithiothreitol), which were
reduced at the 0-5 cm depth. The richness of metabolites observed in the
top layers is common in various soils, as microbial activity generates the
appearance of different metabolites, causing the amount of SOM-A to be
higher in more superficial layers than in deeper layers (Roth et al.,
2019). The ANOVA confirmed the trend observed in the PLS-DA,
whereby the 0-5 cm depth differed from the other two depths. Su-
crose was a special case because it did not vary at the 0-5 cm depth,
while it was accumulated at the 5-15 cm depth, and decreased at the
15-30 cm depth.

Finally, in the comparison based on granulometry, the PCA con-
structed using two components (PC1 vs PC2), described 60.6 % of the
total variability as in the previous cases (PC1 explained the 49.6 %,
while PC2 explained 11 % of the total variance; Fig. 8a). The supervised
PLS-DA did not show a clear separation among the aggregate size clas-
ses. The separation was achieved by the first two principal components
(component 1 vs component 2), which explained a total variance of
53.6 %. Component 1 explained the highest variance (47.7 %), while
component 2 explained 5.9 % of the total variance (Fig. 8b). The VIP
scores derived from the PLS-DA analysis indicated that 2-furoic acid,
hydroxycarbamate, hydroxybutyric acid, 3-hydroxybenzoic acid, pu-
trescine, L-valine, oleic acid, myristic acid, stearic acid, heptadecanic
acid, and behenic acid were the main contributors to the separation
among the aggregate size classes (Fig. 8c). Unlike the other two com-
parisons based on agronomic management and soil depth, the ANOVA
performed in this comparison did not show any significantly altered
metabolites.

The organic matter dissolved in the soil solution is generally
composed of strongly decomposed organic fractions, such as protein
residues and low-molecular-weight organic acids that can have cationic
or anionic behavior by interacting with the colloidal phase of the soil.
Organic molecules with cationic behavior can be easily adsorbed onto
negatively charged colloids. Although large and therefore low in charge
density, these molecules are retained on negative surfaces and can be
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Fig. 6. (a) Unsupervised PCA of the metabolomic changes comparing Sy (S) and Cipng (C). (b) Ortho-PLS-DA analysis of the metabolomic changes comparing Syyng
(S) and Cpyg (C). (c) Important features identified by ortho-PLS-DA. The colored boxes on the right indicate the relative concentrations of the corresponding
metabolite in each group under study. (d) The clustering result is shown as a heatmap (distance measure using Euclidean and clustering algorithm using Ward
method) of all the metabolites identified comparing Smng (S) and Cung (C). Each square represents the effect of the type of management on the amount of each
metabolite using a false-color scale. Red or blue regions indicate increased or decreased metabolite content, respectively.

exchanged for more related ions. For example, among these molecules
are most of those containing amine groups, which protonate to form an
R-NH3J complex. By forming this group, various proteins and enzymes
can be adsorbed into the interlayers of expandable minerals, thus being
sterically protected and less susceptible to degradation (Sequi, 2017).

3.5. Microbiological activity

Soils provide a habitat for many bacterial communities that influence
soil fertility and plant growth by regulating nutrient availability and
turnover (Borken et al., 2002). Microbial populations (bacterial and
fungal) are the entities responsible for degrading all organic compounds
in the soil. In response to different management practices, changes in the
structure and dynamics of soil microbial communities can provide the
basis for an index of soil health and fertility (Ding et al., 2013).
Consequently, monitoring their quantity in the various samples becomes
essential, analysing them differentially according to management tech-
niques and then in relation to the other parameters. Fig. 9 shows the

10

total bacterial counts in the analyzed samples. In all graphs, the standard
deviation values were high, which can be explained because the values
come from averages calculated on samples taken from different loca-
tions; consequently, they fall within the normal heterogeneity of the soil.
The three-way ANOVA highlighted significant differences in bacterial
counts in relation to all the considered fixed variables, among the ty-
pologies of treatments (p < 0.05), the three soil depths (p < 0.01) and
among the aggregate size classes (p < 0.01), with the higher values
generally found in the Spng. This is in accordance with several studies
comparing the microbiological activity in sustainably and convention-
ally managed soils (Maeder et al., 2002; Van Diepeningen et al., 2006;
Liu et al., 2007; Baiano et al., 2024). In the Sy, the highest bacterial
number was always found in the smallest size class at all soil depths
(Fig. 9). Regarding the trend of the Cpyng, while up to 15 cm depth there
was a trend similar to that found in the Spyg (highest bacterial number in
the finest particles), in the layer 15-30 cm a reversal was denoted. Here,
counts were higher in the largest particle size class (1-0.250 mm), likely
because the mineral nutrients added to the soil could diffuse up to
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30 cm, especially if bound to the larger soil particles.

Regarding the depths, the results of STC, STN, and SOM-A were also
confirmed from a microbiological point of view. In fact, a lower bacterial
number was found where there was a lower amount of STC, STN, and
SOM-A, particularly at 15-30 cm depth. These results can be related to

the fact that the soil was poorer in essential nutrients and, therefore, not
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entirely supportive of bacterial growth. Considering the trend among the
particle size classes, a significant increase in the difference between the
two management systems was found in the smaller fraction (<
0.063 mm). This result correlated with those obtained for STC and STN
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and the soil depth (0-5, 5-15, 15-30 cm). Range bars represent the standard deviations of the means.

analyses, indicating that both organic C and N were more retained by the
smaller aggregates and, consequently, the microbiological phase of the
soil grew in these fractions.

4. Conclusions

This study highlighted that distinguishing SOM quantity, quality,
and interaction with mineral components can help to understand if the
potential for desorption of SOM determines its degradability and the
dynamics of carbon accumulation into the soil, both essential for miti-
gating the effects of climate change, promoting land protection and
increasing agricultural yields. Indeed, the continued adoption of con-
ventional practices inevitably led to a gradual depletion of SOM. The
positive effects related to sustainable practices were clearer in the
topsoil (0-5 cm). This was likely because surface organic matter inputs
struggled to seep the deeper profiles, especially in the absence of soil
tillage. It is therefore clear that soil chemical and physical changes
caused by a sustainable management occur relatively slowly. This also
means that there must be an urgent turn in the management of Medi-
terranean agricultural sites in order to have the contrast and buffer the
soil degradative processes that will happen in the future.

As a final suggestion, in order to maximize soil health in Mediter-
ranean orchards, living roots should be maintained, i.e., the soil needs to
be covered in a mantle of diverse living plants (cover crops or sponta-
neous weeds) for as long as possible, while bare soil should be avoided.
Besides living plants and their root exudates, plant residues (e.g., stalks
and leaves) and compost can also drive soil health. The benefits of a
sustainable soil management are not merely productive, but they also
include environmental, social and ethical aspects. This is a prerequisite
for trying to maintain the functional autonomy of orchard agro-
ecosystems over time and ensuring that they continue to perform their
wide range of ecosystem services.
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Supplementary materials

Supplementary Table S1. Soil total carbon (STC), total inorganic carbon (SIC), total nitrogen (STN),
STC/STN ratio, pH (water), and bulk density in soils of the sustainable (Smng) and conventional (Cmng)
systems measured at different depths, according to Pansu and Gautheyrou (2006)*. Each value
represents the mean (x SD) from composite soil composite samples (n = 3). The values followed by

different letters are statistically different (p < 0.05) within columns. nd = not detected.

Soil depth
Soil system STC (g kg™?) SIC (g kg™?) STN (g kg™!) STC/STN pH Bulk density (g cm™3)
(em)
0-5 24.19+1.76a 2.44+0.32c 2.38+0.19a 10.17+0.62b 7.61+0.03d 1.15+0.05c
Sustainable
5-15 9.25+0.60 c 5.26+0.59b 1.80+0.91b 6.02+2.67d 7.70+£0.06 c 1.25+0.04 bc
(Smng)
e 15-30 5.84+0.04d 6.35+0.45a 1.03+0.26 b 5.88+1.33d 7.80+0.03 bc 1.34+0.05b
0-5 11.99+0.46b 4.54 + 0.38 bc 1.10+£0.22b 11.23+2.56a 7.8510.04 bc 1.23+£0.03 bc
Conventional
( | 5-15 11.42 £ 0.15 bc 4.47 + 0.54 bc 1.20+£0.07 b 9.51+0.53c 7.91+0.05b 1.40+0.06 a
G
e 15-30 9.66+0.16 ¢ 6.86+0.34a 1.12£0.06b 8.65+0.32¢ 8.08+0.05a 1.48£0.05a

* = All soil samples were air-dried at approximately 25 °C and then sieved through a 2-mm stainless steel sieve. The size fraction smaller
than 2 mm was used for soil chemical analyses. Soil organic carbon (SOC) was determined by Walkley and Black method by oxidation at 170
°C with potassium dichromate (K2Cr.07) in the presence of sulfuric acid (H2S04), and the excess K2Cr.07 was measured by Mohr salt titration.
Total carbonates were measured by calcimetry using hydrochloric acid and calculating the volume of released carbon dioxide at controlled
temperature and pressure. Total inorganic carbon (SIC) was estimated stoichiometrically by the values of total carbonates. Soil total nitrogen
(STN) was measured by the Kjeldahl method. Soil pH was measured by a glass electrode (model Basic 20°; Crison Instruments SA, Barcelona,

Spain) in distilled water using a suspension 1:2.5 soil to liquid phase ratio. Bulk density was measured using volumetric rings (5 cm of internal

?).



Supplementary Table S2. Output parameters of the three-way MANOVAs on STC (a), STN (b) and C/N
ratio (c), considering the three fixed variables: the typology of soil management (Smng, Cmng), the soil
depth (0-5, 5-15, 15-30 cm), and the aggregate size classes (1-0.250, 0.250-0.063, <0.063 mm).

Df F value Pr(>F)
Treatment 1
Conventional 1 0.6541 0.434402
Sustainable 1 0.6541 0.434402
Depth (cm) 2
0-5 1 8.8922 0.004277
5-15 1 6.5161 0.025341
15-30 1 11.2683 0.005708
Aggregates (mm) 2
1-0.250 1 5.1679 0.024048
0.250-0.063 1 5.5764 0.035957
<0.063 1 4.7594 0.049750
Treatment 12
b.
Df F value Pr(>F)
Treatment 1
Conventional 1 5.2444 0.040927
Sustainable 1 5.2444 0.040927
Depth (cm) 2
0-5 1 9.5666 0.003279
5-15 1 8.6139 0.012489
15-30 1 10.5192 0.007043
Aggregates (mm) 2
1-0.250 1 5.4050 0.021200
0.250-0.063 1 5.7369 0.033815
<0.063 1 5.0731 0.043810
Treatment 12



Df F value Pr(>F)

Treatment 1
Conventional 1 86.3392 7.872e-07
Sustainable 1 86.3392 7.872e-07
Depth (cm) 2
0-5 1 3.6196 0.05888
5-15 1 7.2216 0.01977
15-30 1 0.0175 0.89690
Aggregates (mm) 2
1-0.250 1 0.4594 0.64233
0.250-0.063 1 0.3288 0.57695
<0.063 1 0.5900 0.45728
Residuals 12



Supplementary Figure S1. Simplified geological map of the investigated area (after Bloise et al., 2019;

de Musso et al., 2020) with the location of collected sample sites.
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Supplementary Figure S2. a) The experimental orchard at soil sampling time in August 2021 and bc)

the two systems (conventional, b; sustainable, c) in April 2021.




Supplementary Figure S3. Scheme about the different land use of the orchard based on the tillage,

the mineral nutrition and the pruning and crop residuals management as reported in Table 1.

SUSTAINABLE CONVENTIONAL

Mineral nutrition




Supplementary Figure S4. a) Soil sampling position and method in the sustainable system (Smng). In
evidence: the drip emitters (red circle) and the distance from the trunk (yellow line). b) The excavated

trench (yellow rectangle) and c) a hole at a depth of 30 cm.
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