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Abstract: Soil organic matter depletion is a significant concern in agricultural soils, impacting crucial
aspects of ecosystem health, especially soil properties such as fertility and soil moisture retention.
Adopting sustainable soil management practices, such as cover crops, can mitigate this issue. In this
study, we analyzed the soil organic carbon (SOC) content and quality in vineyards using two distinct
management methods: permanent spontaneous cover crops and conventional tillage. Dissolved
organic carbon (DOC) was quantified and chemically characterized using UV–visible spectroscopy.
Our results showed an increase of 4.7 Mg C/ha in the carbon stock (50 cm depth) after 10 years of
implementing vegetation covers compared with tilled soil. Additionally, cover crop management
increased less humified soluble carbon in surface soil layers, while tillage transformed the solubilized
carbon. This finding is important because tilled soil becomes more accessible to microbial degradation
and leaching, which, in the long term, leads to a SOM content decrease. In conclusion, an increase
in carbon stock was observed when using cover crops due to the incorporation of fresh organic
matter, whereas tilled soils showed a depletion of carbon stock, including the mobilization of more
stable carbon.

Keywords: dissolved organic carbon; groundcovers; carbon sequestration; sustainable land management
practice

1. Introduction

The benefits derived from an optimal soil organic matter (SOM) content have been
extensively discussed in the scientific literature [1]. SOM encompasses a range of en-
hancements in the physical, chemical, and biological characteristics that are crucial for soil
quality, such as better structure [2,3], better infiltration [4], or off-site advantages such as
improved surface water quality [5]. From a broader standpoint, good SOM levels improve
soil functioning [6] and significantly contribute to sustaining food security [7] by promoting
drought-resilient ecosystems.

If organic materials are humified, that is, transformed into more stable organic
molecules, another environmental benefit arises: the opportunity to mitigate climate
change [8–10]. Soils are the most important carbon storage compartment on earth. Peats can
hold more than 100 g C/kg, forests can hold 50 g C/kg, and grasslands can hold 25 g C/kg.
Arable and permanent crop lands have the most carbon-depleted soils, with values of ca.
20 g C/kg; only bare lands have a lower concentration, with values of 10 g C/kg [11]. This
ranking shows that agricultural soils have lost a significant amount of SOM content, with a
decline of about 30% on average [12]. Growing cover crops is recognized as a climate-smart
agricultural practice globally, and the scientific literature has shown its effects in different
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contexts. However, their potential is not fully understood in all cropping systems, climatic
zones, or soil types [13]. Different climatic and edaphic conditions and management prac-
tices must be addressed over a sufficiently long period since the residence time of SOC may
vary in different scenarios.

There are diverse ways of returning organic carbon to the soils: reducing the intensity
of tillage, conducting fallows and rotations, and using cover crops. In this work, we address
the latter, considering the effect of cover crops (CCs) on vineyard soils while considering
SOC content and SOM quality.

Vineyard soils in semi-arid areas are notably depleted of organic carbon [11,13–15].
It is worth noting that an increase in SOC does not necessarily equate to SOC sequestra-
tion [16]. The quality of SOM refers to its ability to persist in the soil, forming stable SOM.
This capability relies on the creation of stable organic matter, which is formed by long-
lived materials [17] that can stabilize carbon in the soil for over 1000 years, surpassing the
lifespan of living vegetation [18]. Hence, only humified SOM should contribute to carbon
sequestration. Humification is considered the prolonged stabilization of carbon against min-
eralization or degradation; in this sense, humification contributes to carbon sequestration.

Assessing SOC’s stability in soil requires an analysis of the nature of the organic
matter being incorporated into the soil. SOM comprises approximately 50% carbon [19],
existing in various-sized molecules with different concentrations of aromatic structures
and polycondensated materials. These structures and materials form a heterogeneous
mixture of celluloses, lignin, tannins, proteins, and lipids, among others, found within the
soil, ranging from relatively fresh plant residues to highly processed and stable organic
compounds. This continuum reflects the varying degrees of decomposition, transformation,
and stabilization that organic matter undergoes within the soil environment.

Classic chemical methods for characterizing SOM distinguish fulvic acids (water-
soluble molecules at any pH level), humic acids (which are soluble at alkaline pH levels),
and humins (non-soluble). This classification is based on a progressive increase in molecular
weight, structural complexity, and aromaticity. The different structural nature of SOM
molecules involves different properties, one of which is the above-mentioned greater
stability and, therefore, lower susceptibility to decomposition/mineralization and the
release of CO2 into the atmosphere.

Based on the velocity of SOM mineralization, researchers have agreed [20] that SOC
can be divided into three different pools: fast (1–2 years), intermediate (10–100 years), and
slow (100–1000 years). Slow turnover is due to the highly condensed aromatic chemical
structure of organic compounds, which are not easily degraded by microorganisms and
have a high potential for carbon sequestration [21].

SOC storage capacity is usually studied in topsoil, and the FAO recommends conduct-
ing studies at 30 cm depth [22]. This upper layer is the easiest and most frequently studied
layer in the scientific literature, but it is also the most variable due to the influence of land
management. A SOC increase in deeper layers of soil may improve its long-term effects
due to slower decomposition rates [23,24]. It can be argued that this accumulation is driven
by the continuous transport of dissolved organic carbon (DOC) within the soil profile [25].
Therefore, studying DOC offers the opportunity to evaluate potential SOC sequestration
in deeper layers of soil. Kalbitz et al. [26] found that applying UV spectroscopy to the
compositional study of dissolved organic matter from water extraction procedures was
accurate and less time-consuming.

Cost-effective methods are crucial in this domain given that the chemical charac-
terization of SOM demands substantial economic and temporal resources. Conversely,
studying the chemical composition of SOM with spectroscopy offers a rapid and straightfor-
ward means of estimating the degree of maturation and transformation of organic matter,
thus shedding light on the effects of different management practices on soil ecosystem
services [27–29]. Spectroscopy relies on the various shapes of spectra generated by elec-
trons coming from aromatic or unsaturated SOM. The optical density across different
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wavelengths can be used as a proxy to study the structure, that is, the stability or quality,
of SOM.

This characterization helps determine whether using CCs influences the transforma-
tion of organic matter, observing changes in UV–vis absorbance variations. Absorbance
ratios at different wavelengths have been widely used to study the humic fraction [30].
Among several ratios, E2/E3 and E4/E6 (absorbance from 250 to 365 nm and absorbance
from 465 to 665 nm, respectively) have been used in the literature for this purpose. Aro-
matic compounds are generally considered more stable and recalcitrant than aliphatic
compounds and are often associated with better humification and more complex organic
matter structures [31,32] related to the degree of SOM transformation [33]. Moreover, being
concentration-independent indices, they have significant potential for comparing different
solutions in different environments. As general indicators of the degree of transformation
or humification and molecular size, they are useful for studying dissolved organic matter.
In both cases, lower values in the ratios of E2/E3 and E4/E6 indicate a higher proportion
of aromatic or ring-like organic compounds and a higher molecular weight in the dissolved
organic material.

The stability and composition of organic carbon in soils can impact soil fertility, carbon
sequestration, and resilience to environmental stressors, such as drought and temperature
fluctuations. Carbon chemistry is emerging as another crucial factor along with organic
carbon content in soils.

In agricultural and land management contexts, increasing SOC stability is often a
goal to enhance soil health and promote long-term carbon storage. Practices like reduced
tillage, cover cropping, and adding organic amendments (e.g., compost) can contribute
to the accumulation of stable organic carbon in soils. Policies to promote Sustainable Soil
Development must be supported by concrete data in different places and soils to better
establish deadlines and aid farmers willing to change soil management practices to increase
stable SOC content. The scope of this study was conducted in vineyards with poor SOM.
We aimed to monitor the influence of cover cropping in vineyard rows after 10 years at
depths up to 50 cm to address changes in SOC and DOC content and their stability. We
also analyzed CCs’ effectiveness in enhancing the goods and services of agricultural soils.

2. Materials and Methods

The vineyard is in an experimental research center called El Encín (Figure 1), belonging
to the regional Institute of Agronomic Research in Madrid, Spain (IMIDRA; 40◦31′34.0′′ N,
3◦17′21.5′′ W). The climate is semi-arid, defined within the Köppen climate classification
as “Csa”, indicating a typical Mediterranean climate with hot summers [34], an average
annual temperature of 13 ◦C, and accumulated precipitation of 450 mm. The soil of the
entire study area has been defined as Calcisol [35].

The vineyard covers 1.5 hectares and contains 23 different grape varieties planted
in 2004 under targeted watering, which have been continuously managed with cover
crops (CCs) for the last 10 years. During this period, soil management consisted of tilling
alternate rows and conserving CCs in the other rows, comprising permanent spontaneous
vegetation mowed in spring with clippings left on the soil surface (Figure 1). Mowing
is usually performed twice a year, although it can be more frequent depending on the
weather. For these soils, when tillage ceased, the most frequent species covering the soil
were: Sisymbrium sophia, Fumaria officinalis, Veronica hederifolia, Chenopodium album, Capsella
bursa-pastoris, and Conyza canadensis [36]. Under-vine weed control is performed using
mechanical tools to trim the vegetation.

For soil sampling, the vineyard was divided into three blocks (Figure 1). Six samples
were obtained randomly in each block, three in rows with CCs and three in rows with tilled
soils. In total, 54 samples were analyzed (three blocks × three replicates × two management
types (CCs and Till) × three depths). A soil auger with a 5 cm diameter was used to obtain
soil samples up to depths of 50 cm. The auger was dug into the same borehole to obtain
undisturbed soil cylinders and clear limits of soil depth, from 0 to 15 cm, 15 to 35 cm, and the
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deepest, 35 to 50 cm. The composite samples of each soil depth are identified as 15, 35, and
50 hereafter.
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Figure 1. Location of vineyard in Madrid, Spain, with blocks and sampling designs. The vineyard is
managed with alternate rows of tillage and cover crops. Three soil samples per block were obtained
with augers (right) up to depths of 0–15, 15–35, and 35–50 cm in the middle of the rows, with and
without cover crops.

Particle size analysis was conducted using the Bouyoucos method. We first shook 50 g
of soil samples (<2 mm) with 400 mL of distilled water and 20 mL of a dispersant solution
((NaPO3)6). Finally, the suspension was transferred to a test tube and 1 L of distilled water
was added until complete. The silt and clay content was estimated by determining the
density of the suspension at 40 s (silt + clay) and 2 h (clay) after agitation [37]. The sand
content was obtained by sieving (0.05 mesh sieve) and weighing after drying at 105 ◦C.

The SOC analysis was performed with wet oxidation using potassium dichromate
in an acid medium [38]. The conversion of SOC into organic matter was accomplished
using the van Bemmelen factor (1.724). The stock of SOC (t/ha) was calculated using
the equation:

SOC (tC/ha) = SOC (%) · BD (g/cm3) · [1 − (VG/100)] · LT (cm), (1)

where BD is the soil bulk density; VG (%) is the soil fraction > 2 mm, and LT represents soil
thickness [14].

DOC was obtained from undisturbed soil samples. The procedure used 2.5 g of
previously sieved (2 mm mesh size) dry-room temperature soils in 25 mL of distilled water
(1:10 w/v ratio), which was then agitated (200 rpm) for 15 min in 50 cm3 polyethylene
bottles and filtered using a 0.45 µm Nylon Syringe [39]. Soil extracts were then centrifuged
at 4500 rpm for 15 min to eliminate clays. All the extractions were performed in duplicate
in the layer samples considered in this study. The aqueous extracts were analyzed using
a Multi N/C Analytik Jena Analyzer (Jena, Germany). Liquid samples can be evaluated
for both inorganic and total carbon using this method. Subsequently, the soluble organic
carbon was determined as the difference between both inorganic carbon and total carbon.
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The DOC fraction was also used to measure the wavelength absorbance ranging from
190 to 800 nm using a UV–VIS Genesys 150 spectrophotometer (Thermo Fisher Scientific
S.L. Waltham, MA, USA) to obtain a proxy for its molecular composition.

We analyzed differences due to management practices and differences found between
soil layers using the Kruskal–Wallis test [40], a non-parametric alternative to one-way
variance analysis between groups in Statistica StatSoft Inc. (North Melbourne, Victoria,
AU) 8.0 software [41].

3. Results and Discussion

The particle size distribution is crucial to understanding a soil’s properties. Our results
indicate that the soil has a sandy loam texture (Table 1), no matter the depth considered.
There were no significant differences between the samples.

Table 1. Soil texture in different management types and depths.

Management Depth
(cm) n Sand (%)

2–0.05 mm
Silt (%)

0.05–0.002 mm
Clay (%)

<0.002 mm

Tillage 15 6 71.1 ± 1.6 16.5 ± 1.9 12.4 ± 1.3
35 6 71.1 ± 1.6 15 ± 1.7 13.9 ± 1.3
50 6 70.1 ± 1.8 15.8 ± 2.3 14 ± 1.5

Cover crops 15 6 70.4 ± 4.3 16.3 ± 3.7 13.3 ± 0.8
35 6 70.2 ± 1.6 16.2 ± 1.6 13.6 ± 0.8
50 6 69.9 ± 4.2 15.7 ± 3.6 14.4 ± 1.1

Mean and standard deviation.

3.1. Soil Organic Carbon

According to the literature, the soils of this experimental farm had 1.1% SOM (0–18 cm
depth) in the seventies [42]. Currently, the median shows a value of 0.85 compared with
1.1% forty years ago. A more recent review of organic carbon content in different soils and
land uses, published by Calvo de Anta et al. [14], refers to 0.9% as the average value of
SOC for depths of 0–30 cm in Calcisols used for woody crop production in this area.

The CC treatment increased the SOM concentration, particularly in the upper layers
(Table 2). Tillage, performed in a business-as-usual manner, yielded 0.85% SOM in the
topsoil compared with 1.23% under CCs.

Table 2. Differences in soil organic matter (SOM) and bulk density (BD). Significant differences
according to the Kruskal–Wallis test between layers in the same management (BL), and between
management types for the same layer (BM). Values with different letters showed p < 0.001.

Management Depth
(cm) n SOM (%)

Median Q25–Q75 BL BM BD
(Mg m−3)

Tillage 15 6 0.85 0.71–0.97 a a 1.52 a
35 6 0.45 0.32–0.57 b a 1.62 a
50 6 0.46 0.26–0.69 b a 1.57 a

Cover crops 15 6 1.23 1.11–1.62 a b 1.64 a
35 6 0.56 0.49–0.78 b a 1.56 a
50 6 0.29 0.2–0.36 c a 1.62 a

Median and quartiles (Q25–Q75).

In deeper layers, the SOM at 35 cm under CCs was 0.56% compared with 0.45% under
tillage without significant differences between management types (p = 0.27). There were no
significant differences in SOM content at depths of 50 cm.

The increase in SOM produced by CCs led to a significant difference in the topsoil’s C
stock compared with tillage management (p < 0.001). The layer up to 35 cm underneath
showed a tendency to increase but not significantly in this period. These results align with
others provided for vineyards in Mediterranean environments, e.g., 0.78 Mg C/ha yr [43].
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The results for the deepest layer, ranging from 35 to 50 cm, were similar in both treatments
(Figure 2).
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soil layers considered (C stock, Mg/ha). Significant differences between management practices at
different depths: ** p < 0.001.

One of the most cited effects of CCs on agricultural fields was an increase in soil
bulk density. We detected a slightly smaller bulk density value in the topsoil of the tillage
treatment, at 1.5 Mg/m3, compared with 1.6 Mg/m3 in the rest of the layers and CCs
(Table 1). Although not significantly different, this can still influence the calculation of SOC
stock. Considering all the studied layers (0–50 cm) and the equivalent mass to avoid the
effects of different compaction states [44], the C stock in tilled soils was 24.4 compared with
29.1 Mg C/ha in CC soils. Therefore, this management practice increased by 4.7 Mg C/ha
in 10 years compared with the tillage practice. Although the increase in C was not measured
yearly, we obtained a proxy for the annual rate of 0.47 Mg C/ha·yr at a 50 cm depth in soils
managed with CCs. This value is substantial considering the classical research published by
Schlesinger [45], which documented an annual increase of 0.024 Mg C/ha for all ecosystems
with significant variations depending on environmental conditions. The magnitude of C
stock in these vineyards (24.4–29.1 Mg C/ha) coincides with that from other published
research studies on SOC for agricultural soils in Spain, ranging from 10 to 30 Mg C/ha up
to 30 cm depth [14], or ca. 30 Mg C/ha for vineyards in France [46].

3.2. Dissolved Organic Carbon

Plant and crop residues that have been recently added to the soil are not typically
water-soluble. These materials contain a combination of complex organic compounds,
cellulose, lignin, and other organic matter that cannot easily dissolve in water. Over time,
as plant residues undergo decomposition by soil microorganisms and other factors, SOM
becomes more humified, yielding a generally non-water-soluble organic material. SOM’s
solubility is primarily influenced by the presence of certain functional groups and the
degree of decomposition. DOC includes simple carbohydrates and amino acids, organic
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acids containing carboxyl and phenolic groups, and organic molecules with high polarity
such as hydroxyl and carboxyl groups.

DOC is the most oxidized fraction and, hence, the most chemically and microbially
altered fraction of organic compounds in soils [47]. Figure 3 shows that CCs produced
a significant increase in DOC. The median value was 9 mg/L in the tillage treatment
compared with 11 mg/L in the CC treatment in the topsoil (0–15 cm deep). The layer
underneath (35 cm) also experienced a notable increase in DOC due to CCs, from 6.5 to
7.6 mg/L (p = 0.1, tillage and CCs median values, respectively). There were no differences
at the 50 cm depth, where both management types showed 5.5 mg/L. The conventional
significance level is typically set at 0.05 in many scientific studies; however, in the complex
soil context of this exploratory analysis, with a small sample size, the limit of p = 0.1 may
be accepted as a more lenient criterion. These differences are not due to chance and may
demonstrate a trend over time.
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* p = 0.10 between management practices).

The results obtained in this study are consistent with previous findings reported by
researchers such as Kaiser and Kalbitz [25]. They argued that the DOC increase throughout
depth is a proxy for SOM transport while also representing high SOM cycling ability, which
gives positive insight into the framework of soil functions.

3.3. Dissolved Organic Carbon Composition

The SOM in topsoil is formed by recently made photosynthesis molecules, as demon-
strated by its radiocarbon signature, and also by DOC [48]. It experiences various degrees
of decomposition, transformation, and stabilization that can follow a continuum pattern
within the soil profile. Long-term intensive land use has led to an increase in the poly-
condensation of dissolved organic molecules, which is particularly intense in aqueous
extracts of topsoil [49]. In deeper layers, the interaction with mineral surfaces may differ
from that of topsoil. These interactions can alter the chemical structure of organic matter
and affect its spectral characteristics, possibly resulting in lower ratios of E2/E3 or E4/E6
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values depending on environmental conditions. At the same time, microbial communities
in deeper soil layers may have different metabolic pathways and preferences for organic
matter decomposition compared with surface layers. Microbial processing influences the
composition and aromaticity of organic matter. Significant correlations between these
ratios and the molecular weight and aromaticity of DOC have been described in previous
research [50–52].

Figure 4 represents the optical density at different wavelengths (250, 365, 465, and
665 nm) and the ratios obtained from these wavelengths, E2/E3 and E4/E6. We observed a
decrease in the E2/E3 and E4/E6 ratios with depth. The presence of fresh organic matter
inputs near the surface in the CC treatment, with materials being less humified, especially
influences the E4/E6 absorbance response in this management practice. This fact explains
the high values of these ratios in the first 15 cm of the soil profile. At different depths, the
organic matter in the solution becomes more humified and stable, leading to lower E2/E3
values in the deeper layers. Similarly, the E4/E6 ratio provides chemical information on the
structure of humic to fulvic fractions and shows lower values with depth, suggesting more
transformed and polymerized organic matter, which indicates stabilized organic matter.
Both indicators show an increase in the chemical structure quality of DOC with depth.
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Table 3 shows the chemical characterization results of DOC using UV–visible spec-
troscopy considering the ratios E2/E3 and E4/E6 in the different soil management types.
The results show the continuum of absorbance and differences between management types
and layers.

As previously mentioned, the E2/E3 ratio is significantly lower in the deepest layer
of both soils, which is the expected pattern. A low E2/E3 ratio signifies a high degree of
transformation and potentially more oxidized organic matter. Consequently, the organic
matter solubilizing in the deep layers of both soils appears to be the most transformed.

We found a significant difference in depth while comparing different management
types. Soils managed with CCs showed lower E2/E3 ratios than soils managed with tillage
(p = 0.1) at the 50 cm depth.
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Table 3. Differences in the E2/E3 and E4/E6 ratios. Significant differences according to the
Kruskal–Wallis test between layers in the same management type (BL) and between management
types for the same layer (BM). Values with different letters showed p < 0.001. * p < 0.1.

Manage. Depth
(cm) n E2/E3

Median Q25–Q75 BL BM E4/E6
Median Q25–Q75 BL BM

Tillage 15 6 4.27 4.2–4.3 a a 3.46 3.1–3.6 a a *
35 6 4.30 4.2–4.3 a a 3.43 2.9–4.8 a b
50 6 3.62 3.5–3.9 b b * 2.98 1.4–3.6 b b

Cover
crops 15 6 4.48 4.4–4.5 a 4.70 4.1–6 a

35 6 4.13 3.9–4.5 a 3.96 2.6–5.5 a
50 6 3.51 2.5–3.8 b 3.16 1.4–4.2 b

Median and quartiles (Q25–Q75).

In soils managed with CCs, we can observe how the E4/E6 value decreases over
depth. The DOC in the topsoil presents the highest value (4.70), while the lowest is at
the 50 cm depth (3.16). These data may indicate that the DOC presents labile structures
in the solution obtained from the topsoil while being transformed into deeper layers. It
is probably due to the incorporation of new fresh organic matter after cover crops were
implemented 10 years ago. Soil management can increase DOC content by mobilizing fresh
organic matter through the soil profile and increasing the transformation with depth.

It is worth mentioning that these DOM concentrations were obtained using direct
extraction from distilled water. Furthermore, they were not purified of other cations or
salts that solubilize. As a result, we found that the E2/E3 ratio was more appropriate for
identifying changes in DOC quality between sites because it is more stable and less affected
by environmental fluctuations (e.g., heavy rainfalls) due to minor differences between the
used wavelengths. On the contrary, the E4/E6 ratio can fluctuate with environmental con-
ditions, for example, at sites with high iron concentrations, which can influence absorbance
by 600 nm [52].

When we compare different management types, the increasing trend in the E4/E6 ratio
in CC soil suggests the addition of fresh organic carbon. The E4/E6 ratio in the tilled topsoil
(Table 3) was 3.46, which is notably smaller than 4.70 in the CC topsoil (p = 0.08), indicating
a higher proportion of aromatic and more complex and recalcitrant organic compounds in
permanently tilled soil’s DOM. Changes in the E4/E6 ratio were not detected at the 50 cm
depth when managed with CCs. Similarly, there were no differences between management
types at the 35 and 50 cm depths.

The E4/E6 index in tilled soils generally registers lower values than it does in soils
managed with CCs, except for values at 50 cm, where they are relatively similar. This find-
ing indicates a greater transformation of organic carbon solubilized in tilled soils [53–55].
The migration of this carbon to the liquid phase favors the accessibility of this organic
matter to microorganisms promoting its mineralization. We hypothesized that tilled soil
has a decreased SOC content for this reason. Another supporting aspect of this statement is
that there is no difference between the values at 15 and 35 cm. Both layers show similar
transformation DOC degrees, likely due to the tilling effect of mixing surface and sub-
surface soils. Tillage destroys the soil structure, and deeper soil layers are moved to the
surface, exposing them to atmospheric conditions. This process promotes SOM oxidation,
leading to mineralization and loss of carbon content. These conditions potentially induce
the emergence of more transformed chemical structures of organic matter in the topsoil
(p = 0.08), coinciding with a decline in carbon content.

Various environmental factors and biological processes can affect these variations in
the chemical structure of organic matter. Factors such as temperature and moisture, closely
linked to microbial activity, and vegetation type can influence the humification degree
and relative abundance of humic and fulvic substances at different depths. New land
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management practices in vineyards, such as CCs, were found to influence SOC and DOC
values with depth.

4. Conclusions

SOC changes occur slowly, especially in deeper soil layers, and may not be uniform
across all depths. Detecting statistically significant differences often demands decades of
continuous monitoring. In this vineyard, the adoption of CCs has increased by 4.7 Mg C/ha
in 10 years (considering the 50 cm depth) compared with traditional tillage. This increase
is especially notable in areas with low SOC, such as the site described in this study, with
<1% SOM.

(i) Managing vineyards with CCs notably increased SOM in the upper soil layer up to
the 15 cm depth (p < 0.001), from 0.85 in tilled soils to 1.23% in CCs. Both treatments
showed similar results from 35 to 50 cm depths. Although tillage had a slightly lower
bulk density (1.5 Mg/m3) than CCs (1.6 Mg/m3) in the topsoil layer, it did not differ
significantly. The CCs increased C stock by 4.7 t C/ha in ten years. This increase
exceeds the average annual increases documented in classical research. The C stock,
ranging from 24 to 29 Mg C/ha at a 50 cm depth, aligns with previously conducted
studies conducted in Spain and France for agricultural soils and vineyards.

(ii) Concentrations of dissolved organic matter (DOM), obtained using direct extraction
with water, were also different depending on management type. CC management no-
tably increased DOC levels in the upper soil layer (0–15 cm), with values of 11 mg/L,
which is 20% higher than in tilled soils. It also increased slightly at a depth of 35 cm.
The significance level of these differences was p = 0.1, which is higher than the typical
significance level, but it demonstrates a trend toward an increase over time at a depth
of 35 cm. On the contrary, at 50 cm, both management methods showed similar values
of 5.5 mg/L. This similarity indicates that management at this depth has no effect
after 10 years.

(iii) In terms of organic matter stabilization, areas under CC management displayed
elevated E4/E6 ratios, signifying additional fresh organic carbon compared with
permanently tilled soils. Regardless of the management approach, as soil depth
increases, both the E2/E3 and E4/E6 ratios decrease, indicating a progression toward
more stable organic matter at greater depth.

Tilled topsoil layers exhibited lower E4/E6 ratios, suggesting a higher proportion of
complex and recalcitrant organic compounds than those under CC management. Tillage
disturbs the soil structure, exposing deeper layers and accelerating SOM oxidation. Ac-
cording to some arguments, transformed carbon is transferred to the liquid phase in tilled
soils, promoting mineralization, which may decrease the SOC content in these tilled soils.
However, the composition of the remaining organic matter is more complex.
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