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Abstract

Understanding the long-term impact of agricultural practices on soil parameters is essential
for improving soil quality and sustainability. Soil Organic Carbon (SOC) and total Nitrogen
(N) are key indicators due to their influence on crop productivity, nutrient cycling, and
microbial activity. This study assesses the effects of tillage intensity (inversion vs. non-
inversion) and organic amendments (manure vs. no manure) on SOC and total N dynamics
in Mediterranean rain-fed arable systems. Data were collected over a ten-year field trial
(2011–2020) in Catalonia, under cereal–legume rotation and organic management, focusing
on two soil depths (0–10 and 10–20 cm). Fertilization was the main driver of SOC and N
changes. Non-inversion tillage promoted topsoil accumulation and microbial colonization,
especially during the first period (2011–2015). The combination of manure and reduced
tillage led to faster and greater SOC increases. Moreover, initial SOC levels were negatively
related to SOC changes in the topsoil. These results revealed the combination of manure
and non-inversion tillage as the more suitable management practice to preserve soil quality
in organic arable rain-fed systems, emphasizing the importance of understanding the
impact of agricultural management in the long-term under Mediterranean conditions.

Keywords: carbon; nitrogen; microbial biomass; tillage; fertilization; organic farming

1. Introduction
Although soil is one of the main nonrenewable resources for agriculture, it is seldom

sustainably managed [1]. It is estimated that between 60 and 70% of soils in the European
Union have suffered some sort of degradation [2]. Soil quality indicators are widely used
as tools to evaluate soil conditions due to their ability to provide valuable insights into
environmental sustainability and agricultural productivity. Among these indicators, Soil
Organic Carbon (SOC) is particularly important because of its positive relationship with
crop production, owing to its influence on soil properties such as water retention capacity
and nutrient content [3,4]. Furthermore, the SOC content is also related to microbial
biomass as it enhances microbial activity and nutrient cycling [5,6] and to soil organic
matter potential as a climate change mitigation agent through carbon sequestration [7–9].
Similarly, Nitrogen (N) availability is a critical factor for crop growth and production,
especially in organic farming [10,11]. Furthermore, microbial communities are increasingly
being employed as ecological indicators across a wide range of environments, owing to
their rapid specific responsiveness to environmental variations, including chemical and
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mechanical disturbances [12]. Moreover, SOC and N inputs (through fertilization) and
outputs (such as harvest and volatilization) derived from agricultural management directly
affect SOC and N dynamics [13,14].

Therefore, understanding the effects of agricultural management on SOC and N can
allow for the identification of the most suitable practices to improve soils. Some agricultural
practices (e.g., intensive tillage, the use of artificial fertilizers and pesticides) can lead to
negative impacts on soil, such as soil erosion and water and aerial contamination [15].
Therefore, some alternatives have been proposed. Farming practices such as reduced
tillage, the use of organic fertilizers, cover crops, cereal–legume crop rotation, or crop
residue incorporation to the soil are known to preserve soil properties such as aggregate
stability and water retention, reduce soil erosion, and increase key soil parameters such
as SOC [16–19]. However, the changes in C and N in soils related to farming practices
are usually slow, and for this reason, medium to long-term studies are needed to assess
their impact.

Reducing the intensity or suppressing tillage can limit soil erosion [20] and in-
crease SOC and nutrient concentrations. It can also increase the SOC by reducing soil
disruption [21] and promoting microbial activity and nutrient cycling [22,23]. However,
this reduced soil disturbance lessens the movement across the soil profile, and thus, SOC
accumulates primarily in topsoil, causing stratification [24,25], as different soil layers
remain separated [26].

Fertilization is also a practice with major effects on SOC fluctuations. Organic fertiliz-
ers, such as farmyard manure, directly provide organic carbon to the soil [27], enhancing
SOC levels and microbial activity [28]. Organic fertilization and non-inversion tillage have
a proven potential to increase SOC compared to conventional tillage or the lack of organic
amendments [29]. Moreover, organic fertilization can also increase N content in the soil
over the long term, with a higher proportion of N retained in more stable, recalcitrant forms
compared to inorganic fertilizers [30].

However, information regarding the combined effects of reduced tillage and organic
fertilization is limited [31,32], and this is even more so in the Mediterranean area. Despite
the studies on the separate effects of fertilization and tillage under organic farming that
have been conducted [33–36], information on their combined effects on soil carbon and
nutrient content in Mediterranean arable crop systems is scarce. The Mediterranean cli-
mate presents a great interannual variability, low water availability, and seasonal drought.
Mediterranean arable soils are characterized by their low SOC compared to other European
regions [37,38] and by a high mineralization rate [39,40]. SOC depletion can also contribute
to soil degradation and desertification [41], particularly under high disturbance regimes
that increase respiration rates and expose organic matter to oxidation in contact with the
atmosphere [42,43]. As a consequence, Mediterranean arable soils’ low SOC content can
lead to significant reductions in both soil functioning and agronomic productivity [44]. In
addition, highly degraded soils exhibit greater mineralization of the SOC compared to par-
tially degraded soils [45]. Moreover, as soil approaches SOC saturation, the rate of carbon
sequestration diminishes, thus hindering further carbon gains [46]. However, soils with
a lower baseline carbon content may be more resilient to environmental or management
disturbances, as their capacity to protect SOC is expected to be high [47]. Therefore, on
such soils, it is of the utmost importance that the medium- and long-term assessments
of practices contribute to maintaining and increasing SOC content relative to baseline
SOC conditions.

We studied changes in SOC, total N, and microbial biomass during a 10-year exper-
iment that combined reduced and conventional tillage with organic fertilization under
organic farming. This study seeks to address the aforementioned scarcity of information
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regarding the effects of tillage and fertilization on soil properties under arable organic
farming for rain-fed Mediterranean soils. To achieve this, it is essential to conduct medium-
and long-term studies, as they can generate valuable data on the impact of management
on soil dynamics. The objective of the trial is to investigate the effect of tillage intensity
(non-inversion tillage vs. inversion tillage) and organic fertilization (fertilization vs. no
fertilization) on SOC, total N, and microbial biomass changes at two soil depths (topsoil
(0–10 cm) and subsurface (10–20 cm)). We also aimed to relate the combined effects of
reduced tillage and organic fertilization to the initial SOC content. We hypothesized that,
under organic farming conditions, the combination of reduced tillage and organic fertiliza-
tion would have a positive effect on soil organic matter and microbial biomass, especially
in soils with low organic C content in the topsoil, whereas organic matter accumulation
would be less effective in soils with a higher SOC content.

2. Materials and Methods
2.1. Study Site

In 2011, a field trial was established in the Espai Rural de Interès Natural de Gallecs
(41◦33′31.9′′ N, 2◦11′59.5′′ E), a peri-urban agricultural area of 753 ha situated 15 km north
of Barcelona (Catalonia, Spain) (Figure A1). Gallecs experiences a Mediterranean climate,
presenting a mean annual temperature of 15.9 ◦C and precipitation of 446.6 mm.

Prior to the start of the study, soil properties were assessed. On average, the mineral
fraction was composed of 43.3 ± 6.9% sand, 26.9 ± 4.7% silt, and 29.7 ± 3.7% clay; the
texture was classified as clay loam [48]; the soil type was Haplic Luvisol [49]; the average
SOC content was 1.13 ± 0.1% (Walkley–Black); and the average total N content was
0.12 ± 0.002%, and the pH (H2O) was 8.1 ± 0.1.

2.2. Long-Term Trial

The long-term trial was established in 2011. Prior to the trial, the field had been
managed organically for five years, following a typical dryland Mediterranean crop ro-
tation that alternated winter cereals with spring legumes for human consumption. The
experiment initially planned a four-year cereal–pulse crop rotation in a strip-split-block
design, incorporating three factors, each with two levels: tillage system (inversion tillage
(I) vs. non-inversion tillage (NI)), fertilization (composted farmyard manure (F+) vs. no
fertilizer (F−), and green manure (with green manure vs. no green manure) (Figure 1). The
experimental layout featured annual tillage treatments arranged in strips, with fertilization
applied in perpendicular blocks across the entire setup (Figure 1). These tillage strips were
further divided into plots for the green manure treatment in a checkerboard design. A total
of 32 plots, each measuring 13 m × 12 m, were established, with four replicates for each
treatment (Figure 1).

Inversion tillage consisted in the yearly use of a moldboard plow (at 25 cm depth),
while non-inversion tillage was chisel plow (no soil inversion at 25 cm depth). The fertil-
ization treatment consisted of the application of partially composted farmyard manure, in
contrast with the absence of fertilization (Table A1). The amount of manure applied each
year differed between crop type and year (Table 1) and was incorporated into the soil by
the primary tillage operations (moldboard or chisel). After 2016, no farmyard manure was
applied, thus generating two differentiated periods in terms of fertilization. To facilitate
machinery operation, manure was applied on groups of four adjacent plots, each group
representing a fertilization block (Figure 1). In September 2012 and 2014, cover crops were
established as the green manure treatment, consisting of a mixture of Oat (Avena sativa L.),
white mustard (Sinapis alba L.), bitter vetch (Vicia ervilia (L.) Willd.), and common vetch
(Vicia sativa L.). At the end of March of the following year, cover crops were incorporated
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into the soil. However, as it presented no significant effect [50] and conditioned too serious
sowing times for subsequent legume crops, the usage of green manure was discontinued in
2014. Crop rotation consisted of a sequence of cereals and legumes (Spelt (Triticum aestivum
L. subsp. spelta (L.) Thell)—Chickpea (Cicer arietinum L.)—Winter wheat (Triticum aestivum
L.)—Lentil (Vicia lens (L.) Coss & Germ)—Spelt (Triticum aestivum L. subsp. spelta (L.)
Thell)—Alfalfa (Medicago sativa L.)—Oat (Avena sativa L.) + Vetch (Vicia sativa L.)—Winter
wheat (Triticum aestivum L.)—Chickpea (Cicer arietinum L.)) (Table 1). Stubble and weed
above-ground biomass were incorporated to the soil (Table 2). Weeds were controlled
during the second, third and fourth years of the crop rotation with different mechanical or
manual methods (Table 2).

Figure 1. Gallecs long-term trial experimental design representing two factors with two levels
each. F+ = fertilization with farmyard manure; F− = no fertilization; I = inversion tillage; and
NI = non-inversion tillage. Black square represents one of the eight fertilization blocks.

Table 1. Data of crop rotation, fertilization, and field operations for every year of the experiment.

Year 2012 2013 2014 2015 2016 2017 2018 2019 2020

Crop

Spelt Chickpea Winter
wheat Lentil Spelt Alfalfa

(Medicago
sativa) (failed:

fallow)

Oat + Vetch Winter
wheat Chickpea

(Triticum
spelta)

(Cicer
arietinum)

(Triticum
aestivum) (Vicia lens) (Triticum

spelta)
(Avena sativa
+ Vicia sativa)

(Triticum
aestivum)

(Cicer
arietinum)

Fertilization
(kg N/ha) 134.6 40.04 138.28 62.36 127.49 No fert No fert No fert No fert

Tillage date 12 December
2011

28 March
2013

10 December
2013

20 March
2015

13 November
2015 1 March 2017 10 March

2018
7 January

2019
10 March

2020

Sowing date 14 December
2011 13 April 2013 16 December

2013
31 March

2015
19 November

2015 20 March 2017 14 March
2018

10 January
2019

9 March
2020

Sowing
density
(kg/ha)

195 30 220 180 200 20 60 Oat
100 Vetch 200 30

Weed
control
method

- Inter-row
cultivator

Flex-tine
harrow

Hand
weeding - - - - -

Weed
control date - 30 May 2013 4 March 2014 2 June 2015 - - - - -

Harvest 12 July 2012 31 July 2013 12 August
2014

20 September
2015 13 July 2016 12 October

2017 No harvest 22 July 2019 27 July 2020
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Table 2. Mean and standard error of crop dry aboveground biomass (cereal and legume) and weed
dry aboveground biomass between 2011–2015 and 2015–2020 in plots under different combinations
of factors in Gallecs trial.

Biomass (kg ha−1) Cereal Legume Weed

2011–2015
F+

NI 5474.5 ± 735.5 1931.4 ± 430.8 1261.7 ± 239
I 5643.2 ± 761.5 1919 ± 399.4 1109 ± 221.4

F− NI 4336.5 ± 633.5 2165.1 ± 435 829.7 ± 140.9
I 4542.2 ± 666.2 2401.9 ± 447.1 787.6 ± 145.3

2015–2020
F+

NI 5708.2 ± 777.6 2866.9 ± 615.5 275 ± 55.1
I 6004.3 ± 779.3 2540 ± 470.1 143.5 ± 58.8

F− NI 4774.8 ± 588.5 3261.1 ± 537.4 227.5 ± 73.4
I 5115 ± 606.4 3697.2 ± 579 104.5 ± 22.3

2.3. Soil Sampling and Analyses of SOC and Total N

Soil analyses were conducted at the beginning (t0 = 2011), 5 years (t1 = 2015), and
10 years (t2 = 2020) of the experiment. In November 2011, 2015, and 2020, soil samples were
collected at two depths, from 0 to 10 cm (topsoil) and from 10 to 20 cm (subsurface), which
broadly correspond to the depths that are disturbed by both tillage and seeding operations
and only by tillage operations, respectively.

We extracted 20 soil cores with a 2.5 cm diameter on a grid every 2 m within a
6 m × 8 m area centered in each plot. Each group of 20 cores were mixed by plot and depth,
constituting one sample. Soil samples were stored in a fridge at 4 ◦C until preparation for
analysis. Samples were air dried and sieved on a 2 mm mesh. At least 50 g of dried soil was
prepared for SOC and N analysis, and 100 g were kept for the soil microbial analyses. SOC
content was estimated from organic matter results following Walkley–Black procedure due
to high content of carbonates [51]. Total N was determined following Kjeldahl method [52].

2.4. Soil Microbial Biomass Analyses

Water content of the soil samples was adjusted to 40–50% of maximum water retention
capacity for the microbial biomass analysis. The soil microbial biomass was estimated by
using chloroform fumigation extraction (CFE) following Vence et al. [53]. CFE was made
for three 20 g of dried soil subsamples treated with 80 mL of a 0.55M K2SO4 solution. Soil
microbial biomass was calculated according to Joergensen [54], following this formula:
microbial carbon (Cmic) (µg g−1 oven dry soil) = EC/kEC. Where EC (extractable carbon)
= (SOC in fumigated samples − SOC in control samples) and kEC (conversion factor for
microbial carbon) = 0.45.

The Cmic/SOC ratio was calculated as an indicator of microbial activity and the degree
of stabilization of soil organic matter. A high Cmic/SOC ratio can indicate high microbial
activity and that SOC is presented in labile forms, making it more easily accessible to
soil microorganisms.

2.5. Statistical Analyses

Temporal changes in SOC, total N, and Cmic within each of four experimental con-
ditions and each soil layer were evaluated using ANOVA and Tukey’s HSD post hoc test.
Evaluation of changes by treatment considered the three sampled points (t0, t1, and t2).
The main and interaction effects of tillage, fertilization, and initial SOC on changes in
SOC, N, and Cmic were assessed using linear mixed effects models (LMM). Tillage and
fertilization were used as fixed effects factors, initial SOC was included as a covariable,
and fertilization block was introduced as a random effect factor. Initial SOC values corre-
sponded to SOC2011 in the analysis of the 2011–2015 period and to SOC2015 in the analyses
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of the 2015–2020 period. All model residuals were diagnosed with package DHARMa [55].
Changes in soil indicators were first considered in the period between initial and final sam-
plings (∆t = t2 − t0) to determine the effects of each treatment (LMM). To capture the effects
of differential application of farmyard manure between periods, we consider analyzing
changes between initial and mid (∆t = t1 − t0) and mid and final samplings (∆t = t2 − t1)
by fertilization regime and depth. As the model was divided into four, significance was
considered when p-value < 0.01. All analyses were performed in R version 4.2.3 [56].

3. Results
3.1. Changes in SOC, Total N, and Cmic per Combination of Treatments

During the first 5 years of the experiment (Figure 2), increases in the SOC occurred
only in topsoil of fertilized plots with non-inversion tillage. No changes were observed
in the subsurface of fertilized plots. The unfertilized soils showed a decrease in SOC,
regardless of the tillage applied. After 10 years, net increases in SOC (+23.5% over baseline)
were detected in the topsoil of fertilized plots when non-inversion tillage was used.

Figure 2. Mean SOC content and standard error under different fertilization and tillage treatments
at two depths at three different sampling times (2011, 2015, and 2020). Within each figure, different
letters indicate significant differences between samples obtained from the Tukey test.
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The total N content underwent a different pattern since a general increase for all
combinations of factors occurred during the first five years (on average + 22%) (Figure 3).
This increase was larger in the topsoil of fertilized plots when non-inversion tillage was
applied (+45.7%) (Figure 3). However, during the second period, the general increase in
N ceased. N gains in the topsoil of fertilized plots were no longer observed when non-
inversion tillage was used. Similarly, in both depths of fertilized plots, N levels no longer
increased during the second period when inversion tillage was applied.

Figure 3. Mean total N content and standard error under different fertilization and tillage treatments
at two depths at three different sampling times (2011, 2015, and 2020). Within each figure, different
letters indicate significant differences between samples obtained from the Tukey test.

Cmic remained stable for most combinations of factors; only fertilized plots with non-
inversion tillage increased their Cmic (Figure 4, Table A4). This increase occurred during
the first 5 years of experimentation for the topsoil and during the second 5-year period for
the subsurface. The Cmic/SOC ratio increased significantly in the subsurface of fertilized
plots under non-inversion tillage, concurrently with an increase in Cmic (Figure 5, Table A5).
On the contrary, in unfertilized plots with inversion tillage, increases in the Cmic/SOC ratio
coincided with losses in SOC.
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Figure 4. Mean Cmic content and standard error under different fertilization and tillage treatments
at two depths at three different sampling times (2011, 2015, and 2020). Within each figure, different
letters indicate significant differences between samples obtained from the Tukey test.

Figure 5. Mean Cmic/SOC ratio and standard error under different fertilization and tillage treatments
at two depths at three different sampling times (2011, 2015, and 2020). Within each figure, different
letters indicate significant differences between samples obtained from the Tukey test.
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3.2. Response of SOC and Total N to Experimental Factors

During the 10-year duration of the experiment, fertilization was the main factor
explaining SOC increases and N. However, changes in fertilization application generated
two contrasted periods in which the soil parameters’ change presented a different pattern.

3.2.1. 2011–2015

In the first period, tillage intensity affected SOC changes (Table A2, Figure 6). Sig-
nificant gains in SOC occurred only in the surface of fertilized plots. However, inversion
tillage caused no changes for the same situation. Unfertilized plots experienced significant
SOC losses for both inversion and non-inversion tillage. The initial SOC also played a
significant role in SOC changes in the topsoil (Table A2). In fertilized plots, non-inversion
tillage promoted SOC gains in topsoil soils, which positively related to the initial SOC.
Conversely, in unfertilized subsurface soils, SOC losses showed a negative correlation with
the initial SOC but only in inversion tillage soils. In the subsurface layer, the initial SOC
had no measurable effect on SOC changes.

Figure 6. Relationship between SOC changes and initial SOC from 2011 to 2015 and from 2015 to
2020 under different tillage and fertilization regimes at two soil depths. “*” indicates significant effect
of the factor (tillage (Till), initial SOC (SOCi), or interaction (Inter)). Legend corresponds to the type
of tillage. Lines have been added to facilitate the visualization of trends in data.

Increases in total N were detected for all treatments (Table A2, Figure 7). In the topsoil
of fertilized plots, non-inversion tillage favored greater gains in soils with a higher initial
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SOC, whereas the opposite trend was observed with inversion tillage. Similarly to the
observations for SOC changes, no effects of the initial SOC on N changes were detected.

Figure 7. Relationship between total N changes and initial SOC from 2011 to 2015 and from 2015 to
2020 under different tillage and fertilization regimes at two soil depths. “*” indicates significant effect
of the factor (tillage (Till), initial SOC (SOCi), or interaction (Inter)). Legend corresponds to the type
of tillage. Lines have been added to facilitate the visualization of trends in data.

3.2.2. 2015–2020

During the second period, a general increase in the SOC occurred for all combinations
of factors (Table A2, Figure 6). In the topsoil of fertilized plots, non-inversion tillage favored
larger gains of SOC, and the initial SOC showed significant effects but only in the topsoil, as
also occurred in the first period. In this case, the increase in SOC was negatively correlated
with the initial SOC when non-inversion tillage was used in both fertilized and unfertilized
plots. On the other hand, SOC presented a negative correlation with the initial SOC in
unfertilized plots regardless of tillage.

Increases in N (Table A2, Figure 7) under the fertilization regime occurred only in the
subsurface, favored by non-inversion tillage. On the contrary, under no fertilization, the
use of inversion tillage caused gains in the N content.

4. Discussion
The present study shows that SOC and N content responded to the combined effects of

fertilization and tillage. This response was sensitive to the initial SOC content and specific
to each soil layer.
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Our long-term experiment revealed that soil management practices, particularly tillage
and organic fertilization, had a marked influence on the dynamics of SOC, N, and microbial
biomass. Over the 10-year period, non-inversion tillage promoted SOC accumulation
and stratification in the topsoil, while inversion tillage led to depletion. The application
of farmyard manure further enhanced SOC and N stocks, with effects persisting several
years after the last application, suggesting a long-lasting impact under Mediterranean
conditions. Cmic and the Cmic/SOC ratio also responded positively to the combined effect
of non-inversion tillage and organic fertilization, particularly in subsurface layers

4.1. Response of SOC, Total N, and Microbial Biomass to Management
4.1.1. Response of SOC

During the 10 years of the experiment, SOC increased in the topsoil under non-
inversion tillage, which also caused the stratification of SOC (Figure 2). These increases
were especially significant during the first five years (Figure 6, Table A2). Conversely,
SOC depletion occurred when inversion tillage was used. Similar results have been
previously reported.

Hernanz et al. [57] associated SOC increases derived from the use of non-inversion
and zero tillage to the soil aggregate stability increase under the Mediterranean climate
and SOC conditions. Under similar conditions, Martinez-Mena et al. [58] attributed
44% higher SOC increments caused by reduced tillage compared to inversion tillage in the
topsoil to soil improvement and its resilience to intense rainfall events and to the increased
incorporation of weed biomass. Mihelič et al. [59] detected SOC increases of 12% after
5 years of the experiment under non-inversion tillage in a continental climate and attributed
them to slower decomposition and to greater carbon inputs from weed incorporation into
the soil. Swanepoel et al. [60] found, for SOC values similar to our experiment, that reduced
tillage was the only significant experimental factor explaining SOC increases. Comparable
trends have been shown in soils richer in SOC under organic farming in different climatic
areas in Europe when fertilization and reduced tillage were applied [25,31,61]. In contrast,
other authors like Sacco et al. [62] observed no SOC changes six years after conversion
to organic farming in the Mediterranean area, and Martin-Lammerding et al. [63] found
no effect of tillage under similar conditions in Spain. In our case, the differences in SOC
accumulation between both tillage strategies occurred during the first five years of the
experiment when fertilization was applied (Figure 6, Table A2). In contrast, the differences
in SOC between non-inversion and inversion tillage were evidenced only during the second
period under no fertilization (Figure 6, Table A2).

Our experiment showed that SOC depletion occurred only under no fertilization. On
the contrary, the addition of farmyard manure resulted in SOC increases in topsoil during
the first and second period and in the subsurface in the second period. This is in line with
previous studies showing manure’s capacity to positively impact SOC [34,64]. Organic
fertilization helps increasing SOC as manure organic carbon is partially incorporated into
soil organic matter [65]. In our study, the effects of fertilization were persistent after 4 years
since the last manure application (Table A2), suggesting an extended influence in the time
of farmyard manure despite the high mineralizer conditions. Our results also evidenced
that SOC increases at the subsurface derived from manure application take more time to
occur. These findings are in line with those of Reimer et al. [30] who found +13% of SOC
with no fertilization even 18 years after the last composted manure application. In our case,
increases in SOC detected during the second period with no fertilization could be partially
attributed to crop and weed biomass incorporation to the soil after harvest (Table 2), which
is consistent with the findings also reported under a continental climate [66].
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4.1.2. Response of Total N

Whereas the SOC undergoes different dynamics in accordance with specific experi-
mental factor combinations, we detected a general increase in N across treatments (Figure 3).
This increase was not homogeneous across combinations of factors. Similarly to the effects
on SOC, changes in N are influenced by similar physical processes [67]. The fertilization
effect in N has been widely reported [68].

In our experiment, the combination of fertilization and non-inversion tillage favored
larger N increases than when inversion tillage was applied (Figure 7, Table A3). N increases
occurred faster in topsoil than in the subsurface. Despite farmyard manure’s application
effect on N increases, these changes in N may also be explained by other factors, such as
atmospheric deposition, biological fixation, and N-rich legume biomass incorporation into
the soil [69–71].

4.1.3. Response of Cmic

Increases in Cmic only occurred under fertilization combined with non-inversion
tillage and were evident earlier in the topsoil (Figure 5, Table A4). Our results align with the
general trends previously found. Manure application is an influential factor determining
the diversity of soil microbiota [72]. D’Hose et al. [22] in a meta-analysis covering the
effects of non-inversion tillage and organic amendments in Europe, point out that microbial
populations are enhanced by organic fertilization and non-inversion tillage compared to
inversion tillage, especially in topsoil. Their combined effect facilitates the accumulation of
resources in topsoil that are available for microorganisms. In our study, this buildup in the
subsurface coincides with an increase in the Cmic/SOC ratio. Li et al. [73] found that the
Cmic/SOC ratio was one of the most important factors affecting microbial dynamics, and it
has a crucial role in agricultural sustainability, as soil microbiota are the link between carbon
inputs and the soil ecosystem. Ulrich et al. [74] detected increases in the Cmic/SOC ratio in
topsoil and showed that microbial communities formed under non-inversion tillage have
a lower capacity to degrade organic matter and to stabilize humus than the communities
formed under inversion tillage. Therefore, the increases in both Cmic and the Cmic/SOC
ratio we detected in subsurface soils (Figures 4 and 5; Tables A4 and A5) allowed us to
determine that the combination of organic fertilization and non-inversion tillage favored
the stabilization of soil organic matter through changes in microbiota composition.

4.2. Response of SOC and Total N to Initial SOC

Low SOC concentrations and a high depletion potential due to mineralization under
Mediterranean climate restrict agricultural practices’ ability to enhance soil properties. To
restore SOC concentrations above the degradation threshold (1.1–1.5%), it is crucial to
reduce or even overturn soil degradation trends [75]. Therefore, assessing the effects of
initial soil conditions on SOC and N changes is of great importance.

4.2.1. SOC Response

In our study, a significant relationship between the initial SOC and SOC changes
was only detected in topsoil, where higher increases in SOC occurred and varied depend-
ing on the tillage and fertilization regime. Under no fertilization, a negative relation-
ship was present during the first 5 years of the experiment when inversion tillage was
used (Figure 6). During the second period of the experiment, this relationship was also
detected under non-inversion tillage, while the effect of the initial SOC under inversion
tillage was no longer detected. Our results showed that the negative relationship with the
initial SOC primarily occurs in topsoil when SOC increased. A decrease in SOC gain when
starting from a higher initial SOC has been previously detected, but different mechanisms
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may be behind this relationship. Francaviglia et al. [76] hypothesized that it may be a
consequence of carbon accumulation in stable aggregates. In contrast, results obtained by
Sun et al. [77] evidenced that a lower initial SOC favored carbon sequestration in soil. More-
over, Pezzuolo et al. [78] showed that the SOC loss rate positively escalated with initial
soil organic matter. This negative relation could be explained by soil carbon saturation,
where higher SOC values approach a saturation point, leading to increasingly smaller gains
in the SOC [46,79], even exhibiting asymptotic behavior [80]. Our results are consistent
with this concept, as SOC changes presented a negative correlation with the initial SOC
as a general trend. However, results showed an exception. When farmyard manure was
applied annually, this relation was inverted in the topsoil when non-inversion tillage was
used, and a higher initial SOC correlated with larger increases in SOC during the first
5 years of the experiment. It therefore appears that, in our particular case, the mechanism
governing the relationship between SOC changes and its initial condition remain unclear,
as it exhibited an opposed behavior under certain conditions. This may be attributed to
external factors, such as climate, as well as the low SOC content that characterized the soil.

4.2.2. Total N Response

Regarding N, the initial SOC presented a significant effect only in topsoil under non-
inversion tillage when farmyard manure was applied. The trend is similar to that of SOC
under the same regime, having a positive relationship with the initial SOC under non-
inversion tillage and, conversely, a negative relationship under inversion tillage (Figure 7).
These results suggest that, in soils with a low initial SOC, the combination of fertilization
and non-inversion tillage may initially favor faster N increases.

5. Conclusions
Our study has shed some light on the effects that contrasting tillage and fertilization

practices have on SOC and total N behavior under organic farming. We found a contrasted
effect in changes, as they occur faster under non-inversion tillage and the use of farmyard
manure, conditions that favor SOC and N accumulation and microbial biomass. SOC and
N increases in the topsoil showed the potential to mitigate degradation in Mediterranean
arable soils with low organic matter derived from agricultural practices and the climate.
Our results also indicate that the enhancement of SOC and N occurred more superficially
than previously found by the literature, and that soil changes at greater depth soil may
take longer time spans to occur.

Additionally, the initial SOC levels play a role in SOC and N changes in the topsoil,
where increases were higher. However, the concise response of changes to initial conditions
remained uncertain. Nevertheless, our results showed that it is possible to promote SOC
and N even in poor soils under Mediterranean conditions through the combination of
reduced tillage and organic fertilization in organic farming.
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Appendix A

 

Figure A1. Photos showing the study site. The image on the left corresponds to the Espai Rural de
Interès Natural de Gallecs, while the one on the right shows the Gallecs long-term experimental field.

Table A1. Values for the total Nitrogen content (expressed in g kg−1) present in the manure applied
each year were calculated using the Kjeldahl method.

Year 2012 2013 2014 2015 2016 2021

N kje 23.8 26 35.6 30.1 35.6 26.2

Table A2. Estimates and statistical significance from LMM analyses of changes in SOC (g kg−1) in
response to tillage and initial SOC (g kg−1) between 2011–2015 and 2015–2020 by fertilization and
depth. “*” indicates a significant effect (p < 0.01).

2011–2015 2015–2020

∆SOC (Estimate ± Standard Error)

Fertilization
0–10 cm

Intercept (average in chisel) 2.24 ± 0.39 * 1.25 ± 0.24 *
Tillage (T) (chisel vs. moldboard) −2.55 ± 0.19 * −0.20 ± 0.33

Initial SOC 0.62 ± 0.2 * −1.39 ± 0.17 *
Interaction −1.27 ± 0.26 * 1.86 ± 0.26 *

https://doi.org/10.5281/zenodo.15267727
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Table A2. Cont.

2011–2015 2015–2020

∆SOC (Estimate ± Standard Error)

Fertilization
10–20 cm

Intercept (average in chisel) −0.81 ± 0.48 1.29 ± 0.21 *
Tillage (T) (chisel vs. moldboard) 0.95 ± 0.40 −0.75 ± 0.30

Initial SOC −0.39 ± 0.41 −0.54 ± 0.22
Interaction −0.47 ± 0.49 0.51 ± 0.35

No Fertilization
0–10 cm

Intercept (average in chisel) −1.79 ± 0.39 * 1.87 ± 0.13 *
Tillage (T) (chisel vs. moldboard) −0.56 ± 0.25 −1.2 ± 0.07 *

Initial SOC −0.001 ± 0.22 −0.84 ± 0.06 *
Interaction −0.98 ± 0.30 * 0.54 ± 0.11 *

No Fertilization
10–20 cm

Intercept (average in chisel) −1.82 ± 0.19 * 1.24 ± 0.26 *
Tillage (T) (chisel vs. moldboard) −0.04 ± 0.28 −0.544 ± 0.25

Initial SOC −0.18 ± 0.17 −0.44 ± 0.2
Interaction −0.75 ± 0.32 −0.12 ± 0.40

Table A3. Estimates and statistical significance from LMM analyses of changes in N (g kg−1) in
response to tillage and initial SOC (g kg−1) between 2011–2015 and 2015–2020 by fertilization and
depth; “*” indicates a significant effect (p < 0.01).

2011–2015 2015–2020

∆N (Estimate ± Standard Error)

Fertilization
0–10 cm

Intercept (average in chisel) 0.58 ± 0.03 * 0.02 ± 0.07
Tillage (T) (chisel vs. moldboard) −0.28 ± 1.9 × 10−9 * −0.12 ± 0.14

Initial SOC 0.09 ± 0.04 −0.06 ± 0.07
Interaction −0.15 ± 0.05 * 0.30 ± 0.12

Fertilization
10–20 cm

Intercept (average in chisel) 0.33 ± 0.05 * 0.2 ± 0.06 *
Tillage (T) (chisel vs. moldboard) 0.09 ± 0.05 −0.18 ± 0.07

Initial SOC −0.02 ± 0.05 0.01 ± 0.05
Interaction 0.02 ± 0.06 0.12 ± 0.08

No Fertilization
0–10 cm

Intercept (average in chisel) 0.13 ± 0.03 * 0.11 ± 0.06
Tillage (T) (chisel vs. moldboard) −0.04 ± 0.05 0.11 ± 0.09

Initial SOC −0.02 ± 0.03 −0.04 ± 0.05
Interaction 0.002 ± 0.05 0.04 ± 0.14

No Fertilization
10–20 cm

Intercept (average in chisel) 0.11 ± 0.04 * 0.07 ± 0.07
Tillage (T) (chisel vs. moldboard) 0.05 ± 0.03 0.17 ± 0.05

Initial SOC −0.01 ± 0.03 −0.007 ± 0.04
Interaction 0.04 ± 0.04 −0.06 ± 0.08

Table A4. Mean and standard error of Cmic values per year and experimental factors. Different
letters indicate significant differences between Cmic values of the same row. Cmic is expressed in mg
total organic carbon g of soil−1.

2011 2016 2020

0–10 cm
Fertilization

Non-Inversion 222.70 ± 20.98 A 329.75 ± 11.29 B 345.35 ± 23.04 B

Inversion 227.60 ± 17.65 A 273.01 ± 10.65 A 272.85 ± 18.72 A

No Fertilization
Non-Inversion 258.70 ± 26.85 A 253.64 ± 12.03 A 305.77 ± 20.58 A

Inversion 230.70 ± 19.64 A 216.43 ± 8.93 A 234.92 ± 12.95 A

10–20 cm
Fertilization

Non-Inversion 205.40 ± 5.30 A 245.16 ± 11.15 A B 276.12 ± 16.3 B

Inversion 223.40 ± 8.16 A 252.63 ± 10.3 A 260.72 ± 18.77 A

No Fertilization
Non-Inversion 207.96 ± 10.22 A 204.81 ± 12.39 A 216.06 ± 14.61 A

Inversion 203.59 ± 5.64 A 230.14 ± 6.70 A 231.60 ± 17.04 A
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Table A5. Mean and standard error of Cmic/SOC ratio values per year and experimental factors. Dif-
ferent letters indicate significant differences between Cmic/SOC values of the same row. Cmic/SOC
is expressed in mg total organic carbon g of soil−1.

2011 2016 2020

0–10 cm
Fertilization

Non-Inversion 214.97 ± 25.6 A 270.89 ± 18.99 A 270.48 ± 24.52 A

Inversion 207.43 ± 20.14 A 275.14 ± 21.71 A 266.06 ± 20.39 A

No Fertilization
Non-Inversion 251.3 ± 24.61 A 308.55 ± 30.22 A 301.96 ± 30.27 A

Inversion 216.45 ± 23.71 A 271.86 ± 21.75 B 269.04 ± 20.59 B

10–20 cm
Fertilization

Non-Inversion 198.72 ± 9.46 A 270.52 ± 26.18 B 254.89 ± 8.93 B

Inversion 230.86 ± 9.25 A 253.66 ± 23.32 A 240.17 ± 28.58 A

No Fertilization
Non-Inversion 218.85 ± 20.5 A 254.03 ± 20.55 A 232.76 ± 16.83 A

Inversion 202.99 ± 12.01 A 284.45 ± 9.91 B 264.04 ± 18.56 B
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