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Abstract: Conservation agriculture (CA) has been proposed as a viable strategy to enhance soil
health and the resilience of farms to climate change, and to support the sustainability of agricultural
production systems. While CA is a well-established approach, research results are lacking regarding
its long-term impact on nitrogen (N) dynamics in the soil–plant system. In this study, a 20-year
experiment was used to investigate the long-term effects of no-tillage in CA on soil organic carbon
(SOC) and nitrogen (N) mineralization, plant N uptake, grain yields, and the grain quality of durum
wheat. A CA system based on no-tillage (NT) was evaluated and compared with conventional tillage
(CT) used for wheat/legumes biennial crop rotation. Results showed that soil samples from CA
plots experienced significantly more N mineralization than those under CT, which was attributed
to increased SOC and N. Topsoil sampled from the CA plots 20 years after the implementation of
the experiment had 43% more absolute potentially mineralizable N (N0) than the CT plots, with
no significant differences observed in deeper soil layers (15–30 cm and 30–45 cm). The absolute
potentially mineralizable carbon (C0) in soils from the CA system was 49% and 35% higher than
in soils from the CT system, at soil depths of 0–15 and 15–30 cm, respectively. Furthermore, CA
resulted in higher amounts of remobilized N and higher rates of N uptake during the critical growth
stages of durum wheat. The amount of N remobilized during the kernel-filling phase under CA was
59% higher than under CT. Total N uptake in wheat plants was 45% greater under CA compared to
CT. The most significant differences in N uptake between the CA and CT systems were observed
during two critical growth stages: late tillering to heading (1.7 times higher in CA than CT) and
heading to anthesis (1.5 times higher in CA than CT). The most significant differences for N uptake
were shown during the late tillering to heading stage and the heading to anthesis stage. The amount
of N remobilized during the kernel filling phase under CA was 59% higher than CT. CA adoption
resulted in 21% and 35% higher grain and straw yields, respectively, compared to CT. The grain and
straw N yields were 21% and 51% higher, respectively, under CA than CT. Moreover, the CA system
exhibited higher partial factor productivity of nitrogen fertilizer (PFP N) for both grain and straw
yields. Thousand kernel weight (TKW) and hectoliter weight were also significantly higher under CA
than CT. The grain protein content, wet gluten content, vitreousness, and falling number were similar
between the CA and CT systems. These results highlight the benefits of long-term CA adoption to
increase soil N mineralization, providing a substantial base for N uptake during the critical growth
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stages of durum wheat, thus leading to increased crop yield. The findings underscore the potential of
CA systems in promoting sustainable agriculture and mitigating the impacts of soil degradation.

Keywords: conservation agriculture; no-till; nitrogen mineralization; nitrogen uptake; durum wheat;
yields; long-term effects

1. Introduction

Conservation agriculture (CA) is a sustainable farming approach aimed at reducing
soil degradation and improving soil health through practices, such as no-till (NT), crop
residue retention, and crop rotations [1]. In contrast to conventional tillage (CT), the NT
practice is recognized for its ability to improve soil physical properties, reduce soil erosion
and run-off, increase soil water retention, enhance soil organic matter content (SOM), and
mitigate the adverse effects of climate change and soil fertility decline on crop yield [2–5].

Mediterranean regions are particularly vulnerable to climate change due to their
unique climatic characteristics, including hot, dry summers and mild, wet winters. This
climate is projected to become increasingly erratic. Particularly in North Africa, climatic
indices may reach extremely high values [6]. Future warming is expected to exceed global
rates by 25%, notably with summer warming at a pace 40% greater than the global mean [7].
Such predicted changes are expected to drastically affect soil water availability, soil organic
matter, and crop production [8]. In this way, the adoption of “climate-smart” agriculture
innovations, such as conservation agriculture (CA), is urgently needed to build the resilience
of agricultural production systems.

However, the long-term impacts of CA on nitrogen (N) dynamics in the soil–plant
system and wheat yield remain uncertain, particularly in Mediterranean environments
where water and N limitations often restrict grain production.

Changes in soil N dynamics occur when transitioning from conventional tillage (CT)
to no-till in CA, often resulting in reduced soil N availability. This reduction can lead to
decreased plant N uptake and N use efficiency [9–11]. Soil N availability largely relies on
the turnover of soil—from organic N into inorganic N—through mineralization, which is
typically higher in CT than conservation tillage due to buried organic materials [12,13]. CT
improves soil aeration and mixing and incorporates crop residues into the soil, stimulating
the decomposition of organic matter by exposing it to microbial attacks. This process leads
to the faster release of N compared to during conservation tillage [14–16]. Moreover, retain-
ing crop residues on the soil surface when using no-till can increase the immobilization
rate of both indigenous soil N and fertilizer N, thereby reducing N availability for crops in
CA-based systems [10].

However, long-term no-till management in CA systems increases the organic matter
content of the soil surface layer, compared to CT, as a result of various interacting factors—
such as increased residue return, less mixing and soil disturbance, reduced surface soil
temperature, proliferation of root growth and biological activity, and decreased risks of
soil erosion [17–20]. In contrast, in tilled soils (CT), the faster rate of organic matter decom-
position over time usually decreases soil organic matter (SOM) relative to NT soils [21].
Therefore, after many years, soils under no-till management may mineralize more N than
tilled soils, following an increase in the amount of SOC and soil organic nitrogen (SON),
and intensification of soil microbial activity [10,22].

It has also been previously demonstrated that the immobilization phase when adopting
no-till practices is transitory [23]. Thus, studies suggest that the effects of no-till on soil
N availability to crops change over time, as several years of continuous NT application
is usually required before a new soil–plant equilibrium is reached [24,25]. According to
estimates from several studies, CA systems based on wheat rotation, that undergo a change
to no-till, reach an equilibrium after 15–20 years [26,27]. However, soil N mineralization
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and wheat N uptake after such a period remains poorly understood, and these research
gaps need to be addressed for the successful promotion of CA globally [28].

Moreover, by adopting CA, the improved soil surface covering achieved through
CA helps conserve soil moisture, thereby creating favorable conditions for soil microbial
activity during dry periods. Along with an increase in soil organic C and N, this may
increase soil N mineralization, N availability for crop growth, and N uptake [10]. This
aspect is particularly relevant for durum wheat in Mediterranean environments, where
climate conditions during anthesis and early grain filling often limit grain yield and quality.
The Mediterranean climate is characterized by hot, dry summers and cool, wet winters [29].
Durum wheat is typically sown in late autumn or early winter and harvested in late spring
or early summer [30]. It is generally assumed that the crop is grown when rainfall and
temperatures are favorable, until anthesis [31]. However, around anthesis, limited rainfall
and high temperatures can lead to water and N deficit. These conditions are known to
induce flower abortion, resulting in reduced grain numbers per unit of land area [32].
During the grain filling period, water and N shortages influence the rate and duration of
wheat grain development, N remobilization, protein accumulation, starch deposition, and
overall grain yield, quality, and technological traits [32,33].

We hypothesize that after decades of CA adoption, soils will exhibit increased nitrogen
mineralization due to higher soil organic C and N pools and better moisture conservation,
ultimately enhancing crop N uptake during critical growth stages. In addition to improved
N cycling, we expect CA to contribute to sustained grain yields and improved grain quality,
making CA systems more resilient to climate change than CT.

In this study, a 20-year experiment was conducted to investigate the long-term effects
of a conservation agriculture (CA) system, based on wheat–legume rotation and no-till
practices, on the mineralization processes of soil organic matter (SOM). Specifically, the
research focuses on analyzing the kinetics of carbon (C) and nitrogen (N) mineralization.
Additionally, the study evaluates the impact of the CA system on nitrogen uptake by wheat
at various growth stages, as well as its influence on nitrogen use efficiency, grain yield, and
grain quality.

2. Materials and Methods
2.1. Site Characteristics

The experiment was conducted at a farm (on-farm experiment) in the El-Alia region of
the El Krib delegation, belonging to the governorate of Siliana (36.32◦ N lat, 9.13◦ E long,
and 481 m altitude) (Figure 1). The climate of the region is semi-arid Mediterranean, with a
mean annual rainfall of 478 mm. The soil is clay–loamy (35% clay, 34% silt, and 31% sand),
classified as regosols according to the WRB system.

2.2. Weather Conditions

During the 2018–2019 cropping season (the period of soil and plant sampling), the
El-Krib region recorded a rainfall of 844 mm between September 2018 and the end of May
2019, which exceeds the regional average annual precipitation (478 mm). The monthly
precipitation during the 2018–2019 cropping season exceeded the average monthly pre-
cipitation recorded in the region during the 20 years of the experiment, especially for the
months of October, January, February, March, and May (Figure 2). The average temperature
varied between 18.9 ◦C and 26.9 ◦C. The monthly minimum and maximum temperatures
ranged from 3.3 ◦C to 18.9 ◦C and 12.8 ◦C to 35.4 ◦C, respectively.

2.3. Experimental Design and Crop Management

The experiment was part of a long-term study comparing the agro-physiological
performance of durum wheat under two cropping systems: conventional tillage (CT) and
conservation agriculture based on no-till (CA). A complete randomized design with three
replicates was implemented, using plots of 0.33 ha each and a row spacing of 17 cm. Plots
of durum wheat were implemented according to the two treatments (CT and CA) for
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nineteen (19) successive cropping seasons, with biannual rotation (durum wheat/faba
bean) adopted throughout. Presented data were recorded only on durum wheat plants. CT
consisted of one moldboard plowing to a depth of 0.30 m in the summer, followed by two
shallow harrowing (0–0.15 m) operations before sowing. For CA based on no-till, durum
wheat seeds were directly sown into untilled soil. Under CA, an application of glyphosate
herbicide was performed two weeks prior to sowing to control weeds. For sowing, a
disc no-till seeder (SEMEATO SHM-15/17) was used for CA plots, while a conventional
seeder (SULKY-BURREL) was used for CT plots. For both systems, durum wheat was
sown at a rate of 125 kg ha−1. A di-ammonium phosphate fertilizer was applied as a basal
fertilizer, at a rate of 100 kg ha−1 for both systems. The sowing and harvesting dates are
November 8, 2018, and June 20, 2019, respectively. Standard post-seeding agricultural
practices (herbicide treatments and fertilization) were carried out in the same manner and
at the same time for both systems. Ammonium nitrate (33.5% of N) was applied at 100 kg
ha−1 at the 1 cm spike stage, and 100 kg ha−1 was applied at the end of the tillering stage.
No irrigation was applied.
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2.4. Soil Analysis

- Soil sampling, total N and C content determination

Soil samples were collected in 2019 (20 years after the implementation of the exper-
iment). After drying and finely grinding the soil samples, total organic carbon (C) was
determined using the Walkey and Black method [34]. Total N content was determined
using the Kjeldahl method [35].

- C and N mineralization measurements

Soil C and N mineralization were analyzed based on the laboratory incubation experi-
ment for 77 days. Soil samples used in the incubations were air-dried and passed through
a 2 mm sieve. The water content of the soil was adjusted to match the soil water-holding
capacity (225 g kg−1

soil). Soil samples were then incubated in hermetically sealed 500 mL
glass jars and kept in the dark at a temperature of 28 ◦C under aerobic conditions.

C mineralization (CO2 production) was measured by placing a 10 mL CO2 trap (a
vial containing 1 mol L−1 NaOH) in a sealed jar containing the soil sample. Eight (8) jars
without soil samples were set up as controls to eliminate the influence of atmospheric CO2.
The jars were incubated in the dark and kept at a temperature of 28 ◦C, being temporarily
removed on days 3, 7, 14, 25, 40, and 77 to evaluate the amount of CO2 that had evolved.
After removal, 1 mL of saturated BaCl2 solution (∼1 mol L−1) was added to each trap to
stop CO2 absorption. The released CO2 was determined by titrating unreacted NaOH
using HCl (0.25 N). Soil C mineralization (Cm) was expressed as g CO2 kg−1 soil. C
mineralizability was expressed as mg CO2 g−1 SOC [36]. Equation (1) is as follows:

C mineralizability = Cm/SOC content (1)

where Cm (g CO2 kg−1
soil) represents the total cumulative SOC mineralization within

77 days. The SOC content (g kg−1) represents the SOC content of the tested soil sample [37].
Net N mineralization was determined on days 3, 7, 14, 25, 40, and 77. At each

measurement date, mineral N was extracted from a 25 g soil sample after 1 h of shaking
with 50 mL of a KCl solution (1 M), followed by filtration through Whatman’s No. 40 filter
paper. The mineral N concentration in the extract was determined using the distillation
and titration method according to [38].

Net N mineralization from incubated soil samples was calculated by subtracting
the average mineral N content at the start of the incubation from the mineral N content
measured at each measurement date. As for C, N mineralizability was determined.

- Simulation of C and N mineralization kinetics

The C and N mineralization kinetics determined over the 77 days of incubation were
fitted to a first-order kinetic exponential model to simulate the absolute (expressed per
unit of soil) and specific C (expressed per unit of SOC) and N (expressed per unit of SON)
mineralization. The two unknown values, the potentially mineralizable C (C0) or N (N0)
and the rate constant (k), were are estimated the ‘SPSS 23.0’ package

The data from CO2 production were fitted to the following model to obtain the kinetics
of SOC mineralization as follows [39]:

[Cm = C0(1 − e−Kt)] (2)

where Cm represents the cumulative value of mineralized C during t days, and C0 is
the potentially mineralizable C (mg of C kg−1

soil). K is the rate constant of labile pool
mineralization, which is expressed in mg C kgsoil

−1 days−1.
The kinetic parameters of N mineralization were obtained from the following first-

order kinetic model [40]:
[Nm = N0(1 − e−Kt)] (3)
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where Nm is the cumulative value of mineralized N during t days. N0 represents the
potentially mineralizable N (mg of N kg−1 soil), and k is the mineralization constant (or
the rate constant of labile pool mineralization), expressed in mg N kg soil−1 days−1.

2.5. Plant N Content, N Uptake, N Remobilization, and N Use Efficiency

Durum wheat plants were sampled at the late tillering, heading, anthesis, and maturity
stages. At each stage, five (5) samples of above-ground plant material from each treatment
were taken using a 0.25 m2 quadrat, then dried in an oven at 45 ◦C to a constant weight.
Plant N content was determined according to the Kjeldahl method, after dry samples were
milled into a fine powder using a mixer–grinder. At late tillering, heading, and anthesis, N
content was determined using the whole shoot, while at maturity, the shoots were separated
into straw (leaves, stems, and spike chaff) and grains. Grain N yield was calculated by
multiplying the grain yield by the grain N content. Straw N yield was determined by
multiplying the straw yield by the straw N content [41].

N uptake (kg N ha−1) during different wheat stages was determined using the follow-
ing equation [42]:

N uptake by plant = plant dry matter (kg ha−1) × plant N content (%) (4)

The amount of N remobilized (kg N ha−1) during the grain filling period was obtained
as the difference between the maximum (at anthesis) and final N content of the plant
aboveground (without grain) [43].

N use efficiency includes partial factor productivity of nitrogen fertilizer (PFP N) and
N utilization efficiency (NUtE). The partial factor productivity is calculated as crop yield
(grain yield and straw yield) per unit of applied N fertilizer (kg) [44]. NutE (kg/kg) is the
quantity of grain yield produced per kilogram of total N accumulation in aboveground
plant dry matter and is calculated by dividing the grain yield (kg ha−1) by the plant N
content (NT) (kg ha−1) [45].

2.6. Grain Quality Analysis

The harvested grains from each plot were accurately mixed, cleaned, and used for
wheat grain quality determination. The hectoliter weight (kg L−1) was determined using a
NILEMATIC tool (Tripette & Renaud Chopin, Villeneuve-La-Garenne, France). Thousand
kernel weight (TKW) was determined by an analytical balance (±0.1 mg) after counting
1000 grains using a seed counting machine (Chopin Technologies, Villeneuve-la-Garenne,
France). The grain protein content, wet gluten content, and vitreousness were determined
by a near-infrared grain analyzer (PERTEN Inframatic 9500, USA). The grains were ground
to obtain whole durum wheat flour, which was used to analyze the falling number parame-
ter. The falling number, as an indirect measure of α-amylase activity, was determined by
the Hagberg–Perten method.

2.7. Statistical Analysis

For all parameters, mean comparisons were performed using the least significant
difference (LSD) method at a significance level of 0.05 using SPSS software (IBM SPSS
statistics version 23). The LSD option was utilized to conduct paired t-tests for the different
means between the CA and CT systems. Data concerning CO2-C evolution and inorganic
N were fitted to kinetic functions using the non-linear regression program (Levenberg–
Marquardt algorithm) with the SPSS software (IBM SPSS statistics version 23).

3. Results
3.1. Soil Moisture Content and C and N Mineralization

Soil moisture content, determined in different soil layers (0–15 cm; 15–30 cm; 30–45 cm)
during different growth stages of durum wheat, was not significantly (p > 0.05) affected
by the cropping systems (CA vs. CT) (Figure 2). However, the cumulative amount of
mineralized C, expressed per unit of soil mass, after 77 days of incubation, was significantly
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influenced by the cropping system in all studied soil layers (0–15 cm, 15–30 cm, and
30–45 cm) (Figure 3). Soil samples from the CA system mineralized significantly more
carbon than those from the CT system. Mineralized C was 50%, 58%, and 41% higher
under CA compared to CT in the 0–15 cm, 15–30 cm, and 30–45 cm soil layers, respectively.
SOC mineralizability at the 0–15 cm soil depth did not significantly differ between the two
systems. At the 15–30 cm and 30–45 cm soil depths, the SOC mineralizability under CA
was 69% and 43% higher than under CT, respectively (Figure 3).
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At the end of incubation, the cumulative amounts of mineralized N expressed per unit
of soil mass significantly differed between soils from the two cropping systems (CA and
CT), at the top two layers (Figure 4). Soil samples from CA plots mineralized significantly
more N than those from CT plots. Mineralized N in the soil from CA plots was 29% and 47%
higher than in the soil from CT plots, at soil depths of 0–15 cm and 15–30 cm, respectively.
The difference in SON mineralizability between the two systems was not significant at any
studied soil depths.
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3.2. C and N Mineralization Kinetics

The C mineralization kinetics were well simulated by the first-order kinetic model
(Figure 5). The cropping systems induced significant changes in CO2 production patterns at
the top two soil layers (0–15 cm and 15–30 cm) (Table 1). The absolute potential C0 values
in soils from the CA system plots were 49% and 35% higher than in soils from CT system
plots, respectively, at the 0–15 cm and 15–30 cm soil depths. The specific potentially C0,
expressed per unit of SOC, was found to be statistically similar between the two cropping
systems. The rate constants of SOC mineralization at the three soil depths did not differ
significantly (p > 0.05) between the CA and CT systems, both for absolute and specific C
mineralization.
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Table 1. Carbon mineralization kinetic parameters in each layer of soil samples under CA and CT.

Soil
Layer
(cm)

Cropping
System

Absolute C Mineralization Specific C Mineralization
(per Unit of SOC)

C0 (mg C
kgsoil

−1)
k (mg C

kgsoil
−1 d−1)

C0 (mg C
gSOC

−1)
k (mg C

gSOC
−1 d−1)

0–15 CA 3649 ± 421.77 a 0.016 ± 0.003 a 361.63 ± 41.79 a 0.016 ± 0.003 a

CT 2450 ± 272.44 b 0.016 ± 0.003 a 327.54 ± 36.41 a 0.016 ± 0.003 a

15–30 CA 3330 ± 266.31 a 0.017 ± 0.002 a 356.58 ± 28.51 a 0.017 ± 0.002 a

CT 2437 ± 337.36 b 0.013 ± 0.003 a 244.34 ± 33.82 b 0.013 ± 0.003 a

30–45 CA 2987 ± 629.27 a 0.011 ± 0.003 a 308.4 ± 64.94 a 0.011 ± 0.003 a

CT 2336 ± 649.28 a 0.01 ± 0.004 a 236.95 ± 65.82 a 0.010 ± 0.002 a
C0: potentially mineralizable carbon; k: first-order rate constant of carbon mineralization. Letters indicate
significant differences in each layer between the two cropping systems (p < 0.05).
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The N mineralization kinetics were well fitted by the first-order kinetic model (Figure 6).
The cropping system induced significant changes in N mineralization patterns, but only at
the topsoil layer (Table 2). Soil from the CA system showed the highest value of potential
N0, expressed per unit of soil mass (+42.8%, compared to the CT system). However, there
were no significant changes in specific potential N0 expressed per unit of SON between the
two cropping systems. The rate constants of SON mineralization at the three soil depths
did not differ significantly (p > 0.05) between systems, both for absolute and specific N
mineralization.
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Table 2. Nitrogen mineralization kinetic parameters in each layer of soil samples under CA and CT.

Soil
Layer
(cm)

Cropping
System

Absolute N Mineralization Specific N Mineralization
(per Unit of SON)

N0 (mg N
kgsoil

−1)
k (mg N

kgsoil
−1 d−1)

N0 (mg N
gSON

−1)
k (mg N

gSON
−1 d−1)

0–15 CA 141.23 ± 19.49 a 0.012 ± 0.002 a 16.88 ± 2.49 a 0.014 ± 0.003 a

CT 98.86 ± 10.88 b 0.014± 0.002 a 15.08 ± 1.66 a 0.014 ± 0.002 a

15–30 CA 134.36 ± 36 a 0.011 ± 0.004 a 39.57 ± 24.2 a 0.006 ± 0.004 a

CT 92.48 ± 22.5 a 0.012 ± 0.004 a 27.39 ± 13.45 a 0.008 ± 0.005 a

30–45 CA 94.59± 29.41 a 0.011 ± 0.005 a 17.59 ± 5.47 a 0.011 ± 0.005 a

CT 76.33 ± 22.88 a 0.011 ± 0.005 a 16.03 ± 4.8 a 0.011 ± 0.005 a
N0: potentially mineralizable nitrogen; k: first-order rate constant of nitrogen mineralization. Letters indicate
significant differences in each layer between the two cropping systems (p < 0.05).

3.3. N Uptake and Remobilization

Durum wheat N uptake during different growth periods, total N uptake, and N
remobilization were significantly different between the CA and CT systems (Table 3). For
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the period between sowing and late tillering, a higher N uptake was registered under the
CT system. However, from late tillering to heading and heading to anthesis, N uptake was
1.7 and 1.5 times higher under CA compared to CT, respectively. The highest N uptake
under CA was shown during the period between heading and anthesis. N uptake during
the period between anthesis and maturity was statistically similar between the two systems.
Total N uptake was 45% higher under CA compared to CT. The amount of N remobilized
during the kernel-filling phase under CA was 59% higher than under CT.

Table 3. N uptake during different growth periods and N remobilization of durum wheat under CA
and CT.

Cropping
System N Uptake (kg N ha−1) N Remobilization

(kg N ha−1)

Sowing to Late
Tillering

Late Tillering to
Heading

Heading to
Anthesis

Anthesis to
Maturity Total

CA 51.15 ± 5.84 b 56.67 ± 10.06 a 69 ± 11.2 a 40.88 ± 7.42 a 217.72 ± 10.65 a 53.51 ± 9.1 a

CT 67.59 ± 6.69 a 20.67 ± 7.62 b 27.73 ± 4.46 b 33.21 ± 15.85 a 149.82 ± 11.13 b 33.61 ± 10.75 b

Letters indicate significant differences between the two cropping systems (p < 0.05).

3.4. Yield, N Yield, and NUtE

The cropping system significantly affected the grain and straw yields, N yield, and
the PFP N fertilizer (p ≤ 0.05) (Table 4). Adoption of the CA system resulted in a 21% and
35% higher grain and straw yield, respectively, compared to the CT system. The grain
and straw N yields were 21% and 51% greater under CA than CT, respectively. The PFP
N for grain yield (grain yield per unit N fertilizer) was 52.01 kg kg−1 and 42.94 kg kg−1,
respectively, under the CA and CT systems. The PFP N for straw yield was 146.43 kg kg−1

and 107.93 kg kg−1, respectively, under the CA and CT systems. Thus, the CA system
allows for an additional 9.07 kg of grains and 38.5 kg of straw per kg of applied N fertilizer.
NUtE was not significantly (p > 0.05) affected by the cropping system (CA vs. CT).

Table 4. Grain and straw yield, N yield, and NUtE of durum wheat under CA and CT.

Cropping
System Yield (kg ha−1) N Yield (kg N ha−1) NUtE

Grain Straw Grain Straw PFP N Grain
(kg kg−1)

PFP N Straw
(kg kg−1)

NUtE
(kg kg−1)

CA 4369 ± 305.2 a 12,299 ± 600.9 a 94.4 ± 6.97 a 123.32 ± 7.58 a 52.01 ± 3.63 a 146.43 ± 7.15 a 46.3 ± 0.41 a

CT 3607.1 ± 243.7 b 9065.9 ± 280.2 b 77.75 ± 4.87 b 72.09 ± 9.16 b 42.94 ± 2.9 b 107.93 ± 3.33 b 46.39 ± 0.5 a

PFP N grain: partial factor productivity of nitrogen for grain yield. PFP N straw: partial factor productivity of
nitrogen for straw yield. Letters indicate significant differences between the two cropping systems (p < 0.05).

3.5. Grain Quality

The cropping system significantly affected the wheat TKW and grain hectoliter weight
(p < 0.05). The CA system resulted in a higher TKW and hectoliter weight compared to the
CT system (Table 5). However, there was no significant effect (p > 0.05) of the cropping
system on the protein content, wet gluten content, vitreousness, and falling number.

Table 5. The hectoliter weight, TWK, protein content, wet gluten content, vitreousness, and falling
number in durum wheat grain under CA and CT.

Cropping
System

Hectoliter Weight
(kg h L−1) TKW (g) Protein Content

(%/dw)
Wet Gluten

Content (%/dw)
Vitreousness

(%)
Falling Number

(s)

CA 81.1 a 52.10 a 13.5 a 25.85 a 83.25 a 363.75 a

CT 80.6 b 48.59 b 13.47 a 25.87 a 81.75 a 380.5 a

Letters indicate significant differences between the two cropping systems (p < 0.05).
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4. Discussion

In the present study, the effects of the CA system on soil N mineralization and uptake
by wheat plants, as well as on N use efficiency, yields, and grain quality, were evaluated
after 20 years of CA practices and compared to those of CT system.

The kinetics of C and N mineralization have been widely used to gain a deeper
understanding of SOM pools and to predict the potentially mineralizable N status of
soils [40,46]. The potential C0 and N0—the biologically active fractions of SOM—are more
sensitive to land and crop management practices than total N and total organic C [47].
Results showed that, after 20 years of consistent management, soils under the CA system
based on no-till had 49% and 35% higher C0 than soils under the CT system, at soil depths
of 0–15 cm and 15–30 cm, respectively. Previous studies have reported that, in the short
term, CA decreases C0 compared to CT; however, over time, C0 shows an increasing trend,
possibly due to a gradual increase in SOC concentration [48]. Refs. [26,27] previously
indicated that, following a change to no-till, CA systems based on wheat rotation reach
a new SOC equilibrium 15–20 years after adoption. Once saturated, mineralization was
enhanced by converting C from crop sources to mineralizable SOC, due to the cessation
of SOC accumulation [49]. The results recorded from the present long-term experiment
confirm these findings. Recently, [49] demonstrated that CA significantly increased C
mineralization in surface soil (0–5 cm) and subsoil (>20 cm), when practiced over a long-
term period (>15 years). Accordingly, [50] showed that, after 40 years, both absolute and
specific C mineralized were greater under CA than CT, which was attributed to increased
microbial biomass and SOC concentrations over time [48,50]. Soil microbial biomass plays
a major role as a catalyst in the decomposition of soil organic matter and the release
of inorganic nutrients in bulk soil, where they become available for plant uptake. The
microbial biomass is the driving force behind SOM transformations and nutrient cycling
in soil systems [51]. However, in the present study, all the observed differences in C
mineralization are explained by a variation in SOC concentration, as the specific potentially
mineralization expressed per unit of SOC was statistically similar between the CA and CT
systems. The results align with estimates of CA’s potential to sequester significant amounts
of carbon and to increase SOC stocks over time in semi-arid environments.

Additionally, the results revealed an increase in soil N mineralization under the CA
system, relative to CT system. In the topsoil layer, N0—the fraction which measures the
release of plant-available N under laboratory incubations—was 43% higher under CA than
CT. Similar results were also reported by [22,52]. Regarding N mineralizability and specific
N0, expressed per unit of SON, the results showed no significant difference between the
CA and CT systems, suggesting that the observed differences in N mineralization may be
primarily explained by a variation in SON concentration. Overall, our findings indicate
that potentially mineralizable C and N were improved under the CA system as a result of a
higher stock of C and N, which supports the first part of our hypothesis. Previous studies
reported that the mineralization rate constant kC (the mineralization rate of labile C pool
under standard conditions of temperature and moisture) was inversely related to C0 as
well as kN to N0 [40]; yet, in our study, soils from the CA and CT systems did not exhibit
any difference in their absolute and specific k values. Our results align with those of [53,54].
The similar specific mineralization rates suggest that the chemical and physical properties
of SOM and the composition and functioning of soil microorganisms were similar between
cropping systems [54,55].

Long-term CA management in the present study resulted in an improvement in
wheat N uptake, N remobilization, grain and straw yields, and N yields compared to CT.
Accordingly, [10] reported that, after 15 years of adoption, CA can ensure equivalent or
even higher wheat yields than CT—as long as it is accompanied by a rational crop sequence,
particularly when wheat is grown after a legume crop, as in the present study. In line with
findings of the present study, [42] reported an improvement in N availability and uptake in
maize crops during a decade of CA adoption. Similar results were also reported by [22] on
corn plants after 17 years of CA management. This is probably due to the larger stock of
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soil N and C and higher soil N mineralization. In fact, there is evidence that the differences
between the CT and CA systems in both grain yield and N uptake are attributable more
to differences in the native soil mineral N (that mineralized during the vegetative phase
of the crop cycle) than to differences in efficiency between systems in taking up N from
fertilizer [56]. Thus, by building up a larger stock of N relative to CT, the long-term CA
system makes more N available to the wheat crop, as indicated in our study by an increase
in soil potential N0.

In addition to the increased soil N stock under CA, the increased crop N uptake can
be attributed to improved soil water storage, which may enhance soil N availability [16].
However, in the present study, there was no significant difference between CA and CT in
soil moisture at different soil layers during different wheat growth stages—which contrasts
with findings from other studies [57,58]. In this study, such a result may be expected given
the high rainfall registered in the field in 2019 (higher than the long-term rainfall average).
Accordingly, ref. [59] previously demonstrated that the potential of CA to increase soil
moisture was not evident when there was no significant drought period in the cropping
season. Consequently, our results suggest that the greater N uptake in the CA system was
due primarily to its greater soil N stock, rather than to differences in soil moisture between
the two systems.

Furthermore, the observed CA benefit may be explained by the potential effect of
long-term CA practices on root system architecture, which plays a key role in nutrient
uptake. No-till practice when combined with crop rotation often promotes more extensive
root growth due to the reduced soil disturbance [60]. This may enhance nutrient availability
and uptake. In addition, long-term CA adoption is known to stimulate soil biodiversity,
particularly through earthworm activity and mycorrhizal fungi. Earthworms improve soil
structure and nutrient availability through their burrowing and casting activities, which
may contribute to enhanced soil C and N mineralization rates [61]. Mycorrhizal fungi,
on the other hand, form symbiotic relationships with plant roots, facilitating nutrient
uptake—particularly phosphorus—and promoting overall plant health [62]. The increased
microbial biomass observed in CA systems may further contribute to more efficient nutrient
cycling and improve nutrient availability to plants [63]. These biotic interactions, coupled
with improved soil health, could explain the greater N mineralization and plant N uptake
observed in our study.

In the present study, the highest N uptake under the CA system was shown in the
period from heading to anthesis, suggesting greater N availability and greater soil N miner-
alization during this period. This may be explained by the larger soil N stock under CA,
along with the elevated temperature during this stage (23 March−15 April). In fact, temper-
ature is a major environmental factor controlling the activity of soil microorganisms, which
in turn influence N mineralization [64,65]. Ref. [66] found that, under semi-arid Mediter-
ranean conditions, higher temperatures in the spring season led to greater mineralization
of the labile fraction of SOM.

In the periods from late tillering to heading and heading to anthesis, N uptake was,
respectively, 1.7 and 1.5 times higher under CA compared to CT. Higher pre-anthesis N
uptake under CA compared to CT allows for greater N remobilization during grain filling,
leading to higher grain yield, TKW, and hectoliter weight. Grain yield increase may be
explained by the high contribution of the pre-anthesis N uptake to the number of grains
per m2 [67] and the kernel weight [68]. A recent study indicated that higher grain yield is
a consequence of higher N uptake at anthesis rather than at the post-anthesis stage [67].
A positive effect of the CA system on the pre-anthesis N uptake and N remobilization
of durum wheat is of high concern, because this crop is primarily grown in areas where
climatic conditions are mostly favorable to pre-anthesis growth. However, drought condi-
tions may severely limit C assimilation and mineral uptake during grain filling. Thus, the
reserves deposited in vegetative plant parts before anthesis may buffer grain yields when
conditions during grain filling become adverse for photosynthesis and mineral uptake [68].
In the present study, the grain protein content and quality traits seem to be unaffected by
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the improved N uptake in CA. This may be explained by the strong negative correlation
between grain protein concentration and grain yield in wheat, which makes it difficult to
improve both traits simultaneously [67].

While CA systems show clear benefits in terms of improving soil health, enhancing
nutrient cycling, and increasing crop yields, it is important to acknowledge the potential
trade-offs associated with CA adoption, particularly for smallholder farmers. Economic
constraints, lack of access to no-till equipment, and increased labor demands for weed con-
trol in the absence of tillage can limit the widespread adoption of CA [69]. Future research
should focus on identifying context-specific strategies that make CA more accessible and
economically viable for smallholder farmers, while also considering the potential long-term
ecological benefits.

5. Conclusions

Our long-term study on the CA system based on wheat–legume rotation and no-till
practice—compared to the CT system—revealed significant improvements in N mineral-
ization, N uptake, and wheat performance. The CA system exhibited higher potentially
mineralizable carbon and nitrogen, leading to increased N uptake by wheat plants and
higher grain yield, without compromising grain quality. These findings highlight the
benefits of CA practices in enhancing soil fertility, productivity in semi-arid environments
and sustainability in agricultural systems. These findings have significant implications
for farmers and agricultural policymakers in similar regions, advocating for the adoption
of CA to mitigate soil degradation and enhance food security. However, its economic
feasibility remains a challenge for smallholder farmers due to higher equipment costs and
labor for weed control. To promote wider adoption, policymakers should support CA
through accessible strategies, considering its long-term environmental benefits, such as
improved soil fertility and reduced erosion.
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