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INTRODUCTION 

Nitrogen (N) is a nutrient element influencing 
crop productivity and sustainability of the agri-
cultural systems, particularly cereals, which re-
quire balanced nitrogen inputs to maximize yield 
and minimize losses (Moussadek, 2012; Neufeld, 
2020). However, excessive or inefficient nitrogen 

use can degrade natural resources, reduce biodi-
versity, and cause socio-economic repercussions 
(Maher et al., 2023; INRA, 2024). Nitrogen man-
agement in agricultural soils represents a major 
challenge for cereal crops. It is an essential nu-
trient for their growth and yield (Moussadek et 
al., 2023). Nitrogen is a principal component of 
proteins and enzymes that plays an important role 
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ABSTRACT
The present study aimed to determine the optimal nitrogen dose that preserves soil mineralization properties. 
The evaluation managed for ammonium (NH4

+), nitrate (NO3
-) and mineral nitrogen (N min) concentrations 

under no-tillage (NT) and conventional tillage (CT) systems. The experiment was monitored in the greenhouse 
of the National Institute of Agricultural Research (INRA) in Rabat, Morocco, using a vertisol soil type from 
Marchouch INRA station. The analysis of variance (ANOVA) revealed a highly significant effect of sampling 
stage (stages 1,2,3 and 4; p < 0.001), and significant effects of nitrogen dose (0, 50, 100, and 150 kg/ha; p < 0.05) 
and tillage system (CT vs NT; p < 0.05). Several significant interactions between these factors were considered. 
The NH4

+ concentrations were influenced by stage × tillage system × depth, stage × tillage system, and stage × 
dose interactions (p < 0.05). For NO3

-, a significant stage × dose interaction was detected (p < 0.05), while for 
N min, a significant tillage system × dose interaction was found (p < 0.05). The recommended optimal dose is 
50 kg/ha, which demonstrated a nitrogen mineralization efficiency of 63% at the 0–10 cm depth and 40% at the 
10–20 cm depth under NT. Nitrogen doses exceeding 100 kg/ha resulted in substantial N min losses under both 
tillage systems. These results provide new patterns into the nitrogen dose-tillage systems interaction in vertisol 
soils, offering the first experimental quantification of N mineralization efficiency across wheat growth stages in 
Marchouch, Morocco.
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for plant metabolism. However, the inefficient 
nitrogen management can lead to some signifi-
cant economic and environmental losses, due to 
volatilization, leaching, or denitrification. These 
consequences affect the farm profitability, and 
contribute to the environmental pollution, partic-
ularly on groundwater resources (Neufeld, 2020). 
Optimizing the nitrogen use is therefore essential 
to ensure the agricultural efficiency production 
while preserving the environment. 

In North Africa, CT remains deeply embed-
ded in agricultural practices. Rainfed and irrigat-
ed crops, notably wheat, are typically established 
through mechanical soil preparation, accom-
panied by the consideration of various factors. 
Due to the growing scarcity of resources, the 
adverse impacts of climate change and increas-
ing demographic pressure, the productivity of 
the conventional tillage (CT) system has become 
constrained, posing an intense challenge that 
necessitates production enhancements (Mrabet 
et al., 2022). Agricultural research and develop-
ment initiatives, shifted the interest on conserva-
tion agriculture practices alternatives such as the 
NT system. The NT practices incorporate, soil 
non-disturbance, residue cover maintenance, and 
diverse crop rotations (Robinson et al., 2024). 
The no-tillage (NT) adoption is being explored 
and expanded across diverse climatic conditions, 
including semi-arid regions (Kadiri Hassani et 
al., 2024). Over time, NT has demonstrated the 
potential to mitigate drought effects and improve 
soil water retention. 

The expansion of NT system in Moroccan 
semi-arid regions has gained prominence as a 
sustainable agricultural practice, addressing the 
limitations of CT system, as reported by Mous-
sadek (2012). The impacts of NT are measurable 
in terms of, improved crop productivity, enhanced 
environmental stability, and reduced economic 
costs over long term. The recent years accentuate 
the challenges imposed by climate change have 
intensified the focus of agricultural research on 
preserving soil and water resources.

Many years of research have documented the 
benefits of NT for, enhancing soil health, improv-
ing the crop establishment, and achieving stable 
yields in adequacy with the environment (Mra-
bet et al., 2012; Moussadek et al., 2023). These 
advantages are relevant for durum wheat produc-
tion under NT, as cereal represent an indefectible 
role in the agricultural economies of many coun-
tries (Kadiri Hassani et al., 2024; Mrabet, 2011). 

Conforming to the Mediterranean regional stud-
ies, wheat yields under NT can surpass those of 
CT systems by 8% to 20% (Neufeld, 2020). 

However, realizing these benefits under NT 
also depends on the effective fertilization man-
agement (Maher et al., 2023). Particular atten-
tion is being directed towards the evaluation 
of nutrient elements, such as nitrogen (N), and 
identification of mechanisms that optimize their 
utilization. Nitrogen is a nutrient element influ-
encing crop productivity and sustainability of 
the agricultural systems, particularly cereals, 
which require balanced nitrogen inputs to maxi-
mize yield and minimize losses (Moussadek, 
2012; Neufeld, 2020). However, excessive or 
inefficient nitrogen use can degrade natural re-
sources, reduce biodiversity, and cause socio-
economic repercussions. Despite increasing at-
tention to conservation agriculture, a significant 
knowledge gap remains. Thus, regarding how 
nitrogen mineralization dynamics vary across 
wheat growth stages, under different tillage sys-
tems and nitrogen doses. Particularly in verti-
sol soils, typical of Morocco’s semi-arid zones 
(Maher et al., 2023; INRA, 2024). Few studies 
have quantified how ammonium (NH4

+), nitrate 
(NO3

-), and mineral nitrogen (N min) concentra-
tions respond to tillage system × nitrogen dose 
× depths interactions, especially in controlled 
environments that isolate these variables (Jat et 
al., 2017; Mrabet et al., 2022; Olfs et al., 2006). 

This study aimed to determine the optimal ni-
trogen dose that enhances soil nitrogen mineral-
ization efficiency under no-tillage and conserva-
tion tillage systems across wheat growth stages, 
in a greenhouse controlled vertisol setting.

It sought to quantify how nitrogen mineral-
ization evolutions vary with soil depth and till-
age systems, and to identify the interaction ef-
fects between, sampling stage, nitrogen dose, 
tillage system, and depth. The research specially 
addresses the lack of empirical data on nitrogen 
efficiency patterns under NT and CT in Moroc-
can vertisols, offering alternatives into how ni-
trogen management can be tailored for conser-
vation agriculture. 
The authors hypothesize that:
 • Moderate nitrogen doses (50 kg/ha) will 

achieve higher mineralization efficiency com-
pared to excessive doses.

 • No-tillage system will show enhanced nitro-
gen retention and mineralization at surface 
soil layers.
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 • Sampling stage × tillage system ×nitrogen 
dose interactions will significantly affect ni-
trogen dynamics.

The findings aimed to bridge a critical gap 
in sustainable nutrient management strategies 
for semi-arid agroecosystems. Thus, with impli-
cations for improving wheat productivity while 
minimizing environmental impacts.

MATERIALS AND METHODS

This section outlines the experimental pro-
cedures to evaluate N mineralization dynamics 
under NT and CT systems, as the methodologies 
used to monitor mineral nitrogen (N min), ammo-
nium (NH4

+), and nitrate (NO3
-) concentrations in 

a controlled greenhouse.

Field sampling and soil characteristics

The experiment was conducted during 
the 2022–2023 crop season. A total of 24 soil 
samples were collected using cylinders (16 cm 
diameter × 26 cm height) from, the National 
Institute of Agricultural Research (INRA) Mar-
chouch experimental station (Figure 1). The 
sampling consisted of 12 cylinders taken from 
a CT managed plot and 12 cylinders from a NT 
managed plot, where NT practices have been 
applied for over 18 years. The INRA Marchouch 

station is located approximately 60 km South-
east of Rabat, Morocco, at latitude 33°37′ N 
and longitude 6°43′ W (Figure 1). The region 
is characterized by a warm, temperate Mediter-
ranean climate, with an average temperature of 
19.9 °C and an annual precipitation of 289 mm 
in 2022 (NASA Power, 2024). 

Before the greenhouse experiment, a com-
posite soil analysis was performed on the samples 
collected from two depth intervals (0–20 and 20–
40 cm). The samples were directly transported to, 
the Soil and Water Chemistry Laboratory of the 
Research Unit on Environment and Conservation 
of Natural Resources (URECRN), INRA Rabat, 
to obtain the initial information about the soil 
physicochemical properties.

The soil characterization is essential to un-
derstand its inherent properties. The analysis 
conducted for this study identified the soil as a 
vertisol, characterized by a clay content of 40% 
(Tables 1 and 2). The granulometric and the 
physicochemical analyses provide a compre-
hensive overview of the soil texture and chemi-
cal composition. These baseline data form the 
foundation for subsequent evaluations of soil 
responses to nitrogen treatments and tillage 
systems (NT and CT) throughout the experi-
mental protocol.

This step provided essential preliminary in-
formation on the soil composition, allowing to 
frame the experimental protocol choice. 

Figure 1. Location of Marchouch INRA’s experimental station
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Experimental protocol

This part describes the experimental protocol 
established to monitor and assess the dynamics 
of mineral nitrogen (N min), NH4

+, and NO3
-. 

The agronomic trial was conducted under con-
trolled conditions, in the greenhouse of the Re-
search Unit on Environment and Conservation of 
Natural Resources (URECRN), INRA Rabat. The 
experimental design, illustrated in Figure 2, in-
volved the application of four N doses (0, 50, 100 
and 150 N kg/ha), evaluated at two soil depths 
(0–10 cm and 10–20 cm), four sampling stages, 
and under two tillage systems (NT and CT). A 
randomized complete block was implemented. 
Durum wheat (Triticum turgidum L. var. durum) 
of the Faraj variety, developed in Morocco and 
supplied by INRA (2024), was used and sown at 
a rate of 30 seeds per cylinder. This variety was 
selected for its regional adaptation and relevance 
to the Moroccan cereal production systems.

Referencing to nitrogen efficiency, fertiliza-
tion was applied in two split doses. One-third of 
the total nitrogen was supplied at the beginning, 
using ammonium sulfate (21%), while the re-
maining two-thirds were applied at the stem elon-
gation stage in the ammonium nitrate (33.5%) 
form (Table 3). The application doses were ad-
justed based on the measured bulk density, which 
was 1.2 g/cm3 for CT and 1.3 g/cm3 for NT.

To assess soil nitrogen dynamics throughout 
the wheat growth cycle, soil samples were collect-
ed at three-week intervals. The sampling protocol 
is in adequacy with the standard nitrogen analysis 
procedures as described by Maher et al. (2023), 
Sellami et al. (2023), and Maynard (2007). These 

periodic samplings aimed to pursue the evolution 
of mineral nitrogen (N min), NH4

+, and NO3
- con-

centrations over time. The first sampling was re-
alized before sowing, and the final sampling oc-
curred immediately after the harvest period. This 
sequential monitoring enabled a comprehensive 
evaluation of nitrogen availability and evolution. 

Statistical analysis

Statistical analyses were performed using SPSS 
(Version 25 (IBM Corp., Armonk, NY, USA)). The 
dataset reported in Excel form (Index (Supplemen-
tary Online Material)), included a total of 192 sam-
ples, based on 4 nitrogen doses (0, 50, 100 and 150 
kg N/ha) × 2 tillage systems (NT and CT) × 2 soil 
depths (0–10 and 10–20 cm) × 4 sampling stages, 
with 3 replicates per treatment combination. 

Before applying parametric tests, the assump-
tions of normality and homogeneity of variances 
were verified. Normality of residuals was as-
sessed using the Shapiro-Wilk test, and homoge-
neity of variances was tested with Levene’s test. 
Both tests were conducted at a 95% confidence 
level (α = 0.05).

The variables meeting these assumptions 
were analyzed using three-way Analysis of Vari-
ance (ANOVA) to determine the effects of tillage 
system, nitrogen dose, sampling stage, soil depth 
as well as their interactions, on the concentrations 
of NH4

+, NO3
- and N min.

When statistically significant main or interac-
tion effects where observed (p < 0.05), Tukey’s 
honest significant difference (HSD) was applied 
to identify specific differences between treatment 

Table 1. Soil granulometry analysis
Type Depth Clay (%) Silt (%) Sand (%)

NT
0–20 40.0 49.7 10.3

20–40 40.0 49.7 10.3

CT
0–20 40.0 45.8 14.2

20–40 40.0 44.8 15.2

Table 2. Initial chemical analysis of soil properties

Type Depth 
(cm)

pH 
water pH Kcl MO % CE 

μs/cm
Na+ 

mg/kg
K+ 

mg/kg
N total 

(%)
NH₄⁺ 
mg/kg

NO₃⁻
mg/kg

P 
mg/kg

Ca++ 

mg/kg
Mg++ 

mg/kg

CT
0–20 6.3 5.2 1.71 461 0.32 301.3 0.014 28.6 114.3 90.5 140 90

20–40 6.1 4.9 1.07 369 0.33 111.5 0.007 35.7 35.7 76.4 160 40

NT
0–20 6.9 6.1 1.74 1057 0.37 195.8 0.007 50.0 121.4 68.6 190 80

20–40 7.3 6.3 1.77 537 0.42 289.2 0.007 35.7 42.9 47.3 200 20
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means. Significance was established at p < 0.05, 
and all reported p-values were two-tailed. The 
results of these analysis were presented and dis-
cussed in the following section.

RESULTS AND DISCUSSION

The results are presented in three predefined 
sections, each part addressing the findings from a 
distinct perspective. The focus lies on elucidating 
the dynamics of NH4

+, NO3
-, and N min through-

out the study period.

Concentrations of N min,NH₄+ and NO₃– 

before sowing and after harvest obtained  
on NT and CT 

The nitrogen management is primordial for 
durum wheat productivity while minimizing 

environmental impacts. The concentrations of 
NH₄⁺, NO₃⁻, and N min in soils repartition are in-
fluenced by tillage systems and their quality. At 
the initial stage, soil analysis at the 0–10 cm depth 
revealed comparable N min concentrations under 
the NT and CT systems (Figure 3). The N min 
under NT was, 81.0 mg/kg including, 42.3 mg/kg 
of NH₄⁺ and 38.7 mg/kg of NO₃⁻. Under CT, the 
N min obtained was 80.4 mg/kg with, 44.1 mg/kg 
of NH₄⁺ and 36.3 mg/kg of NO₃⁻. The difference 
in N min between the two systems was minimal. 
Notably, the NO₃⁻ concentrations were slightly 
higher under NT, whereas the NH₄⁺ concentra-
tions were marginally elevated under CT. For the 
10–20 cm depth, N min under mean concentra-
tions was 75.6 mg/kg, with 37.5 mg/kg of NH₄⁺ 
and 38.1 mg/kg of NO3

-. Under CT, N min mean 
concentrations was 85.7 mg/kg, with 50.6 mg/kg 
of NH4

+ and 35.1 mg/kg of NO3
- (Figure 3). 

Figure 2. Descriptive diagram of the process implemented for the evaluation of N min, NH₄⁺ and NO₃⁻
at INRA Rabat
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Although, the differences were subtle. It indi-
cates a potential positive effect of NT on nitrogen 
retention, particularly in enhancing NO3

- accumu-
lation at depth. Conversely, NH₄⁺ concentrations 
were slightly more pronounced under CT, which 
may reflect differences in soil aeration and micro-
bial activity associated with tillage disturbance. 

The results in Figure 3 illustrate nitrogen 
variation and its distribution patterns as influ-
enced by the two tillage systems (NT and CT). 
The NT system appears to promote greater re-
tention of NO₃⁻ and overall N min, particularly 
at the 10–20 cm depth, whereas the CT system 
tends to favor higher NH₄⁺ retention across both 
soil depths.

The final sampling stage related in Figure 4, 
the NO₃⁻ mean concentrations at the 0–10 cm 
depth under NT increased, notably with high-
er nitrogen doses. The concentrations related 
14.3mg/kg at the 100 kg/ha dose and 16.7 mg/
kg for the dose of 150 kg/ha. Under CT, NO₃⁻ 
concentrations were moderately lower, with 
16.7 mg/kg at the 100 kg/ha dose and declining 

to 9.5 mg/kg at the 150 kg/ha dose. In contrast, 
the NH₄⁺ concentrations consistently remained 
elevated under CT for all the nitrogen doses test-
ed. Under CT, the mean NH₄⁺ concentrations for 
the doses, 0, 50, 100, and 150 kg/ha, were 33.3, 
35.7, 28.6, and 33.3 mg/kg, respectively. Under 
NT, the corresponding NH₄⁺ concentrations were 
lower: 11.9, 9.5, 14.3, and 23.8 mg/kg. For the 
10–20 cm depth, a continuous increase in NO₃⁻ 
concentrations under NT were observed, begin-
ning at the dose of 100 kg/ha (14.3mg/kg) and 
confirmed at the dose of 15 kg/ha (19.1 mg/kg). 
Under CT, NO₃⁻ concentrations at these doses 
were lower, recording to 11.9 mg/kg at 100 kg/ha 
and 14.3 mg/kg at 150 kg/ha (Figure 4).

Additionally, NH₄⁺ concentrations at the 10–
20 cm depth under NT showed a modest increase, 
particularly at the highest nitrogen dose, reaching 
19.1 mg/kg. These findings underscore the impor-
tance of selecting an appropriate tillage system to 
optimize nitrogen distribution and availability. 
This is consistent with previous research related 
to the agronomic relevance of tillage practices on 

Table 3. The contribution of nitrogen doses used under NT and CT in the greenhouse experimentation
for each cylinder

Type of tillage Nitrogen doses 
(kg /ha)

Dose of nitrogen with 
ammonium sulfate 21% (g)

Dose of nitrogen with 
ammonium nitrate 33.5% (g)

NT

0 0.00 0.00

50 0.04 0.07

100 0.07 0.14

150 0.11 0.22

CT

0 0.00 0.00

50 0.04 0.08

100 0.08 0.15

150 0.11 0.23

Figure 3. Initial sampling stage analysis results for NH₄⁺ and NO₃⁻ mean concentrations (mg/kg) at the depths 
0–10 cm (a), and 10–20 cm (b), under both tillage systems (CT and NT)
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wheat performance and nutrient dynamics (De-
vita et al., 2007; Farooq et al., 2011; Yang et al., 
2015; Hirzel et al., 2019; Han et al., 2020; Bar-
taula et al., 2020).

The both soil depths presented in Figure 4 de-
fine the interest to work on the efficiency of nitro-
gen fertilization, which appears to be greater at the 
interval of nitrogen doses from 50 to 100 kg/ha. 
At the 0–10 cm depth, mean NH₄⁺ concentrations, 
under NT for, the 50, 100, and 150 kg/ha doses 
were 14.3, 14.3, and 23.8 mg/kg, respectively. 
These values correspond to a reduction of 66%, 
66%, and 44%, relatively to the initial concentra-
tions. Comparably, under CT, NH₄⁺ mean concen-
trations at the same doses were 35.7, 28.6, and 
33.3 mg/kg, reflecting a reduction of 19%, 35%, 
and 24%, respectively. This indicates a stable re-
tention of NH₄⁺ concentrations under CT at this 
depth across the doses tested. For NO₃⁻ concen-
trations at this same depth, NT treatments record-
ed 9.5, 16.7, and 23.8 mg/kg for the 50, 100, and 
150 kg/ha doses. These reflect decreases of 75%, 
57%, and 38% relative to initial concentrations. 
Under CT, corresponding values were 28.6,16.7, 
and 9.5 mg/kg, with reductions of 21%, 54%, and 
74%, respectively. These results suggest that NT 
favored a gradual increase and retention of NO₃⁻ 
with higher nitrogen doses, while CT displayed a 
more variable pattern.

Corresponding to the 10–20 cm depth, the 
NH₄⁺ mean concentrations under NT were for the 
doses 11.9, 9.5, and 19.1 mg/kg for the 50, 100, 
and 150 kg/ha, indicating comparatively to the ini-
tial stage (Figure 3) decreases of 68%, 79%, and 
49%. Under CT, the NH₄⁺ mean concentrations 

were 14.3, 14.3, and 9.5 mg/kg, corresponding 
to the reduction of 72%,72%, and 81%, respec-
tively. These indicates more consistency for the 
NH₄⁺ under CT in concordance with the doses, 
and a greater variability under NT. For the mean 
concentration values of NO₃⁻, under NT were 9.5, 
14.3, and 19.1 mg/kg, presenting a reduction of 
75%,62%, and 50% relative to baseline levels. 
The mean concentrations of CT were equal to 
21.4, 11.9, and 14.3 mg/kg, with a respective re-
duction of 39%, 66%, and 59%.

Overall, these results demonstrate that nitro-
gen mineralization efficiency is influenced by the 
interaction of tillage system, nitrogen dose, and 
soil depth, factors corroborated by the ANOVA 
analysis. The NT system shows promise for en-
hancing NO₃⁻ retention, particularly at higher 
nitrogen doses and deeper soil layers, while CT 
tends to maintain more stable NH₄⁺ levels.

Effects and interactions of tillage system,  
soil depth, nitrogen dose, and growth stage 
on N min, NH₄+,and NO₃–

A descriptive statistical analysis was con-
ducted to verify the normality and distribution 
characteristics of the data for NH₄⁺, NO₃⁻, and 
N min concentrations. This preliminary step 
ensured the robustness of subsequent inferen-
tial analyses. The analysis was performed using 
SPSS software version 25 (IBM Corp., Armonk, 
NY, USA), and results were summarized across 
the different combinations of tillage system, soil 
depth, nitrogen dose, and wheat growth stages. 
The CT system ranged mean concentrations 

Figure 4. Final sampling stage analysis results for NH₄⁺ and NO₃⁻ concentrations (mg/kg) at the depths 0–10 cm 
(a), and 10–20 cm (b), for each dose (0, 50, 100 and 150 kg/ha) respectively compared under NT (NT0, NT50, 

NT100 and NT150) and CT (CT0, CT50, CT100 and CT150)
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values for, N min from 23.8 to 119.1 mg/kg, the 
NH₄⁺, and the NO₃⁻ varied between 9.5 and 64.3 
mg/kg. Concerning the NT system, mean con-
centrations values interval for, N min was be-
tween 21.4 to 133.3 mg/kg, the NH₄⁺, between 
9.5 and 61.9 mg/kg and the NO₃⁻, ranging from 
9.5 to 78.6 mg/kg (Table 4).

These preliminary descriptive statistics indi-
cate that under NT, both total mineral nitrogen 
(N min) and NO₃⁻ concentrations reached higher 
maximum values compared to CT, suggesting a 
potential enhancement of nitrogen retention and 
availability under conservation practices. Con-
versely, NH₄⁺ concentrations were relatively sim-
ilar between the two systems.

The ANOVA analysis (Table 5) performs to 
evaluate the individual and interactive effects 
of the factors experimented; tillage system, soil 
depth, nitrogen dose, and growth stage on nitro-
gen variables (N min, NH₄⁺, and NO₃⁻). The find-
ings revealed that the stage impact with a highly 

significant effect on all the nitrogen variables (p 
< 0.001), underlining the importance of crop 
phenology in the appropriation of the nitrogen 
dynamics throughout the wheat cycle. Addition-
ally, the tillage system and nitrogen dose revealed 
a significant main effect on NH₄⁺ concentrations 
(p < 0.05), indicating the notably influence on the 
NH₄⁺ availability (Table 5).

Several significant interaction effects were 
also identified:
 • For NH4

+, interactions were significant for 
stage × tillage system × depth, stage × dose 
× depth, stage × tillage system, and stage × 
dose (p < 0.05).

 • For NO3
-, a significant interaction was ob-

served between stage × depth (p < 0.05).
 • For N min, the interaction tillage system × 

dose was significant (p < 0.05), highlighting 
that nitrogen availability is influenced by the 
combined effects of soil management and fer-
tilization practices (Table 5).

Table. 4. The mean concentrations rang for, N min, NH4
+ and NO3

- (mg/kg)
Tillage 
system Variable Minimum Maximum Mean p-value

CT

NH4
+ 9.5 64.3 38.8 13.8

NO3
- 9.5 64.3 34.8 14.5

N min 23.8 119.0 73.6 25.0

NT

NH4
+ 9.5 61.9 35.9 14.8

NO3
- 9.5 78.6 35.5 16.9

N min 21.4 133.3 71.4 29.9

Table 5. ANOVA results for NH₄⁺, NO₃⁻, and N min variables

Source Degrees of 
freedom

N min (mg/kg) NO₃⁻ (mg/kg) NH₄⁺(mg/kg)

F value p-value F value p-value F value p-value

Stage (S) 3 147 669 0.000 84 576 0.000 103 349 0.000

Tillage system (T) 1 0.950 0.355 0.159 0.699 5 413 0.045

Dose (Do) 3 1 582 0.261 0.705 0.573 5 043 0.025

Depth (De) 1 0.068 0.801 0.159 0.699 1 028 0.337

Do * De 3 1 993 0.186 4 176 0.041 .801 0.524

S * De 3 2 937 0.092 0.574 0.647 7 130 0.009

T * De 1 .511 0.493 0.096 0.763 .801 0.394

S * Do 9 3 552 0.036 2 500 0.094 4 622 0.016

T * Do 3 5 117 0.024 2 320 0.144 5 356 0.022

S * T 3 2 924 0.092 0.416 0.746 7 187 0.009

S * Do * De 9 0.921 0.548 0.612 0.762 3 575 0.036

T * Do * De 3 0.916 0.471 1 166 0.375 0.991 0.440

S * T * De 3 1 961 0.190 1 140 0.384 5 100 0.025

S * T * Do 9 1 730 0.213 2 206 0.127 2 310 0.114
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It is important to emphasize that these find-
ings were observed within the same soil type 
(Tables 1 and 2), a vertisol with 40% clay con-
tent. The long-term application of NT maintained 
for over 18 years – has likely contributed to en-
hanced soil structural stability, improving nutri-
ent conservation, particularly for N min. This 
positive effect of NT on nitrogen retention and 
availability aligns with earlier studies, which 
demonstrated long-term benefits of conservation 
agriculture on nutrient cycling and soil quality 
(Oorts, 2006; Olfs et al., 2005; Franchini et al., 
2006; Hungria et al., 2009).

Supporting evidence can be found in Albur-
querque et al. (2015), who reported substantial 
nitrogen accumulation after 21 years of NT and 
Zihlmann et al. (2006), who observed more sus-
tained nitrogen mineralization under NT after 11 
years, reinforcing these findings. Together, these 
results highlight the importance of considering 
interactive effects, when assessing nitrogen man-
agement strategies under varying tillage systems.

The interaction tests highlighted the effects of 
the stage and the nitrogen dose applied (Tables 5 
and 6). Eventually, a significant effect appeared 
at the second sampling stage, with concentration 
values of NH₄⁺ (49.0 mg/kg), NO₃⁻ (53.7 mg/kg), 
and N min (102.7 mg/kg). The phenomenon ob-
served at this stage is more pronounced, as the 
wheat is expected to accumulate a reserve of N 
min to support its growth phases.

The application of the four nitrogen doses 
(0, 50, 100, and 150 kg/ha) revealed distinct de-
vices in nitrogen dynamics, generating an opti-
mal dose for each nitrogen form. As expected 
in Table 6, the dose of 50 kg/ha resulted in the 
highest mean concentrations of the NH4

+ (41.4 
mg/kg) and N min (76.5 mg/kg), while 100 kg/
ha emerged as interesting for the NO₃⁻ (36.8 

mg/kg). These elements reinforce the impor-
tance of dose effectiveness choice to support 
wheat growth, consistent with the conclusions 
drawn by Sadiq et al. (2021).

Further in-depth, analyses were conducted by 
examining NH₄⁺, NO₃⁻, and N min concentrations 
at the four stages, nitrogen dose, and soil depth 
(0–10 and 10–20 cm) under both systems (CT and 
NT). The ANOVA results (Table 5) indicated no 
significant differences on the soil depth factor (p 
= 0.337), suggesting to continue the ANOVA pro-
cess without considering this factor. 

Consequently, Table 7 illustrates the progres-
sion of NH₄⁺, NO₃⁻, and N min concentrations 
across the four growth stages and nitrogen doses 
for each tillage system. Nitrogen applications 
were subdivided in two parts: the first between 
stages 1 and 2 and the second between stages 2 
and 3, applied at the 50, 100, and 150 kg/ha dos-
es. The concentration trends were analyzed vari-
able by variable.

The NH₄⁺ concentrations were disclosed, 
the second stage marked with the peak of con-
centrations. Under CT, the high mean concen-
trations are assigned to the dose of 150 kg/ha 
(56 mg/kg), succeeded by the doses, 50 kg/ha 
(50 mg/kg),100 kg/ha (45.2 mg/kg), and 0 kg/ha 
(39.3 mg/kg). Under NT, the NH₄⁺concentrations 
were elevated at the dose 100 kg/ha (57.1 mg/
kg), pursued by the dose, 50 kg/ha (51.2 mg/kg), 
and equal mean concentrations for the doses, 0 
and 150 kg/ha (46.4 mg/kg). 

The third stage, is affected by a general decline 
in NH₄⁺ concentrations. Under CT, the dose of 
50 kg/ha maintained the highest mean (46.4 mg/
kg), followed by the doses,0 kg/ha (39.3 mg/kg), 
150 kg/ha (28.6 mg/kg), and 100 kg/ha (27.4 mg/
kg). Conversely, under NT, means were highest 
for the dose of,0 kg/ha (46.4 mg/kg), succeeded 

Table 6. Tukey’s HSD post-hoc test for stage and dose factors
Parameter NH₄⁺ NO₃⁻ N min

Stage

1 43.6(a) 37.1(b) 80.7(b)

2 49.0(a) 53.7 (a) 102.7(a)

3 36.9(b) 33.8(b) 70.7(b)

4 19.8 (c) 16.1(c) 35.9(c)

Dose (kg/ha)

0 36.9 (ab) 33.3(a) 70.2 (a)

50 41.4 (a)* 35.1(a) 76.5(a)

100 35.9 (ab) 36.8(a) 72.6(a)

150 35.1 (b) 35.4(a) 70.5(a)

Note: * p-value < 0.05.
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by the doses, 100 kg/ha (40.5 mg/kg), 50 kg/ha 
(35.7 mg/kg), and 150 kg/ha (31 mg/kg). 

The last stage, reflected further reductions. 
Under CT, NH₄⁺ was highest in order at the dose 
of 0 kg/ha (31 mg/kg), 50 kg/ha (25 mg/kg), and 
equal mean concentrations obtained for 100 and 
150 kg/ha (21.4 mg/kg). Under NT, the dose of 
150 kg/ha led (21.4 mg/kg), followed by equal 
mean concentrations for the doses, 0 and 50 kg/ha 
(13.1 mg/kg), and finally 100 kg/ha (11.9 mg/kg).

These stage-by-stage process delimit how 
both, dose and tillage system could influence the 
nitrogen evolution over time. The decline in NH₄⁺ 
concentrations after the second stage corresponds 
to increased plant growth and the non-disturbance 
soil effect, in consistency with the nitrogen min-
eralization dynamics for the wheat cereal.

The NO₃⁻ mean concentrations provide valu-
able nitrogen management valorization. The eval-
uation is interesting to prospect if the intentional 

dose support is ranging between 50 kg/ha and 
100 kg/ha, as detected for the NH₄⁺. The mean 
concentrations for the NO₃⁻ at the second stage 
exposed (Table 6), under CT, a highest NO₃⁻ 
level was obtained in order of superiority at the 
doses of, 50kg/ha (63.1 mg/kg), then 150 kg/ha 
(51.0mg/kg), 0 kg/ha (50.0 mg/kg), and 100 kg/ha 
(47.6mg/kg). Relative to the NT, NO₃⁻ concentra-
tions were the maximum at the dose of 100kg/ha 
(67.9 mg/kg), then 50 kg/ha (56.0 mg/kg), 150 kg/
ha (54.8 mg/kg), and 0 kg/ha (39.3 mg/kg). 

The third stage is concerned with a dimin-
ished concentrations mensuration retained. The 
NO₃⁻ concentrations under CT, were the highest at 
the dose of 100 kg/ha (41.7 mg/kg), then 0 kg/ha 
(34.5mg/kg), 150 kg/ha (29.8 mg/kg), and at last 
50 kg/ha (27.4 mg/kg). The NT case, the important 
concentration is obtained for the dose of 0 kg/ha 
(42.9 mg/kg), 150 kg/ha (34.5 mg/kg), 100 kg/ha 
(33.3 mg/kg), and 50 kg/ha (26.2 mg/kg).

Table 7. The evolution of NH₄⁺, NO3
-, and N min, mean concentrations under CT and NT depending on stages

(1, 2, 3 and 4) and doses (0, 50, 100 and 150 kg/ha)
Parameter Stages

Dose (kg/ha) Tillage 
system Variables (mg/kg) 1 2 3 4

0

CT

NH4
+ 42.9 39.3 39.3 31.0

NO3
- 35.7 50.0 34.5 17.9

N min 78.6 89.3 73.8 48.8

NT

NH4
+ 36.9 46.4 46.4 13.1

NO3
- 28.6 39.3 42.9 17.9

N min 65.5 85.7 89.3 31.0

50

CT

NH4
+ 63.1 50.0 46.4 25.0

NO3
- 34.5 63.1 27.4 25.0

N min 97.6 113.1 73.8 50.0

NT

NH4
+ 46.4 51.2 35.7 13.1

NO3
- 39.3 56.0 26.2 9.5

N min 85.7 107.1 61.9 22.6

100

CT

NH4
+ 40.5 45.2 27.4 21.4

NO3
- 31.0 47.6 41.7 14.3

N min 71.4 92.9 69.0 35.7

NT

NH4
+ 42.9 57.1 40.5 11.9

NO3
- 44.0 67.9 33.3 14.3

N min 86.9 125.0 73.8 26.2

150

CT

NH4
+ 42.9 56.0 28.6 21.4

NO3
- 41.7 51.2 29.8 11.9

N min 84.5 107.1 58.3 33.3

NT

NH4
+ 33.3 46.4 31.0 21.4

NO3
- 41.7 54.8 34.5 17.9

N min 75.0 101.2 65.5 39.3
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The last stage, the NO₃⁻ concentrations had 
further declined. Under CT, the dose of 50 kg/ha 
maintained the elevated mean value (25.0 mg/kg), 
0 kg/ha (17.9 mg/kg),100 kg/ha (14.3 mg/kg), 
and 150 kg/ha (11.9 mg/kg). Under NT, concen-
trations were highest and equal at 0 kg/ha and 
150 kg/ha (17.9 mg/kg), followed by 100 kg/ha 
(14.3 mg/kg), and 50 kg/ha (9.5 mg/kg).

These results reveal that the NO₃⁻ availability 
peaks depending on the initial fertilization. The 
100 kg/ha dose under NT consistently promoted 
higher NO₃⁻ availability during the active growth 
phase, aligning with the agronomic target of syn-
chronizing nitrogen release with crop demand, 
compared to the CT. 

The monitoring of NO₃⁻ dynamics rein-
forces the efficient utilization of this nitrogen 
form by the wheat crop, with the 50 kg/ha dose 
demonstrating the most favorable performance, 
closely followed by 100 kg/ha, particularly un-
der the NT system when compared to CT. These 
observations underscore the role of optimal ni-
trogen dosing in maximizing nutrient uptake 
while minimizing potential losses. To provide a 
comprehensive overview, Figure 5 summarizes 
the behavior of N min concentrations. This rep-
resentation combined the effects of both NO₃⁻ 
and NH₄⁺, reflecting their cumulative contribu-
tion to the mineral nitrogen cycle availability 
for plant uptake. 

The variability highlighted in Figure 5, illus-
trates how N min utilization differs between till-
age systems, emphasizing the potential to reduce 
nitrogen losses through informed management 
practices. The data reveal clear differentiation 
in N min dynamics between CT and NT, align-
ing with the interaction patterns identified in the 

ANOVA analysis. This expectation, affirms the 
relevance of considering all influencing factors: 
tillage system, nitrogen dose, soil depth, and crop 
growth stage, when designing nutrient manage-
ment strategies. 

The capacity of N min to a sustain nitrogen 
availability throughout the cropping cycle is fun-
damental for optimizing wheat growth and yield. 
These achievements provide a solid foundation, 
for refining fertilization practices in conservation 
agriculture systems.

The results obtained from the analysis of 
NH₄⁺, NO₃⁻, and N min clearly reveal that NT 
outperforms CT in terms of the nitrogen use effi-
ciency, as indicated by, the significant differences 
reliable to the growth stage, and the interactions 
between the factors. Through the use of Tukey’s 
test, the NT system significantly enhances the 
practical retention and mineralization of nitrogen, 
particularly at 50 and 100 kg/ha fertilizer doses. 
These manifest, the importance of understanding 
the interplay between nitrogen fertilizer doses, 
soil depth, tillage systems, and crop growth stag-
es for optimizing the nitrogen performances.

Variability of ammonium (NH₄⁺ Var), nitrate 
(NO₃⁻ Var), and mineral nitrogen (N min Var) be-
tween the two tillage systems, CT and NT.

The analysis of N min, NO₃⁻, and NH4⁺ vari-
ability provided insights into the differential 
behavior of these nutrients under NT and CT 
systems. This variability was calculated in Ta-
ble 8, inspired by the meta-analyses of Su et al. 
(2021), Pittelkow et al. (2014), and Ponisio et al. 
(2015), highlights the effectiveness of nitrogen 
use based on the soil-plant relationship under the 
two tillage practices. For all the variables, the 
equations used were:

Figure 5. The curves evolution of N min concentrations under CT (a) and NT(b) depending on stages
(1, 2, 3 and 4) and doses. (0, 50, 100 and 150 kg/ha)
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 N min Var =
[(N minNT – N minCT) / N minCT] × 100 

(1)

 NO₃⁻ Var =
[(NO₃⁻NT – NO₃⁻CT) / NO₃⁻CT] × 100 

(2)

 NH₄⁺ Var =
[(NH₄⁺NT – NH₄⁺CT) / NH₄⁺CT] × 100 

(3)

The achievements demonstrate, that the NT 
promotes greater mineralization of nitrogen, result-
ing in more efficiency nitrogen use. The percent-
age differences in N min at the two depths (63% 
at 0–10 cm and 40% at 10–20 cm) further validate 

the importance of NT for long-term soil nitrogen 
management. This efficiency is even more notable 
when compared to conventional systems, confirm-
ing that NT fosters superior nitrogen conserva-
tion. The approaches were conformed with previ-
ous research by Zhang et al. (2016), Sadiq et al. 
(2021), and Jat et al. (2017), which suggested the 
NT system could have an improvement in terms of 
nitrogen mineralization by up to 50% compared to 
CT. Thus, supporting its application for a sustain-
able agricultural practice. Additionally, the vari-
ability observed between tillage systems is more 
pronounced under NT, indicating its greater adap-
tation in nitrogen conservation and mineralization.

Table 8. Evaluation of wheat variability (%) for NH₄⁺ Var, NO₃⁻ Var, and N min Var under NT and CT 
Stage Dose (kg/ha) Depth NH₄⁺ Var NO₃⁻ Var N min Var

1

0
0–10 -25.0 -20.0 -22.9

10–20 0.0 -20.0 -9.7

50
0–10 -11.5 0.0 -7.1

10–20 -40.7 30.8 -17.5

100
0–10 35.7 35.7 35.7

10–20 -15.0 50.0 9.4

150
0–10 0.0 12.5 6.7

10–20 -36.4 -10.5 -24.4

2

0
0–10 33.3 -28.6 -2.8

10–20 5.6 -14.3 -5.1

50
0–10 13.0 -18.5 -4.0

10–20 -10.5 -3.8 -6.7
100 0–10 43.8 65.0 55.6

10–20 13.6 20.0 16.7

150
0–10 -12.0 -20.0 -15.6

10–20 -22.7 30.4 4.4

3

0
0–10 5.9 66.7 31.0

10–20 31.3 -5.9 12.1

50
0–10 -31.3 -23.1 -27.6

10–20 -17.4 20.0 -6.1

100
0–10 63.6 -5.6 20.7

10–20 33.3 -35.3 -6.9

150
0–10 44.4 100.0 68.8

10–20 -13.3 -16.7 -15.2

4

0
0–10 -64.3 12.5 -36.4

10–20 -50.0 -14.3 -36.8

50
0–10 -60.0 -66.7 -63.0

10–20 -16.7 -55.6 -40.0

100
0–10 -50.0 -14.3 -36.8

10–20 -33.3 20.0 -9.1

150
0–10 -28.6 75.0 -5.6

10–20 100.0 33.3 60.0
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NT proves to be more valuable to enhance 
nitrogen mineralization and minimize the nitro-
gen losses, which are essential for improving the 
wheat production while reducing environmental 
impacts. The results focused the necessity for a 
precise nitrogen management, with a perspicacity 
nitrogen dose between 50 kg/ha and 100 kg/ha, 
and suggest that further research into long-term 
nitrogen dynamics under conservation tillage sys-
tems will be instrumental to develop sustainable 
agriculture.

In the same field, studies conducted by Ma-
her et al. (2023) and Sellami et al. (2023) dem-
onstrated a high degree of consistency under 
NT, capitalizing on climatic variability dur-
ing drought years. They are part of an integral 
Maghreb NT research initiative. NT is considered 
as an intelligent agricultural practice that im-
proves both crop productivity and the structuring 
of soil nutrients. The quantification of doses is 
significant, as beyond 100 kg/ha, the effective-
ness of mineral nitrogen (N min) used is reduced 
(Table 6). This directly impacts soil quality and 
preservation. These directives are fully con-
formed to those reported by Cui et al. (2022).  
The soils under NT exhibit more variable concen-
trations, depending on crop residue management 
and nitrogen availability in the surface layers. In 
this context, NT appears to enhance the ongoing 
potential for NO₃⁻ and NH₄⁺ utilization in the soil 
compared to CT, at the 0-20 cm depth. NT tends 
to maintain, a more stable N min level due to a 
reduced, volatilization, denitrification, and leach-
ing, compared to the CT. These results contribute 
to the growing knowledge base supporting NT 
practices and provide actionable directives for ni-
trogen fertilization management in the Maghreb, 
encouraging further research and development in 
sustainable agricultural practices.

CONCLUSIONS

The present study defined an efficient nitro-
gen dose efficacy of 50 kg/ha under both tillage 
systems (NT and CT). It underscored the signif-
icant advantages of NT over CT in terms of ni-
trogen retention, mineralization, and overall soil 
health. The experimental research conducted 
under controlled greenhouse conditions at IN-
RA’s Rabat, highlighted the influence of tillage 
type, nitrogen dose, soil depth, and growth stag-
es on nitrogen dynamics. The ANOVA results 

based on the data collected every three weeks 
regarding NH4

+, NO3
- and N min, described the 

nitrogen fertilization as valuable under the dose 
of 50 kg/ha, with respective mean values for 
NH₄⁺, NO₃⁻, and N min of 41.4 mg/kg, 35.1 mg/
kg, and 76.5 mg/kg as projected in Tukey’s test. 
However, NT demonstrated an active nitrogen 
use efficiency until the end of the wheat crop cy-
cle, with notable gains, compared to CT. Also, 
the ANOVA confirmed the influence of tillage 
type, stages, nitrogen dose, and depths on the 
importance of N mineralization, with significant 
interactions among these factors. Furthermore, 
NT improved the N min potentiality by 63% at 
0–10 cm and 40% at 10–20 cm depths attributed 
to the relevant dose of 50 kg/ha. Beyond a dose 
of 100 kg/ha, nitrogen losses were detected. 
Revealing the substantial benefits of NT, in-
cluding increased nitrogen mineralization, soil 
structure, and reduced fertilizer dependency, 
NT should be promoted as a preferred practice 
for sustainable wheat production in Morocco 
and other similar regions. By optimizing nitro-
gen management through the appropriate dose, 
farmers can in this directive reduce the environ-
mental deterioration, preserve soil and water re-
sources, improve their production and contrib-
ute to an ecological resilience. 
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