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Abstract

Morocco’s semi-arid farms are under growing pressure to lower nitrous oxide (N;O) emis-
sions while maintaining crop yields and soil health. Agriculture is a major anthropogenic
source of NoO emissions in Morocco; improved nitrogen management is therefore rele-
vant to the country’s broader climate mitigation efforts. This review examines regulatory,
technical, and economic measures that have reduced nitrogen losses or agricultural N,O
emissions in other countries and assesses their potential relevance to Morocco’s smallholder-
dominated farming systems. In 2018, Moroccan managed soils released 13,108 Gg of carbon
dioxide equivalents (CO,-eq) according to the national inventory, highlighting the impor-
tance of improved nitrogen management for agricultural climate mitigation. The study
compares peer-reviewed research, policy documents, and regulatory frameworks from four
benchmark countries: Denmark, the Netherlands, the United Kingdom, and Brazil. It ad-
dresses three questions: which nitrogen management strategies have evidence of reducing
agricultural N,O emissions in contexts relevant to Morocco; which institutional, regulatory,
and socioeconomic barriers may constrain their adoption; and how these strategies could
be incorporated into a phased national framework. For each intervention, the review syn-
thesizes reported outcomes, the agronomic and climatic conditions under which they were
obtained, and their potential transferability to Morocco’s semi-arid agricultural systems.
Outcomes are differentiated as direct N,O measurements, nitrogen loss or fertilizer use
indicators, agronomic feasibility evidence, or policy and enabling evidence. The review
also identifies gaps in Morocco’s fertilizer governance under Law No. 53-18 and considers
national enabling assets, including soil fertility mapping, emerging organic-fertilizer supply
chains, conservation agriculture initiatives, and existing agricultural-support programmes.
The review presents an author-proposed Integrated Nitrogen Management Framework
(INMF) based on three complementary pillars: regulatory reform, field-level technical
measures, and economic instruments. It presents three implementation periods—2027-
2029, 2029-2032, and 2032-2035—for testing, validating, and progressively scaling these
measures under Moroccan conditions. The INMF is a conceptual, phased implementation
framework rather than a quantitative national mitigation model. It does not estimate an
aggregate agricultural N,O emission reduction because the reviewed interventions differ in
their production context, evidence type, and measured outcome. Morocco’s unconditional
Nationally Determined Contribution (NDC) provides the broader policy context, but its
economy-wide target is not interpreted as a sector-specific target for agricultural N,O
emissions. The review discusses implementation challenges, including data limitations,
institutional capacity constraints, and smallholder adoption barriers. It identifies prior-
ities for Morocco: field measurement of N,O emissions and emission factors, multi-site
evaluation of mitigation practices, strengthened monitoring and advisory systems, and
socioeconomic assessment of farmer adoption and policy feasibility.
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1. Introduction

Nitrous oxide (N;O) is a potent greenhouse gas (GHG) in the atmosphere. The
global warming potential of N,O is approximately 298 times greater than that of carbon
dioxide when measured over a 100-year period, and N,O remains in the atmosphere for
more than one century [1]. Global N,O emissions have been estimated at approximately
17.7 teragrams of nitrogen expressed as NpO-N (Tg N,O-N yr~1!), including both natural
and anthropogenic sources [2]. Within this total, anthropogenic activities account for about
38% of global N,O-N emissions, and agricultural systems contribute roughly 60-80% of
anthropogenic N;O-N emissions [1-3]. These values refer to N mass (N,O-N) and to differ-
ent denominators (total versus anthropogenic emissions) and are therefore not additive or
directly interchangeable; they are used here only to indicate orders of magnitude. Among
the activities that add N,O to the atmosphere, agriculture is the largest anthropogenic
contributor. Fertilized soils produce most of the agricultural N,O emissions through the
microbial processes of nitrification and denitrification. To avoid confusion in later sec-
tions, the manuscript explicitly distinguishes between N,O-N mass units, CO,-equivalent
(COs-eq) values, and fertilizer-N inputs when reporting emission estimates and mitigation
outcomes. Modelling studies show that agricultural N,O emissions increased from 0.4 to
1.4 teragrams of N,O-N per year in the 1960s to 1.3 to 3.3 teragrams of NoO-N per year
in the 2010s. The main driver was the expansion of nitrogen fertilizer use in Asia and
other rapidly growing agricultural regions [4]. This increase underscores the importance of
improving nitrogen management as part of agricultural climate mitigation efforts.

Semi-arid agricultural systems face unique environmental conditions that can intensify
N,O emissions compared with temperate regions. Limited and highly variable rainfall
creates alternating periods of drought and short-lived soil saturation, promoting both
nitrification and denitrification and increasing N,O production [5]. Morocco exemplifies
these challenges in several ways. Approximately half of the country’s cultivable land
receives less than 300 mm of annual rainfall, and per capita water availability is projected
to decline below 500 m3 by 2030 [6]. These climatic constraints coincide with the significant
use of synthetic nitrogen fertilizers in Moroccan farming systems. A reliance on synthetic
fertilizers has been documented in peri-urban production systems, although the available
evidence should not be interpreted as nationally representative. N,O emission factors can
differ substantially depending on the type of fertilizer, soil characteristics, climate, moisture
levels, and agricultural management. Because of this, general emission factor values cannot
be assumed to apply to Morocco’s fields. Local testing is needed to ensure that these
values are accurate [7,8]. Moreover, where nitrogen inputs exceed crop demand or are
poorly synchronized with crop uptake, fertilizer management may contribute to changes in
soil microbial communities and reduce nitrogen use efficiency (NUE); the direction and
magnitude of these effects depend on fertilizer source and rate, application timing, crop
system, soil properties, and long-term management. In some semi-arid cropping systems,
low NUE values (typically below 35%) have been reported under conventional nitrogen
management practices, illustrating how inefficient nitrogen use can coexist with elevated N
inputs. These examples are used here as broader evidence from vegetable systems and are
not presented as national estimates for Morocco [9]. Together, these factors highlight the
considerable potential for improving nitrogen management while simultaneously reducing
GHG emissions.
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Agriculture is Morocco’s largest anthropogenic source of N,O emissions, as docu-
mented in the Fourth National Communication to the United Nations Framework Conven-
tion on Climate Change (UNFCCC) [10]. Emissions from managed soils rose by an average
of 2.3% per year from 2004 to 2018. This rise shows that better nitrogen management is nec-
essary for Morocco’s wider plan to mitigate emissions. Morocco’s unconditional Nationally
Determined Contribution (NDC) aims to cut the country’s GHG emissions by 18.3% below
the business-as-usual path by 2030 [6]. This economy-wide target provides the broader pol-
icy context for agricultural mitigation but should not be treated as an equivalent percentage
target for agricultural N, O relative to the 2018 inventory [6]. However, Morocco’s current
fertilizer governance framework, established under Law No. 53-18 (2021) [11], primarily
focuses on fertilizer quality, product registration, and market regulation. It contains no
provisions for reducing N,O emissions, implementing site-specific nutrient management,
or promoting enhanced-efficiency fertilizers (EEFs). This contrasts with the integrated
nitrogen management systems developed in countries such as Denmark, where coordinated
regulatory and economic policies have been associated with reductions in nitrogen losses
over several decades [12,13], and the Netherlands, where precision agriculture technologies
have reduced fertilizer use without compromising crop productivity [14]. Similarly, Brazil’s
large-scale biological nitrogen fixation programmes demonstrate the potential to reduce de-
pendence on synthetic nitrogen fertilizers [15]. These cases are considered as comparative
policy and technology benchmarks rather than as direct agroecological or institutional ana-
logues of Morocco. Their relevance lies in the potential adaptation of specific instruments
and implementation arrangements to Moroccan conditions. However, the applicability
of these approaches to Morocco’s semi-arid, smallholder-dominated agricultural systems
has not yet been evaluated through an integrated assessment of technical, regulatory, and
economic dimensions.

Existing reviews, including that by Hassan et al. (2022) [1], comprehensively assess
technical approaches for mitigating agricultural N,O emissions, including nitrification
inhibitors, organic fertilizers, precision nutrient management, and cover crops. However,
they devote comparatively little attention to the institutional, regulatory, and economic
dimensions that determine successful implementation in semi-arid developing countries.
Similarly, a previous multi-GHG assessment of Moroccan agriculture [16] identified preci-
sion nitrogen management as one of four major mitigation pathways but did not examine
nitrogen-specific regulatory reforms or implementation strategies in detail. Building on
this earlier work, the present review comparatively evaluates regulatory, technical, and
economic nitrogen management interventions and assesses their potential adaptation to
Morocco’s agroecological, institutional, and socio-economic contexts.

Accordingly, this review looks at three research questions: (1) Which regulatory, techni-
cal, and economic nitrogen management strategies have evidence of reducing agricultural
N,O emissions in contexts relevant to Morocco? (2) Which institutional, regulatory, and
socioeconomic challenges constrain the adoption of these strategies in Morocco’s farming
sector? (3) How can these evidence-based strategies be organized into a step-by-step nitro-
gen management framework that is consistent with Morocco’s climate policy objectives
as outlined in its NDC? The rest of this paper is organized as follows: Section 2 describes
the literature search strategy, benchmark country selection, and analytical framework.
Section 3 synthesizes comparative evidence across regulatory, technical, and economic
interventions. Section 4 discusses the findings in the context of Morocco’s agricultural
systems and presents the proposed Integrated Nitrogen Management Framework. Finally,
Section 5 presents the principal conclusions, and Section 6 outlines research priorities
for Morocco.

https://doi.org/10.3390/nitrogen7040115


https://doi.org/10.3390/nitrogen7040115

Nitrogen 2026, 7, 115

4 of 35

2. Review Methodology

This review adopts a structured comparative narrative approach, which is an appro-
priate methodological design for addressing the study’s research questions. It looks at
the rules and regulations, the actions taken on the ground, and the financial tools used
in various countries. This analysis uses peer-reviewed research studies, official laws, and
reports from relevant institutions to support its findings. It is presented as a structured com-
parative review rather than as a formal systematic review. The review was not conducted
as a systematic review or meta-analysis, and the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) checklist was therefore not applied. Nevertheless,
the main steps of the literature search and source selection process are reported to improve
methodological transparency. The search strategy, source selection criteria, selection re-
sults, and analytical framework are described in the following subsections to clarify the
comparative basis of the review and the way evidence was assessed for potential relevance
to Morocco.

2.1. Search Strategy

A targeted literature and document search was conducted using Web of Science,
Scopus, Google Scholar, and official institutional sources. The search supported a structured
comparative narrative review rather than an exhaustive systematic review or meta-analysis.
Its purpose was to identify relevant scientific and policy evidence for comparing nitrogen
management interventions across the selected countries. The core literature search was
conducted between January and September 2025 and was updated in March 2026 to include
newly available relevant literature and institutional documents.

The search covered publications from 2000 to March 2026. The lower temporal bound-
ary was selected to capture the emergence of modern nitrogen management policies,
including Denmark’s early nitrogen action plans and the successive implementation phases
of the European Union Nitrates Directive. It also ensured that the review remained focused
on contemporary evidence.

One seminal study published before 2000 was retained because it continues to provide
a primary empirical benchmark that has not been superseded by more recent research.
Specifically, Harrison et al. (1995) [17] was included for its widely adopted N,O emission
factor data. Schou et al. (2000) [18], which falls at the lower boundary of the review period,
was retained for its evaluation of nitrogen tax scenarios in Denmark. Both studies are
extensively cited in national greenhouse gas inventories and subsequent policy evaluations,
justifying their inclusion in the evidence base.

Search terms were developed in both English and French using Boolean operators and
were adapted to the search functions and indexing conventions of each source. They cov-
ered four main areas: N,O emissions and nitrogen losses; field-level nitrogen management
practices; regulatory and economic instruments; and relevance to Morocco and the four
benchmark countries.

The search began with key combinations. First, “N,O emissions” was paired with
“agriculture” and “mitigation”. Then, “nitrification inhibitors” was combined with “semi-
arid”. Next, “precision nitrogen management” was combined with “fertilizer”. After that,
“biological nitrogen fixation” was linked to “legumes”. The term “nitrogen taxation” was
combined with “agricultural policy”. “Organic fertilizer” was combined with “nitrous ox-
ide”. Following that, “cover crops” was matched with “nitrate leaching”. Next, “Moroccan
agriculture” was linked to “greenhouse gas emissions”. Finally, “fertilizer regulation” was
paired with “Morocco”.

To identify country-specific evidence, each of the four benchmark country names—
Denmark, the Netherlands, the United Kingdom, and Brazil—was combined with the
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terms “nitrogen management”, “N,O emission reduction”, and “fertilizer policy”. Official
documents were identified through the websites and repositories of relevant national
authorities, the European Union, and intergovernmental organizations, particularly the
UNEFCCC. The search syntax was adapted to the functions and indexing conventions of
each source.

Conducting searches in both English and French enabled the inclusion of Moroccan in-
stitutional publications and French regulatory documents that are not consistently indexed
in English-language databases.

The search was designed to identify evidence relevant to the comparative assessment
and was not intended to constitute an exhaustive systematic evidence synthesis. Sources
identified through this process were assessed using the eligibility criteria described in
Section 2.2. They were then classified and compared according to the analytical framework
presented in Section 2.4. This approach provides a transparent and traceable methodology
consistent with the comparative narrative design of the review.

2.2. Selection Criteria

Sources were selected according to their relevance to the comparative framework.
Priority was given to sources that (i) reported N,O emission outcomes or measurable
improvements in nitrogen use efficiency directly linked to a specific management practice
or policy instrument; (ii) examined agricultural systems relevant to semi-arid environments,
smallholder farming systems, or institutional contexts typical of developing countries; and
(iii) were published as peer-reviewed journal articles or as official policy and regulatory
documents from national governments, the European Union, or intergovernmental bodies
such as the UNFCCC.

Official policy, regulatory, inventory, and institutional documents were included
when they provided authoritative information on nitrogen management or agricultural
greenhouse gas mitigation. These documents were not required to report direct N,O
measurements because they were used to assess regulatory and governance arrangements
rather than field-level emission responses.

Sources were not included if they focused on non-agricultural greenhouse gas emis-
sions, relied entirely on modelling or simulation without real-world field validation for
technical or agronomic mitigation claims, or studied agroecological conditions that are
very different from those found in Morocco—such as tropical flooded-rice systems or
boreal agroforestry. Modelling studies were retained when they directly assessed the
design or potential effects of an economic or regulatory instrument. Their findings were
classified as policy evidence rather than as direct evidence of N,O mitigation. Confer-
ence abstracts, unpublished reports, and unsupported grey literature without adequate
methodological documentation were also excluded. Only documents published in English
or French were considered, reflecting the principal languages of Morocco’s scientific and
governmental records.

Source Selection Results

The searches and document retrieval process produced a consolidated working bib-
liography containing 182 records. Records identified through Web of Science, Scopus,
Google Scholar, and institutional sources were progressively merged into this working
file. The original source-specific exports and duplicate removal logs were not retained
separately. Consequently, the number of records retrieved from each source and the exact
number of duplicates removed could not be reconstructed reliably. These values were not
estimated retrospectively.
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All 182 records were examined during library consolidation and eligibility screening.
Titles, abstracts, or executive summaries were assessed first. Full texts were consulted
when the available information was insufficient to determine eligibility. Duplicate entries,
out-of-scope publications, and sources that did not meet the eligibility criteria were not
carried forward. Sources were also not retained where the available evidence was insuf-
ficiently documented or where the same evidence was available in a more complete or
authoritative source.

The final evidence base comprised 66 sources. Because the selection process was
conducted progressively, reliable numerical counts for each individual reason for exclusion
were not available and were not reconstructed retrospectively.

The sources that were chosen were compared using four areas: (i) agronomic per-
formance; (ii) environmental performance; (iii) financial feasibility; and (iv) policy rel-
evance for Morocco. This comparative approach facilitated the assessment of different
evidence types and informed the development of the proposed Integrated Nitrogen Man-
agement Framework.

To make the origin of the evidence explicit, each result was assigned to one of four
groups: (i) direct N,O measurement, in which N,O concentrations, fluxes, cumulative
emissions, or emission factors were measured; (ii) nitrogen loss or fertilizer use indicators,
such as changes in fertilizer use, synthetic nitrogen requirements, nitrogen surplus, nitrate
leaching, or other nitrogen losses; (iii) agronomic feasibility evidence, including crop per-
formance, soil outcomes, or the suitability of specific treatments; or (iv) policy or enabling
evidence, including regulations, institutions, advisory services, monitoring systems, and
financial conditions that support implementation.

The final evidence base comprised two complementary categories of sources. The
first consisted of peer-reviewed academic literature evaluating the effectiveness of nitrogen
mitigation technologies, agronomic management practices, and economic policy instru-
ments under field conditions. This category included primary experimental studies and
meta-analyses synthesizing sufficiently comparable bodies of evidence.

The second category included laws, regulations, and policy documents. These
included Morocco’s Law No. 53-18 (2021), the European Union Nitrates Directive
(91/676 /EEC), Nationally Determined Contributions (NDCs), national communications
submitted to the UNFCCC, and agricultural strategies from the benchmark countries.
Together, these documents provide the regulatory and governance background within
which technical mitigation measures are assessed and the proposed Integrated Nitrogen
Management Framework is considered for future implementation.

Rather than seeking to identify every potentially eligible publication, this structured
comparative review adopts a purposive approach that prioritizes empirically informative
and policy-relevant evidence suitable for assessing potential adaptation to Morocco’s semi-
arid, smallholder-dominated agricultural systems. The consolidated selection process
provides a transparent account of how the final evidence base was assembled.

2.3. Country Selection Rationale

Four benchmark countries—Denmark, the Netherlands, the United Kingdom, and
Brazil—were purposively selected for the comparative analysis because they illustrate
contrasting regulatory, technical, and economic approaches to nitrogen management.
They were selected as policy and technology archetypes rather than as direct agroeco-
logical, farm-structural, or institutional analogues of Morocco. The selection was based on
three complementary criteria.

First, the selected countries provide documented evidence of nitrogen management
interventions associated with reductions in nitrogen losses, synthetic nitrogen use, nitrogen
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surplus, or, in some cases, directly measured agricultural NoO emissions. The type, scale,
and strength of the available evidence differ among countries and interventions. National
trends, field measurements, fertilizer use indicators, and policy evaluations were therefore
distinguished during the analysis.

Second, the four countries collectively represent distinct regulatory and implementa-
tion approaches to nitrogen management. Denmark and the Netherlands have relied on
mandatory nutrient management planning, farm-level nitrogen controls, and economic
instruments. Nitrogen tax scenarios have also been evaluated through policy modelling.

The United Kingdom has combined regulatory measures with agri-environment
payments and the voluntary adoption of precision-agriculture tools. In Brazil, substan-
tial reductions in synthetic nitrogen fertilizer use have been associated with the use
of biological nitrogen fixation in soybean farming. This shift was mostly driven by re-
search efforts, extension services, and improved inoculant products rather than by strict
regulatory requirements.

The deliberate inclusion of these contrasting approaches enables the separate and
integrated evaluation of regulatory, technical, and economic pathways for mitigating
agricultural N,O emissions. Denmark provides lessons on regulatory coordination and
nutrient accounting. The Netherlands provides evidence on variable-rate management and
data-enabled decision support. The United Kingdom illustrates the combination of nutrient
regulation and agri-environment instruments. Brazil provides experience with biological
nitrogen fixation and integrated production systems. These experiences were assessed at
the instrument level rather than transferred as national performance benchmarks.

Third, the benchmark countries were selected because their experience provides
potentially informative policy and technical lessons for Morocco. They were not treated as
direct agroecological equivalents of Morocco.

Rather, the review assessed the relevance of specific instruments, technologies, and
implementation arrangements in relation to Morocco’s water scarcity, rain-fed cereal pro-
duction, dependence on synthetic nitrogen fertilizers, smallholder farm structures, and
extension constraints.

This instrument-level assessment considered agroecological conditions, crop system
compatibility, farm structure, institutional capacity, cost, equipment requirements, water
availability, and the type and strength of the available evidence. It therefore supports a more
cautious interpretation than the direct transfer of national outcomes from the benchmark
countries to Morocco.

2.4. Analytical Framework

The comparative analysis was structured around three predefined thematic axes
established a priori to address the research questions presented in the Introduction and
to guide the development of the Integrated Nitrogen Management Framework (INMF)
proposed in Section 4. The four benchmark countries were selected as contrasting policy and
technology archetypes, rather than as direct agroecological, farm-structural, institutional,
or economic analogues of Morocco. Their experience was used to examine individual
instruments, implementation arrangements, and evidence types that may be relevant for
adaptation, not to transfer national outcomes or policy packages directly to Morocco.

The first analytical axis examines the regulatory frameworks. Morocco’s fertilizer
governance under Law No. 53-18 (2021) [11] is compared with the regulatory systems of the
four benchmark countries, with particular attention to nitrogen application limits, manda-
tory nutrient management planning, the designation of Nitrate Vulnerable Zones (NVZs),
and the use of economic instruments designed to improve nitrogen use efficiency and
reduce agricultural NoO emissions. This comparison does not assume that the regulatory
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capacity, enforcement mechanisms, agricultural support systems, or policy instruments
operating in Denmark, the Netherlands, the United Kingdom, or Brazil can be replicated
directly in Morocco. Instead, it identifies regulatory functions that could be tested and
progressively adapted to Moroccan institutional capacity and agricultural conditions.

The second analytical axis evaluates the technical mitigation measures implemented at
the farm level. It brings together information about nitrification inhibitors such as dicyandi-
amide (DCD) and 3,4-dimethylpyrazole phosphate (DMPP), organic fertilizer substitution,
precision nitrogen management tools, biological nitrogen fixation, and cover crops.

For each method, the review reports quantitative outcomes from the selected studies
and distinguishes direct measurements of N,O emissions from indirect indicators, such as
reductions in fertilizer use, nitrogen surplus, nitrate leaching, and agronomic performance.
The review also identifies the agronomic context in which these outcomes were achieved
and assesses their transferability to Morocco’s semi-arid production systems. The reported
outcomes were interpreted within their original climatic, crop, soil, water-management,
farm-structure, and institutional contexts. They were not treated as estimates of expected
performance under Moroccan conditions.

Transferability was evaluated according to eight criteria: soil moisture and broader
agroecological conditions; crop system compatibility; farm structure; institutional and advi-
sory capacity; cost and financing requirements; equipment accessibility; water availability;
and the type and strength of the available evidence. These criteria were used to identify
both potential points of relevance and constraints on adaptation. In particular, the analysis
recognizes the substantial differences between Morocco and the highly regulated, high-
input agricultural systems of Denmark and the Netherlands, as well as the crop-specific
nature of Brazil’s soybean-based biological nitrogen fixation experience.

The third analytical axis examines economic and governance-related instruments. It
considers nitrogen taxes, subsidies for enhanced-efficiency fertilizers, carbon credit pro-
grammes, and mandatory nutrient planning. The review assesses their reported effects on
nitrogen use efficiency and agricultural N,O emissions in the benchmark countries. The
analysis further considers the institutional conditions required for the effective implemen-
tation of comparable policy instruments within Morocco’s agricultural sector. Modelled
tax scenarios and policy arrangements from benchmark countries were classified as policy
or enabling evidence, rather than as direct evidence of mitigation outcomes transferable
to Morocco.

Evidence identified within each analytical axis was first synthesized at the individual
country level and subsequently compared across the four benchmark countries to identify
recurring intervention archetypes and their reported quantitative outcomes. Each outcome
was assigned to one of four evidence classes: direct N,O measurement, nitrogen-loss or
fertilizer use indicator, agronomic feasibility evidence, and policy or enabling evidence.

Reported outcomes were not combined into a single mitigation estimate because
they represent different endpoints, including direct N,O emissions, fertilizer use, nitrogen
surplus, nitrate leaching, and agronomic performance. Instead, outcomes were interpreted
according to their evidence type and study conditions. This differentiated interpretation
was used to identify intervention priorities, implementation requirements, and possible
constraints in Morocco. These outcomes were not treated as additive mitigation coefficients
or as predictions of national performance. The resulting framework is therefore based on
a context-sensitive synthesis of individual instruments and evidence classes, rather than
on the assumption that the benchmark countries provide a directly transferable empirical
model for Moroccan agriculture.

Based on this differentiated interpretation, the comparative findings informed the
development of the three-pillar Integrated Nitrogen Management Framework presented
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in Section 4. The three successive implementation periods—2027-2029, 2029-2032, and
2032-2035—are presented as an author-proposed, scenario-based sequence rather than
as a quantified national emission trajectory. The framework is intended to support local
testing, evidence generation, and phased adaptation under Moroccan crop—soil-water and
institutional conditions before any wider implementation is considered.

The overall analytical progression—from international evidence to the identification
of Morocco’s regulatory and technical gaps, and subsequently to the formulation of the
proposed framework—is summarized in Figure 1.

STEP 1—International Comparative Evidence

Denmark | Netherlands | United Kingdom | Brazil

STEP 2— Three Analytical Axes

Axis 1— Regulatory Frameworks
Axis 2— Field-Level Technical Measures
Axis 3— and I

STEP 3— Morocco-Specific Gaps and
Implementation Conditions

Regulatory gap: nitrogen-use controls, nutrient planning, and EEF registration
gap: limited local N,O practice

and costs, service access, design
Enabling assets: soil advisory support

|

STEP 4 — Author-Proposed Integrated Nitrogen
Management Framework (INMF)

Pillar | — Regulatory Reform
Pillar Il — Field-Level Technical Measures
Pillar Il — Economic Instruments

|

IMPLEMENTATION OUTCOME

N N )
-/ e J

g phased and policy gl
Testing, and prog scaling under conditions
No quantified g N,0

Figure 1. Author-proposed analytical framework illustrating the progression from international
comparative evidence to the development of the Integrated Nitrogen Management Framework
(INMF) for Morocco’s semi-arid agricultural systems.

3. Results

The comparative analysis of Morocco and the four benchmark countries, organized
according to the three analytical axes described in Section 2, generated evidence for the
regulatory, technical, and economic dimensions of agricultural nitrogen management. All
quantitative findings reported in this section were drawn directly from the cited literature.
For clarity, direct N,O measurements are distinguished throughout this section from
indirect nitrogen loss or fertilizer use indicators, agronomic feasibility evidence, and policy
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or enabling evidence. Reported values are interpreted within their original study contexts
and are not treated as additive estimates of national mitigation for Morocco.

Where experimental conditions differ substantially from Morocco’s semi-arid agricul-
tural systems, these differences are explicitly identified to support a transparent assessment
of transferability. The comparative interpretation of these findings reflects their relevance to
Morocco rather than an estimate of national mitigation performance. Evidence, mechanistic
interpretation, and Morocco-specific implications are distinguished throughout this section.

3.1. Comparative Analysis of Fertilizer Regulatory Frameworks

Morocco’s fertilizer governance is currently governed by Law No. 53-18 (2021) [11],
which places regulatory responsibility with the National Office for Food Safety (ONSSA).
The law sets out rules for fertilizer registration, fertilizer composition, product labelling,
and quality control for both imported and locally produced fertilizers. However, the law
does not establish limits on nitrogen use according to crop or soil type, require nutrient
management plans, designate environmentally sensitive or nitrate-vulnerable areas, or
include economic instruments intended to improve nitrogen use efficiency and reduce
agricultural NoO emissions. Consequently, regulatory monitoring and enforcement focus
on fertilizer quality and product safety rather than on environmental performance or
nitrogen management.

Denmark has taken a different approach to fertilizer regulation. Since the 1980s, Den-
mark has progressively strengthened its nitrogen regulations through a series of national
action plans. Danish rules include nitrogen application limits, farm-level nitrogen controls,
and nutrient management requirements. These measures form part of a system that goes
beyond the minimum requirements established by the European Union’s Nitrates Directive.
These instruments improve the alignment of permitted nitrogen inputs with crop require-
ments and make nutrient flows traceable at farm level [12,13,19]. Lower farm nitrogen
surpluses may reduce the mineral nitrogen available for nitrification, denitrification, and
nitrate leaching. However, fertilizer use and nitrogen surplus remain indirect indicators
and are not equivalent to direct measurements of N,O mitigation.

Farmers are required to submit annual farm-specific nitrogen accounts, with com-
pliance directly linked to agricultural subsidy eligibility. Over several decades, changes
in regulation, nutrient accounting, advisory support, agricultural production, technol-
ogy, and wider economic conditions have been associated with reductions in fertilizer
use and national nitrogen surplus [12,13]. Economic instruments, including nitrogen tax
scenarios, have been evaluated through policy modelling as potential complements to
regulatory and advisory measures; these scenarios should not be interpreted as evidence of
a nationally implemented nitrogen tax [18,20]. The reported reductions therefore reflect a
multi-factor historical transition rather than the causal effect of a single policy instrument
or package [12,13].

The European Union establishes a complementary regulatory architecture through
two principal legislative instruments. The Nitrates Directive (91/676/EEC) [21] requires
Member States to designate Nitrate Vulnerable Zones (NVZs) and establish action plans
that set limits on nitrogen use, regulate fertilizer application, and require nutrient man-
agement. Regulation (EU) 2019/1009 [22] regulates the marketing of fertilizer products
by establishing requirements for their composition, labelling, and quality. It also cre-
ates a specific regulatory pathway for enhanced-efficiency fertilizers (EEFs), including
products containing nitrification inhibitors. Together, these instruments distinguish envi-
ronmental regulation from fertilizer product regulation while maintaining their overall
coordination. The EU framework and Brazil illustrate alternative approaches to nitro-
gen governance. Under the EU Nitrates Directive, nutrient management requirements
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apply in nitrate-vulnerable zones (NVZs) [21]. Brazil has supported biological nitrogen
fixation in commercial soybean production through research, extension, and inoculant
development [15,23,24].

A comparison with these benchmark systems reveals five principal regulatory gaps
within Morocco’s current fertilizer governance framework, as summarized in Table 1: the
absence of crop-specific nitrogen application limits, lack of designated nitrate-vulnerable
zones, absence of mandatory nutrient management planning, lack of economic instru-
ments promoting nitrogen-use efficiency, and limited policy support for the adoption
of enhanced-efficiency fertilizers. These deficiencies are particularly significant because
Morocco already possesses important enabling infrastructure through the FERTIMAP na-
tional soil fertility database, which covers approximately 8.7 million hectares and could
provide a technical foundation for Nitrate Vulnerable Zone designation and farm-level
nutrient planning. However, the FERTIMAP dataset used in this review is based on the
2006 report, representing an important limitation that should be addressed before it can
support mandatory planning and regulatory implementation on a national scale [25]. For
Morocco, the transferable elements are individual instruments rather than the wholesale
replication of European regulatory systems. These instruments include phased nutrient
planning, pilot action programmes in nitrate-sensitive areas, updated soil information
systems, a dedicated EEF registration pathway, and farmer support linked to agricultural
incentives. Their implementation would depend on data quality, enforcement capacity,
advisory services, farmer affordability, and institutional coordination.

Table 1. Comparative analysis of fertilizer regulatory frameworks in Morocco, Denmark, the United
Kingdom, and Brazil, alongside the EU framework. The table reports the legal or policy status
identified in the cited sources; it does not report direct N, O emission reductions.

Regulatory Feature Morocco Denmark EU Directive United Kingdom Brazil
TR Mandatory, Required in L
N application limits Absent farm-specific NVZs Required in NVZs Absent
Mandatory.nutnent Absent Mandatory (all Required in Required in NVZs Absent
planning farms) NVZs
NVZ designation Absent Established Required Established NOt
applicable
Modelled N-tax
Economic and scenarios; Aori-environment Inoculant
enabling Absent advisory and Not mandated & development
. payments
instruments regulatory support
support
EEF regulatory Permitted (EU Regulation (EU)
pathway Absent framework) 2019/1009 Absent
I ONSSA Danish AgriFish National Environment
Monitoring body (product s MAPA
quality) Agency authorities Agency

Sources: [11-13,15,19,21,22]. Note. NVZ, nitrate-vulnerable zone; EEF, enhanced-efficiency fertilizer;
ONSSA, National Office for Food Safety; MAPA, Ministry of Agriculture and Livestock, Brazil.
N = nitrogen; NoO = nitrous oxide; EU = European Union. — indicates that the national EEF
regulatory pathway was not assessed separately in this review. “Mandatory” indicates a legal
requirement within the stated jurisdiction. “Modelled N-tax scenarios” refers to evaluated policy
scenarios rather than a nationally implemented tax. Entries are categorical; therefore, physical units
and significant figures do not apply.

3.2. Field-Level Technical Mitigation Options

Field-level nitrogen management practices are the primary means of reducing agricul-
tural N,O emissions at their source. Regulatory instruments set the rules for how fertilizers
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are used, while field-level emissions are influenced by farmers” management decisions.
These decisions involve the type of fertilizer, how the fertilizer is applied, which crops are
planted in rotation, how plant residues are managed, and how nitrogen is managed overall.
Each of these decisions directly affects how much nitrogen becomes available to the soil mi-
crobes that carry out nitrification and denitrification. These are the two microbial processes
that produce soil N,O [1,5]. The mitigation options reviewed below range from direct
biochemical interventions to broader agronomic system redesigns, with their applicability
to Morocco varying according to climatic conditions, farming systems, and institutional
capacity. Nitrification can produce N,O during ammonium oxidation. Denitrification can
release N;O when nitrate reduction to dinitrogen is incomplete. Management practices
modify these pathways by changing ammonium, nitrate, labile carbon, soil aeration, and
the timing of crop nitrogen uptake [1,5].

Soil Moisture, Irrigation Timing, and Fertigation. In semi-arid agricultural systems,
the timing of fertilizer application relative to irrigation and rainfall can influence soil N,O
production. Alternating drying and rewetting may stimulate mineral nitrogen transforma-
tions and generate short-lived N,O emission pulses, particularly when mineral nitrogen
is present during or immediately after a wetting event. Water-filled pore space (WFPS),
defined as the proportion of soil pore volume occupied by water, influences soil aeration
and therefore the relative importance of nitrification and denitrification. As soil moisture
increases and oxygen diffusion declines, denitrification may become more important; how-
ever, N, O responses also depend on soil texture, carbon availability, temperature, nitrogen
source, and the duration of wet conditions [1,5]. Greater WEPS restricts oxygen diffusion
and can increase the relative contribution of denitrification. Under drier and more aerated
conditions, nitrification may contribute more strongly. The response is not controlled by
moisture alone because soil texture, carbon availability, temperature, nitrogen source, and
the duration of wet conditions modify both processes [1,5].

For Morocco, fertilizer management should therefore consider the timing, amount,
and frequency of irrigation, as well as forecasted rainfall where this information is available.
Split nitrogen application and fertigation may improve synchronization between nitrogen
supply and crop demand in irrigated systems, but they should not be interpreted as
inherently reducing N>O emissions in the absence of direct field measurements under
Moroccan conditions. Their effects will depend on irrigation control, crop growth stage,
soil moisture conditions, fertilizer source and rate, and the avoidance of excessive nitrogen
supply during periods conducive to N,O production [1,5].

Accordingly, future Moroccan field trials should measure N,O fluxes before and
after fertilizer application, irrigation, and major rainfall events, while recording WFPS,
soil temperature, nitrogen source, application rate, timing, crop stage, and irrigation
regime. Such measurements would help identify emission peaks, generate locally relevant
management recommendations for Morocco’s principal crop-soil-water systems, and
support the development of country-specific evidence relevant to national greenhouse
gas inventory improvement [5,10]. This event-based design would distinguish short-lived
emission peaks from background fluxes and test whether improved synchronization limits
the simultaneous availability of mineral nitrogen and favorable soil moisture conditions.

3.2.1. Enhanced-Efficiency Fertilizers and Nitrification Inhibitors

Enhanced-efficiency fertilizers (EEFs) incorporating nitrification inhibitors represent
a field-level option with substantial direct N,O mitigation evidence under specific ex-
perimental conditions, although their effectiveness varies with fertilizer source, inhibitor
chemistry, soil properties, moisture conditions, temperature, crop system, and manage-
ment practices [26-28]. In 2018, synthetic nitrogen fertilizers accounted for approximately

https://doi.org/10.3390/nitrogen7040115


https://doi.org/10.3390/nitrogen7040115

Nitrogen 2026, 7, 115

13 of 35

1.13 Gt COy-eq across their global production and agricultural use, representing 10.6%
of total agricultural emissions [29]. Urea, which constitutes approximately 66% of global
synthetic nitrogen fertilizer consumption [30], can generate highly variable N,O emissions
depending on soil properties, moisture conditions, temperature, fertilizer management
practices, and the timing of wetting events [7]. Field measurements conducted under
temperate conditions in the United Kingdom demonstrated that fertilizer-derived N,O
accounted for approximately 90% of the total soil N,O emissions within 25 days of fertil-
izer application [17]. This evidence is particularly relevant to Morocco, where urea-based
synthetic fertilizers were reported as the principal fertilizer source among the peri-urban
farms surveyed by Hakimi et al. (2022) [8], making fertilizer-derived N,O emissions a
potential mitigation priority. This finding supports the need to assess fertilizer-derived
N,O emissions and mitigation options across Morocco’s major agricultural production
systems. Nitrification inhibitors act principally by slowing the microbial oxidation of
ammonium to nitrate, thereby delaying nitrate accumulation and potentially reducing the
substrate available for subsequent denitrification. Their effectiveness nevertheless depends
on inhibitor chemistry, fertilizer formulation, application timing, soil properties, moisture
conditions, temperature, crop uptake, and irrigation management [26-28]. This mechanism
can reduce N,O formed during nitrification and can indirectly restrict denitrification by
limiting nitrate accumulation. Its field expression depends on inhibitor persistence and
contact with ammonium and active nitrifying microorganisms [26-28]. Beyond synthetic
nitrification inhibitors, some crops may also reduce nitrification through compounds re-
leased from their roots. In wheat, Khatri et al. identified benzoxazinoids in root exudates as
potential compounds involved in biological nitrification inhibition. However, their effects
on nitrogen losses and N,O emissions still require confirmation under field conditions [31].

Among EEF technologies, the nitrification inhibitors dicyandiamide (DCD) and 3,4-
dimethylpyrazole phosphate (DMPP) have received the most empirical attention. Re-
cio et al. (2018) [27] reported reductions in N, O emissions from highly fertilized, irrigated
Mediterranean cropping systems. This study provides evidence from irrigated Mediter-
ranean conditions that may be more relevant to Morocco than evidence from sugarcane
systems. However, differences in soil properties, fertilizer practices, crop species, irrigation
regimes, and product availability still require local validation. In contrast, Soares et al.
(2015) [32] reported reductions of up to 90% in N, O emissions following urea application in
sugarcane production in Brazil. Although this represents one of the highest mitigation rates
reported in the literature, direct extrapolation to Morocco should be approached cautiously
because tropical sugarcane systems differ substantially from the country’s dominant cereal
and vegetable production systems.

A comprehensive global meta-analysis by Akiyama et al. (2010) [26] found that
nitrification inhibitors reduced N, O emissions by an average of 38% relative to conventional
fertilizers. More recently, Ribeiro et al. (2023) [28] noted that elevated air temperatures
may reduce the effectiveness of inhibitors under tropical conditions. Morocco’s cooler
winter temperatures during the principal growing season may provide more favorable
conditions for inhibitor performance than equatorial tropical environments, although
validation under Moroccan semi-arid conditions remains necessary before large-scale
implementation. The inhibitor studies are treated primarily as direct N,O measurement
evidence because they report measured N,O responses under the stated experimental
conditions. Their reported mitigation values remain context-dependent and should not be
interpreted as fixed coefficients for Moroccan agriculture [26-28]. Temperature influences
inhibitor persistence and microbial nitrogen turnover, while soil moisture controls oxygen
availability and contact among ammonium, inhibitor, and nitrifying microorganisms. Thus,
performance in Morocco likely cannot be inferred from temperature alone [26-28].
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Additional evidence supports the environmental advantages of improved nitrogen
management. A global meta-analysis by Liu et al. (2017) [33] showed that synthetic nitrogen
fertilizers increased soil NO emissions more than organic nitrogen sources. Collectively,
these findings provide a robust empirical basis for policies promoting both enhanced-
efficiency fertilizers and the partial substitution of synthetic fertilizers with organic nutrient
sources. This comparison reflects the fertilizer forms, soils, and management conditions
represented in that meta-analysis [33]; it does not imply that every organic amendment
will reduce N,O [34].

3.2.2. Organic Fertilizer Substitution

Organic fertilizer substitution may mitigate N,O emissions through two complemen-
tary mechanisms. First, it lowers the immediate availability of mineral nitrogen in the
soil, thereby reducing substrate availability for nitrification and denitrification. Second,
organic amendments modify soil microbial communities in ways that favor complete den-
itrification, which involves the conversion of N,O to environmentally benign Ny, over
incomplete denitrification, which releases N,O into the atmosphere [35,36]. The form of
organic amendments is also critical. Composted materials consistently outperform fresh or
partially decomposed residues because composting stabilizes organic matter and reduces
readily mineralizable nitrogen before field application [34,37]. However, the response is
not uniformly negative. Fresh amendments rich in readily mineralizable nitrogen and
carbon may stimulate nitrification or denitrification after irrigation or rainfall. The net effect
therefore depends on amendment composition and maturity, carbon-to-nitrogen ratio, ap-
plication rate and timing, soil aeration, and moisture [34,35,37]. In contrast, fresh residues
can supply larger short-term pools of nitrogen and carbon than composted materials [34,37].

Evidence from long-term farming systems further demonstrates the potential of or-
ganic nutrient management for mitigation. Skinner et al. (2019) [38] reported that certified
organic production systems emitted 40.2% less N,O per hectare than conventional systems
in a long-term Swiss field experiment. However, this value represents a whole-system
response achieved under temperate conditions, where organic fertilization was combined
with cover cropping and certified organic management practices. It cannot therefore be
attributed solely to fertilizer substitution or treated as a transferable upper-bound estimate
for Morocco. The magnitude and direction of the response under Moroccan conditions will
depend on climate, soil, crop, amendment quality, and water management [33,34,39].

Evidence from Morocco and other arid regions also supports the agronomic feasibility
of increasing organic fertilizer use. Taiek et al. (2014) [40] demonstrated that composted
fish waste improves soil physical and chemical properties under Moroccan field conditions.
Similarly, Bourioug et al. (2018) [41] found that treated sewage sludge increased sunflower
productivity while enhancing soil organic matter, whereas Mancer et al. (2024) [42] reported
that poultry manure alone was associated with the highest potato yield among three farms
on arid sandy soils. Although these studies did not directly quantify N,O emissions, they
demonstrated that organic nutrient substitution is potentially relevant to Moroccan farming
systems. Because N,O responses vary with soil characteristics, moisture conditions, and
amendment composition, site-specific management is essential to maximize the mitigation
benefits [39]. The international studies reporting NoO outcomes are treated as direct
measurement evidence, whereas the studies on composted fish waste, sewage sludge,
and poultry manure provide agronomic feasibility evidence rather than direct evidence
of NoO mitigation [40—42]. Local trials should compare amendments on an equivalent
plant-available-nitrogen basis and measure N,O, mineral nitrogen, soil moisture, nitrate
loss, and crop yield [40—42].
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3.2.3. Precision Nitrogen Management

Precision nitrogen management can support reductions in N,O emissions by aligning
nitrogen application more closely with crop demand, thereby minimizing the surplus
soil nitrogen available for nitrification and denitrification. In the studies reviewed here,
reductions in fertilizer application are treated as indirect indicators of potential N,O
mitigation. The mechanism depends on whether variable-rate application corrects actual
over-application while maintaining crop nitrogen uptake. A reduction in fertilizer input is
therefore not equivalent to the same percentage reduction in measured N,O emissions.

In the Netherlands, global positioning system (GPS)-guided variable-rate fertilizer
application reduced total nitrogen inputs by approximately 25% in potato production
without compromising yield [14]. This outcome may be relevant to Morocco’s irrigated
potato and vegetable production systems, provided that technology costs, farm size, service
access, irrigation infrastructure, and advisory capacity are addressed. For cereal production,
Yue et al. (2012) [43] developed nitrogen requirement-yield relationships for winter wheat,
which provide a valuable framework for crop-specific nitrogen management. However,
these recommendations require calibration under Morocco’s semi-arid conditions prior to
practical implementation.

Although the reported Dutch experience provides useful technical evidence, the practi-
cal feasibility of precision agriculture in Morocco will depend on farm structure, equipment
costs, access to advisory services, data availability, and service provision. Cooperative
or service provider arrangements may reduce the capital requirements associated with
precision agriculture technologies, but their organizational feasibility and farmer demand
require local assessment. Morocco’s existing agricultural support network, together with
the modernization objectives of the Generation Green 2020-2030 strategy [44], may provide
an institutional foundation for pilot cooperative precision agriculture services, subject
to local assessment of organizational capacity, service costs, farmer demand, and tech-
nical support. This approach is already reflected in emerging domestic digital precision
agriculture platforms exemplified by AgriEdge [45].

3.2.4. Biological Nitrogen Fixation

Biological nitrogen fixation (BNF) can lower the need for synthetic nitrogen by supply-
ing biologically fixed nitrogen. It is therefore treated in this review as biological N supply
and potential synthetic N substitution rather than as direct evidence that N,O emissions
are eliminated [23,46,47]. Biologically fixed nitrogen remains part of the soil-plant nitrogen
cycle, and N,O emissions may still arise from subsequent soil nitrogen transformations and
from the decomposition of legume residues. The net N,O outcome consequently depends
on crop rotation, residue management, soil conditions, and the extent to which synthetic
nitrogen is displaced [1].

Brazil provides a large-scale example of biological nitrogen fixation in soybean sys-
tems, although its agronomic and institutional conditions differ substantially from those
of Morocco. Supported by nationally regulated inoculant standards and sustained public
and private investment, Brazil’s soybean inoculation programme achieves biological nitro-
gen fixation rates of up to 300 kg N ha~! yr~!, thereby substantially reducing or, under
the reported commercial soybean conditions, replacing the need for synthetic nitrogen
fertilizer [23]. This finding describes biological N supply in Brazilian soybean systems and
does not by itself demonstrate the elimination of N,O emissions [1,23]. Recent research
has shown that co-inoculation with Bradyrhizobium spp. and Azospirillum brasilense further
improves nodulation and crop productivity compared with Bradyrhizobium inoculation
alone [24]. Large-scale soybean BNF programmes have been associated with reduced
dependence on synthetic nitrogen fertilizers and related economic benefits under Brazilian
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production conditions [15,23,24]. These values should be interpreted as context-specific
estimates associated with reduced synthetic fertilizer demand rather than as direct field
measurements of NoO mitigation [1,15].

Although the Brazilian soybean—Bradyrhizobium system represents one of the most
productive biological nitrogen fixation systems currently available, it cannot be directly
transferred to Morocco’s predominantly cereal-based agriculture, where direct inoculation
provides comparatively limited agronomic benefits.

In Morocco, the most practical application of biological nitrogen fixation is the integra-
tion of grain legumes into cereal-based crop rotations. Chickpeas, lentils, and faba beans
are relevant candidates for cereal-based rotations in Mediterranean semi-arid farming
systems and are already part of Moroccan agricultural practice [46,47]. Morocco’s objective
of expanding conservation agriculture to one million hectares by 2030 provides a strong in-
stitutional platform for the integration of legume-based rotations into the national nitrogen
management strategy [46]. The Brazilian soybean evidence therefore indicates biological N
supply and reduced demand for synthetic N under soybean production conditions. The
Moroccan legume-rotation literature provides agronomic feasibility and transferability
evidence. Direct local N,O validation is still required across crop rotations and residue
management conditions [23,24,46,47]. The expected mechanism is partial displacement
of synthetic fertilizer rather than elimination of soil N,O. Residue nitrogen may subse-
quently be mineralized and converted to N,O if its release is poorly synchronized with
crop uptake [1].

3.2.5. Cover Crop Integration

Cover crop integration can reduce reactive nitrogen losses, principally nitrate leaching,
by capturing residual soil nitrogen during fallow periods [48]. A global meta-analysis
encompassing 238 observations from 28 studies across multiple climatic regions found
that nonleguminous cover crops reduced nitrate leaching by an average of 56% com-
pared with no cover crop controls [48]. However, long-term Danish field experiments
have demonstrated that increased nitrogen mineralization following prolonged cover crop
use can increase nitrate leaching, highlighting the need to adjust fertilizer inputs and
cover crop management [49]. Because the Danish study was conducted under temperate
coastal conditions, its results should not be treated as a directly transferable expectation
for Morocco’s semi-arid environments, where limited soil moisture constrains cover crop
establishment and biomass production. Consequently, cover crop integration may be most
feasible initially within irrigated production systems or relatively wetter agroecological
zones, subject to species selection, water availability, forage demand, and local biomass
production constraints. The reported nitrate leaching outcomes are treated as indirect
nitrogen loss indicators and should not be interpreted as equivalent percentage reductions
in direct N, O emissions [48,49]. Nitrate uptake lowers the residual nitrate pool available for
leaching and may also restrict substrate for denitrification while the cover crop is growing.
However, decomposition of nitrogen-rich residues can later release mineral nitrogen and
labile carbon, potentially stimulating N, O production after termination [1]. Species choice,
residue handling, termination date, soil moisture, and the duration of post-termination
measurement therefore determine the net N,O response [1].

Brazil’s integrated crop-livestock—forestry (ICLF) systems provide a complementary
model for improving nitrogen use efficiency through diversified production systems. Re-
search has reported changes in soil, water, and nutrient losses under integrated production
systems, together with potential gains in system resilience [50,51]. Because mixed crop—
livestock systems are already present in Moroccan smallholder agriculture [16], elements
of this approach may be relevant; however, the Brazilian crop-livestock—forestry model
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requires adaptation to Moroccan land availability, water constraints, forage needs, tree
species suitability, and farm management capacity. Similarly, the integrated crop-livestock—
forestry evidence is treated as an indirect nutrient loss and system performance indicator
rather than as direct N,O mitigation evidence [50,51].

Implementation conditions differ across Morocco’s farming systems. As a prelimi-
nary implementation priority, nitrification inhibitors and precision nitrogen management
services may be considered initially in higher-value irrigated vegetable, potato, and horti-
cultural systems, where fertilizer expenditures, irrigation control, and potential agronomic
benefits may justify pilot assessment. Their adoption would nevertheless depend on prod-
uct registration, reliable supply, equipment or service access, farmer training, and advisory
support. In rain-fed cereal and mixed crop-livestock systems, legume rotations, improved
fertilizer timing, organic amendments, and selected cover crop options may be more com-
patible with existing production practices, although water availability, amendment quality,
forage demand, labour, and seasonal risk remain important constraints [8,42]. Cooperative
or service provider arrangements can help lower equipment costs for farmers, but the
feasibility of such arrangements depends on local conditions and farmer demand. These
are evidence-informed priorities for testing, not demonstrated Moroccan N, O outcomes.

Overall, the evidence indicates that no single field-level measure works universally
to reduce emissions. Instead, the effectiveness of these methods depends on climatic
conditions, farming systems, institutional capacity, and farmer adoption. A comparative
synthesis of the reported mitigation performance, supporting evidence, study context, and
assessed transferability to Morocco is presented in Table 2. Table 2 therefore separates
direct N,O measurements from fertilizer input or nitrogen loss indicators, biological N
supply, and agronomic feasibility evidence.

Table 2. Comparative synthesis of field-level nitrogen management options, reported study outcomes,
evidence types, study conditions, limitations, and conditional relevance to Morocco. Reported values
are study-specific and should not be interpreted as additive estimates or predicted national N,O
reductions for Morocco. Values are study-specific, retain the precision supported by the cited sources,
and must not be added or interpreted as predicted national N,O reductions for Morocco.

Reported Transferability to
Technique Quantitative Outcome Type Evidence Base Study Context y
Morocco
Outcome
Medium-High—
Mediterranean
Approximately 38% Meta-analysis and Sug.ar.c anen 1rr1ga.t ed ev1de.nce may
. . Brazil; irrigated be informative for
average N,O field trials. . . :
. . Mediterranean intensive Moroccan
reduction across the Mechanism:
e + cereals; global systems, but the
PP nitrification slower NHy ;
Nitrification s . . s multi-crop reported average and
s inhibitors included Direct N,O oxidation can . . .
inhibitors (DCD, . . evidence with maximum are not
in the meta-analysis, measurement reduce e . . ..
DMPP) (a) . . P differing crop, fixed coefficients;
with reductions of nitrification- soil climate erformance requires
up to 90% reported derived N,O and . ! P aneered
L = fertilizer, and local validation under
under specific field NO3~ supply for Lo .
o S irrigation Moroccan soil, crop,
conditions denitrification. i o R
conditions fertilizer, irrigation,

product registration,
and cost conditions

https://doi.org/10.3390/nitrogen7040115


https://doi.org/10.3390/nitrogen7040115

Nitrogen 2026, 7, 115 18 of 35
Table 2. Cont.
Reported -
. - . Transferability t
Technique Quantitative Outcome Type Evidence Base Study Context ransterability to
Morocco
Outcome
. Medium—evid
Long-term field Temperate vedrmevidence
. . indicates potential
study and organic farming
. under the reported
supporting and other -
. . study conditions, but
experimental crop—-soil .
evidence systems; the the magnitude and
40.2% lower . . Y ! direction of the effect
. .. Direct N,O Mechanism: Moroccan . o
Organic fertilizer area-scaled N,O - Lo require validation
L . measurement—  slower mineral-N studies cited
substitution (b) emissions under the i . under Moroccan
system-specific ~ release may reduce provide . o
reported system . semi-arid conditions
substrate, whereas agronomic .
o and will depend on
fresh amendment feasibility )
. amendment quality,
N and carbon can evidence rather nutrient composition
stimulate than direct N,O .. MpO: ’
.. timing, soil moisture,
emissions. measurements
and local supply.
Medium—potentially
relevant to intensive
irrigated sectors; local
validation and
cooperative service
models may be
Field trials. required for
Mechanism: Potato in the smallholders. Reduced
-, Approximately 25% reduced N surplus fertilizer use should
Precision N a1 . . s o Netherlands; )
fertilizer N input Indirect fertilizer ~ can limit substrate . not be interpreted as
management . . . g PP winter wheat N .
reduction without input indicator for nitrification . an equivalent
(VRT) (¢) . e requirements L.
yield loss and denitrification ; . measured reduction in
. . in China .
if crop uptake is N,O emissions, and
maintained. feasibility depends on
farm size, equipment
Or service access,
advisory capacity, data
availability, and
irrigation
infrastructure
Soybean in Medium—soybean-
Brazil; based estimates are
legume-based not directly
Programme
. systems relevant transferable to
Up to . . evaluation and .. .
1.1 Biological N . . to semi-arid Morocco; legume
300 kg Nha™" yr field trials. - .
. . . supply and . agriculture; rotations may be
Biological N supplied through . Mechanism: . . .
.2 . . . potential . biologically fixed  relevant to Moroccan
fixation— biological nitrogen . benefit occurs . . .
o synthetic N e nitrogen remains  farming systems, but
legume fixation in soybean N through fertilizer A .
. - substitution; not - within soil-plant their effects on
rotation (d) systems; potential . . displacement; -
. . direct evidence . cycles and synthetic N
rotational nitrogen - fixed N and . o
. of N»O reduction . . residue substitution,
credits residues can still . .
decomposition residue-related
generate N,O.

may contribute
to subsequent
N,O production

nitrogen cycling, and
N>O emissions require
local field validation.
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Table 2. Cont.
Reported -
Technique Quantitative Outcome Type Evidence Base Study Context Transferability to
Morocco
Outcome
Low-Medium—
. Global evidence; transferablhty may be
Meta-analysis constrained by limited
long-term - .
and long-term o biomass production in
. . Danish field . L
field trial. studv conducted rain-fed semi-arid
Approximately 56% Mechanism: prinz,arily under systems; the practice
average nitrate Indirect nitrogen nitrate capture conditions with may have greater

Cover crops (e)

leaching reduction

loss indicator

limits leaching,

greater water

potential in irrigated

(nonleguminous whereas residue - or relatively wetter
. L. availability than .
cover crops) mineralization Morocean zones, subject to local
may later supply . validation of species
rain-fed .
N and carbon for semi-arid selection, water
N,O production. availability, forage
systems .
demand, and biomass
production
Medium—crop-
livestock integration
may be relevant to
. ixed M
Short-term field Cerrado- fruxed vioroccan
- farming systems, but
monitoring. Amazon . .
. .\ . its effects on nutrient
Mechanism: transition, Brazil; .
. . P . losses, fertilizer
Reduced soil, water, . . diversification may the cited .
Integrated . Indirect nutrient . . . requirements, and
; and nutrient losses improve nutrient evidence does - .
crop-livestock— loss/system . . . N,O emissions require
under the reported . retention, while not provide a .
forestry (f) . indicator . . local validation and
integrated system manure, residues, directly .
. adaptation to
moisture, and N transferable
R Moroccan land
redistribution Moroccan N,O availability, water
determine N,O. outcome %

constraints, forage
needs, tree species
suitability, and farm
management capacity

Sources: (a) [7,26-28,32]; (b) [33,35,38-42]; (c) [14,43]; (d) [15,23,24,46,47]; (e) [48,49]; (f) [47,50,51].
Note. The reported quantitative outcomes are study-specific and non-additive. Units are retained
as reported in the original studies: N,O outcomes, fertilizer use reductions, and nitrate leaching
reductions are expressed as percentage changes, whereas biological nitrogen fixation is expressed
as kg N ha~! yr~1. Direct N,O measurements are distinguished from indirect indicators, including
reductions in fertilizer use, nitrate leaching, nutrient losses, and synthetic N requirements, as well as
agronomic feasibility and system performance evidence. Changes in these indirect indicators should
not be interpreted as equivalent percentage reductions in N, O emissions. None of the reported values
represents a predicted national reduction for Morocco, and their applicability depends on local soil,
climate, crop, irrigation, and management conditions. The qualitative transferability ratings reflect the
authors’ comparative assessment of agroclimatic relevance, crop compatibility, water availability, farm
structure, cost, equipment and service access, institutional capacity, implementation requirements,
and the need for validation under Moroccan conditions. Abbreviations: DCD, dicyandiamide;
DMPP, 3,4-dimethylpyrazole phosphate; VRT, variable-rate technology. N = nitrogen; NoO = nitrous
oxide; NHy* = ammonium; NO3 ™~ = nitrate. Percentage values denote relative changes from the
comparator in each cited study. Direct N,O reductions, fertilizer input reductions, nitrate leaching
reductions, nutrient loss indicators, and biological N supply are neither additive nor interchangeable.
Qualitative transferability ratings are author assessments based on agroclimate, crop compatibility,
water availability, farm structure, cost, equipment or service access, institutional capacity, and the
need for Moroccan validation.

3.3. Economic and Governance Instruments

Economic and governance instruments influence farmers’ nitrogen management deci-
sions by modifying the financial and institutional incentives associated with fertilizer use.

https://doi.org/10.3390/nitrogen7040115


https://doi.org/10.3390/nitrogen7040115

Nitrogen 2026, 7, 115

20 of 35

The comparative evidence identifies three categories of instruments with demonstrated or
emerging relevance for agricultural nitrogen management: nitrogen taxation, targeted sub-
sidies for enhanced-efficiency fertilizers (EEFs), and carbon-based incentive mechanisms.
These instruments influence N, O indirectly through adoption, compliance, and changes in
fertilizer rate, timing, form, or nitrogen surplus. They should therefore be distinguished
from field interventions supported by direct N,O measurements.

A potential feature of Danish nitrogen-tax scenarios is revenue recycling, whereby
tax proceeds may be channelled toward agricultural research, extension services, and
farmer support programmes rather than absorbed into the general government budget.
These scenarios were evaluated as modelled policy options, rather than as evidence from
a nationally implemented nitrogen tax. The approximately 40% reduction in national
nitrogen surplus reported for Denmark reflects broader multi-decadal changes in nitrogen
management and agricultural systems, rather than an effect attributable solely to a tax
scenario or a single integrated policy package [12,13]. The Danish experience suggests that
economic instruments may be more effective when embedded within a comprehensive
regulatory framework rather than implemented as an isolated fiscal instrument [12,13,18].
For Morocco, a phased and geographically targeted pilot approach would be more ap-
propriate than direct replication of the Danish policy model. Nutrient accounting and
price signals can influence the amount of nitrogen entering the farm balance, but their
environmental effect depends on farmer response, enforcement, advisory support, and
possible substitution among inputs [12,13,18].

Targeted subsidies for enhanced-efficiency fertilizers appear to be among the more
readily adaptable economic instruments within Morocco’s current institutional context,
provided that product registration, farmer eligibility, monitoring arrangements, and cost-
effectiveness are established.

Enhanced-efficiency fertilizers may involve higher purchase costs than conventional
urea, which can constrain adoption among capital-constrained farmers. The magnitude
of any cost differential, farmer willingness to pay, and cost-effectiveness under Moroc-
can conditions require assessment before a subsidy programme is designed. Morocco
already operates agricultural input subsidy programmes, most notably for drip irrigation
technologies, providing an established administrative model upon which an EEF subsidy
programme could be developed. Although none of the benchmark countries has imple-
mented a national subsidy scheme specifically targeting EEF adoption, Morocco’s existing
institutional capacity suggests that such an approach is administratively feasible, provided
that it is accompanied by systematic monitoring and evaluation. This administrative anal-
ogy does not demonstrate that an EEF subsidy would be effective; effectiveness would
require field validation and programme evaluation.

Carbon credits and payment for ecosystem services (PES) mechanisms are considered
here as potential long-term instruments for Morocco’s agricultural sector. However, Mo-
rocco’s exposure to the European Union’s Carbon Border Adjustment Mechanism (CBAM),
whose transitional reporting period began on 1 October 2023, creates an incentive for fertil-
izer producers and exporters of CBAM-covered goods to quantify embedded greenhouse
gas emissions throughout their supply chains [52]. Although Morocco does not yet have an
agricultural N»O carbon credit mechanism, the broader policy orientation of the Generation
Green 2020-2030 strategy may provide a basis for considering such instruments as national
monitoring, reporting, and verification (MRV) capacity develops [44]. These mechanisms
are enabling instruments rather than direct mitigation measures. Their credibility would
depend on defensible baselines, additionality, verified N,O reductions, governance, and
avoidance of double counting.
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Table 3 synthesizes the documented outcomes of these economic instruments, their
institutional requirements, and their assessed feasibility within Morocco’s agricultural
context. The table explicitly distinguishes observed trends, modelled scenarios, and author-
proposed options.

Table 3. Economic and governance instruments for agricultural nitrogen management: documented
benchmark country evidence, institutional requirements, and author-assessed conditional feasibility
for Morocco. Outcomes from benchmark countries and modelled policy scenarios are not predictions
of Moroccan mitigation performance. Observed historical outcomes, modelled scenarios, and pro-
posed Moroccan options are distinguished; none is presented as a predicted national N»O reduction
for Morocco.

Key Institutional

Instrument Country Documented Outcome . Feasibility for Morocco
Requirement
Observed Danish
reductions in fertilizer use
and nitrogen surplus
occurred over a
multl—c.lecadal period Proposed revenue Low-Medium short-term;
. alongside regulatory, . . . .
Nitrogen tax . recycling design; Medium long-term with
. Denmark technological, structural,
scenarios > farm-level enforcement; phased, revenue
and advisory changes. olitical consensus recycling desi
Nitrogen tax effects were p yems g
assessed in modelled
policy scenarios rather than
observed as a nationally
implemented tax outcome
40% N surplus reduction; Medium—FERTIMAP
Mandatory nutrient NVZ compliance. This is a . . exists (2006 data);
- Soil mapping database; - -
management Denmark/EU nitrogen balance outcome, - advisory infrastructure
. . farm advisory network o . g
planning not a direct N,O limited; capacity building
measurement. needed
Medium—it may build
Potential reduction of the on existing agricultural
Morocco—author- " .
roposed option; no cost barrier; Subsidy programme input support
Targeted EEF propos .7 administratively analogous . y arrangements, subject to
. operational national , architecture; EEF product ; .
subsidies . to Morocco’s . . product registration,
EEF subsidy L . registration o
. iy drip-irrigation subsidy monitoring, and
scheme identified ;
arrangements cost-effectiveness
assessment
Potential long-term . ) ) .
Carbon credit/ Emerging (CBAM  instrument; No operational GHG MRV infrastructure;  Low short-term; Medlum
. . carbon market as MRV capacity
PES mechanism reporting context) N,O scheme documented
governance develops post-2027

in this review

Sources: [12,18,19,22,25,52,53]. Note. EEF, enhanced-efficiency fertilizer; MRV, measurement, re-
porting, and verification; PES, payment for ecosystem services; CBAM, Carbon Border Adjustment
Mechanism; NVZ, nitrate-vulnerable zone; N, nitrogen; GHG, greenhouse gas. N, O = nitrous oxide;
N surplus = nitrogen inputs minus nitrogen outputs within the stated accounting boundary. The
40% value is rounded to the nearest whole percentage point and refers to a historical change in
Danish national N surplus, not to a 40% reduction in N,O emissions. Feasibility ratings are author
assessments and depend on local data, administrative capacity, costs, farmer support, monitoring,
and evaluation. References [52,53] support the CBAM context, not the status of agricultural N,O
credit mechanisms in Morocco.

4. Discussion

The evidence assembled in this review shows that substantial reductions in agricultural
N,O emissions may be achieved in Morocco when regulatory, technological, and economic
actions are used together as part of a comprehensive nitrogen management plan rather
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than as separate measures. The results show that mitigation works best when more than
one type of technology or policy instrument is used. It also requires coordination between
regulatory reform, land management, financial support, and institutional arrangements.

Looking at the three analytical axes presented in Section 3, this section discusses
the main constraints and enabling conditions for managing nitrogen in Morocco. It also
presents the Integrated Nitrogen Management Framework (INMF) developed from this
review (Figure 2).

Implementation Phases

Integrated Nitrogen Management Framework (INMF)

Morocco's Semi-Arid Agriculture | Proposed Integrated Nitrogen Management Framework | Supporting National Climate Objectives

PILLARI
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PILLARII
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Figure 2. Proposed Integrated Nitrogen Management Framework (INMF) for Morocco’s Semi-Arid
Agriculture. The framework organizes regulatory reform, field-level technical measures, and eco-
nomic instruments across three author-proposed implementation phases. It represents a conceptual
policy roadmap for testing, validating, and scaling nitrogen management measures under Moroc-
can conditions and does not provide a quantitative forecast of national agricultural N,O reduction.
Sources: [11,14,25,26,34,38,44,46,48,52,54,55].

The framework directly addresses the three research questions formulated in the Intro-
duction by integrating regulatory reform, field-level mitigation technologies, and economic
policy instruments into a phased implementation strategy. Collectively, these measures
provide a basis for the progressive testing and adoption of improved nitrogen management
practices under Moroccan conditions. The reported outcomes are not combined into an
aggregate national N,O reduction because they differ in geographic scope, experimental
context, measured endpoint, and transferability. Morocco’s unconditional Nationally Deter-
mined Contribution (NDC), which targets an 18.3% reduction in total national greenhouse
gas emissions below the business-as-usual trajectory by 2030, provides the broader climate
policy context for the proposed framework. However, this economy-wide target should
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not be interpreted as an equivalent sector-specific reduction in agricultural N,O relative to
the 2018 national inventory [6,10].

4.1. Pillar I—Regulatory Reform

Morocco’s current fertilizer governance framework, established under Law No. 53-18
(2021) [11], primarily regulates fertilizer quality, product registration, and market oversight,
rather than environmental nitrogen management. It establishes neither nitrogen application
limits differentiated by crop or soil type, nor environmentally sensitive management zones,
nor regulatory mechanisms that promote the adoption of enhanced-efficiency fertilizers
(EEFs). Consequently, the current framework provides only limited capacity to directly
influence agricultural N,O emissions. This regulatory gap represents the principal enabling
constraint across all three pillars of the Integrated Nitrogen Management Framework, be-
cause technical interventions and economic incentives can only be implemented, monitored,
and enforced effectively within an appropriate regulatory system.

Denmark provides an instructive international model for integrated nitrogen gover-
nance. Through successive national action plans, Denmark has combined legally binding
nitrogen application ceilings, farm-level nitrogen quotas, mandatory nutrient manage-
ment planning, and advisory arrangements within a single regulatory framework. The
reductions in national fertilizer use and nitrogen surplus reported in Danish assessments
occurred over several decades and alongside changes in agricultural production, technol-
ogy, regulation, and economic conditions [12,13]. They should therefore not be attributed
to one intervention or to a single policy package. Nitrogen tax instruments were assessed
in modelled policy analyses, including the Vejle Fjord watershed study [18], rather than
demonstrated as an implemented national tax outcome. Therefore, the Danish experience
suggests that economic instruments may be more effective when coordinated with nu-
trient accounting, advisory services, monitoring, and institutional capacity, rather than
considered as stand-alone fiscal measures [12,13,18].

For Morocco, the first regulatory priority should be the designation of Nitrate Vul-
nerable Zones (NVZs) within priority agricultural watersheds where groundwater nitrate
concentrations exceed or are at risk of exceeding 50 mg L~!, particularly in the Gharb,
Souss-Massa, and Tadla plains [56-60]. Establishing NVZs would create the legal and
spatial framework required to progressively introduce region-specific nitrogen applica-
tion limits and mandatory nutrient management planning. This approach follows the
underlying principles of the EU Nitrates Directive while remaining adapted to Morocco’s
institutional capacity and agroecological diversity. Therefore, nitrogen application limits
should be differentiated according to regional climatic and soil conditions rather than being
imposed as a uniform national standard.

The second regulatory priority is the establishment of a dedicated approval pathway
for enhanced-efficiency fertilizers through amendments to Law No. 53-18 [11], drawing on
the regulatory framework established under Regulation (EU) 2019/1009 [22]. The current
regulatory framework does not identify a dedicated pathway for registering enhanced-
efficiency fertilizers containing nitrification inhibitors. Establishing such a pathway would
require clear product registration, quality control, and labelling provisions, informed where
relevant by the product regulation approach under Regulation (EU) 2019/1009. Such a
pathway would enable controlled pilot evaluation of nitrification inhibitors, but would
not by itself demonstrate or guarantee N,O mitigation under Moroccan field conditions.
Without an appropriate regulatory framework governing product approval and quality
standards, the broader adoption of these technologies cannot occur, regardless of the
availability of financial incentives.
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Nevertheless, Morocco possesses an important institutional advantage that distin-
guishes it from many developing countries pursuing comparable reforms. The FERTIMAP
soil fertility database, developed jointly by the Ministry of Agriculture and OCP Group,
covers approximately 8.7 million hectares [25] and may provide a technical starting point
for updated soil information systems relevant to targeted nitrate-sensitive area assessment
and farm-level nutrient planning, subject to systematic updating and validation [25]. Al-
though the information used in this review is based on the 2006 FERTIMAP report and
requires updating to reflect current soil conditions, the database’s existence may reduce
some of the information development requirements associated with future regulatory re-
form. The Al Moutmir Initiative and APNI demonstrate the availability of science-based
nutrient recommendation and advisory initiatives in Morocco [54,55]. Therefore, the princi-
pal challenge may lie less in technical feasibility than in scaling these existing initiatives
from voluntary advisory programmes to nutrient management arrangements more closely
linked to regulatory compliance and agricultural support mechanisms.

A phased implementation approach could begin with voluntary, advisory-supported
nutrient plans in priority irrigated and nitrate-sensitive areas. Under Law No. 53-18, ON-
SSA would continue to provide the relevant framework for fertilizer product oversight [11].
Existing soil information and advisory initiatives could support soil testing, fertilizer recom-
mendations, record-keeping, and farmer training [25,54,55]. Any transition from voluntary
pilots to mandatory requirements would depend on updated soil and water information,
administrative capacity, farmer support, and transparent links between compliance and
agricultural incentives.

4.2. Pillar II—Field-Level Technical Measures

The six technical measures reviewed in Section 3 differ considerably in terms of the
strength of supporting evidence, mitigation potential, implementation requirements, and
transferability to Morocco’s semi-arid agricultural systems. Rather than functioning as
competing alternatives, these measures should be viewed as complementary components
of an integrated nitrogen management strategy that may generate combined agronomic
and environmental benefits when implemented within the same production system or
across crop rotations. Within this pillar, nitrification inhibitor studies provide the clearest
direct N,O measurement evidence. By contrast, fertilizer use reductions, nitrate-leaching
reductions, biological N supply, and Moroccan amendment trials provide indirect, agro-
nomic feasibility, or transferability evidence. These evidence types support intervention
prioritization but should not be interpreted as equivalent mitigation percentages [26-28].

Among the available technologies, nitrification inhibitors, particularly dicyandiamide
(DCD) and 3,4-dimethylpyrazole phosphate (DMPP), represent one of the stronger sources
of direct NO measurement evidence among the interventions reviewed. Their performance
under Moroccan conditions will depend on soil properties, temperature, moisture dynam-
ics, fertilizer source, application timing, irrigation management, and inhibitor chemistry. A
global meta-analysis by Akiyama et al. (2010) [26] reported an average reduction of 38%
in N> O emissions with nitrification inhibitors, while Recio et al. (2018) [27] demonstrated
substantial mitigation under highly fertilized, irrigated Mediterranean cropping systems.
Because Mediterranean irrigated agriculture more closely resembles Morocco’s intensive
production systems than tropical environments, these findings provide an important evi-
dence base for prioritizing adaptation trials. Furthermore, Morocco’s relatively moderate
winter temperatures during the principal cropping season may be more favorable than the
high-temperature tropical conditions assessed by Ribeiro et al. (2023) [28]. However, this
comparison does not substitute for direct validation across Moroccan soil, crop, fertilizer,
and irrigation conditions. Nevertheless, the absence of field validation under Moroccan
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semi-arid conditions remains a critical knowledge gap that should be addressed before the
large-scale deployment of these technologies.

Organic fertilizer substitution provides a complementary pathway for reducing green-
house gas emissions while improving soil quality. The 40.2% reduction in N,O emissions
reported by Skinner et al. (2019) [38] for long-term certified organic farming systems
should be interpreted as a whole-system outcome derived from temperate conditions
rather than as a directly transferable estimate for Morocco. However, the underlying
biological mechanisms are well-established across diverse agroecological settings. Com-
posted organic amendments reduce the immediate availability of mineral nitrogen while
promoting microbial pathways that favor complete denitrification, thereby decreasing N,O
emissions [35,36]. Evidence from Morocco and other arid regions further supports the
agronomic feasibility of this method. Composted fish waste improves soil physical and
chemical properties [40], processed sewage sludge enhances sunflower productivity while
increasing soil organic matter [41], and poultry manure alone was associated with the
highest potato yield among three farms on arid sandy soils [42]. Institutional conditions
have become increasingly favorable. FIMABIO, the interprofessional federation now rep-
resenting Morocco’s organic sector, was formally established in 2016 [61], succeeding the
earlier AMABIO association [62]. Morocco’s organic fertilizer sector has become more
structured, despite the country’s certified organic area remaining limited to only 5955 ha in
2007 [63]. These institutional and commercial developments indicate potential foundations
for expanded organic input use. However, they do not establish the scale, cost, quality,
or spatial availability of organic amendments required for broader adoption. Targeted
incentives, composting infrastructure, and support for domestic production are therefore
proposed policy options rather than documented existing measures. The presence of local
manufacturers, such as Eléphant Vert Morocco [64], indicates supply-side activity but does
not by itself demonstrate national market expansion.

Precision nitrogen management may help address nitrogen use efficiency (NUE) con-
straints reported in vegetable production systems [9]. In the Netherlands, GPS-guided
variable-rate fertilization reduced fertilizer application by approximately 25% without
compromising potato yields [14], illustrating the capacity of precision technologies to
improve both economic and environmental performance. This fertilizer use reduction is
an indirect indicator of potential N,O mitigation, not a direct measurement of reduced
N,O emissions. These findings are particularly relevant for Morocco’s irrigated horticul-
tural regions, where production intensity and farm profitability increase the feasibility of
technological investments. Although widespread adoption may be constrained by farm
fragmentation, equipment costs, limited extension services, and access to digital and remote
sensing services, the relative importance of these barriers should be assessed across Mo-
roccan farming systems. Cooperative equipment-sharing arrangements and service-based
precision agriculture models may provide practical mechanisms for extending access to
smallholders while reducing their capital requirements.

For these systems, fertilizer recommendations must be linked to crop demand, ir-
rigation scheduling, and the timing of fertigation or split nitrogen applications. Pilot
programmes could begin by prioritising crops and areas where water control, advisory sup-
port, and farm-level records are available. For smallholders, service-based arrangements
may be more feasible than individual ownership of precision equipment; however, costs,
service reliability, organizational capacity, and farmer willingness to participate should be
evaluated locally before scale-up [14,54,55].

Biological nitrogen fixation (BNF) through legume integration may represent one of
the most socially compatible and institutionally feasible technical pathways for Morocco.
Unlike Brazil’s soybean-based inoculation programme, which depends on highly special-
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ized soybean-rhizobium symbioses, Morocco’s greatest opportunity lies in expanding
rotations that include chickpeas, lentils, and faba beans, which are already well adapted to
semi-arid Mediterranean environments and deeply embedded within traditional farming
systems [46,47]. These legumes may contribute biologically fixed nitrogen to subsequent
cereal crops and thereby reduce dependence on synthetic fertilizers under appropriately
managed rotations. This potential substitution does not mean that BNF eliminates N,O
emissions. Nitrogen derived from legume residues remains subject to mineralization and
subsequent soil N,O production; therefore, the net mitigation outcome requires direct field
validation under Moroccan conditions [23,46,47]. Morocco’s objective of expanding conser-
vation agriculture to one million hectares by 2030 provides an institutional platform through
which legume integration can be systematically promoted. Incorporating legume rotation
and nitrogen management objectives into this programme could strengthen its contribution
to climate mitigation, provided that agronomic performance, synthetic N substitution,
residue management, and N,O responses are monitored under Moroccan conditions. Fur-
thermore, Morocco’s cereal systems, which historically averaged approximately 4.5 million
hectares between 2010 and 2020, represent the principal landscape-scale opportunity for
introducing diversified crop rotations that more effectively integrate legumes [65].

Cover crops and integrated crop-livestock systems complete the technical pillar by
addressing nitrogen retention and system resilience, respectively. Although the global
average reduction of 56% identified by Thapa et al. (2018) [48] for nonleguminous cover
crops cannot be assumed to be fully achievable under Morocco’s semi-arid climate, this
study demonstrates the capacity of cover crops to reduce reactive nitrogen losses where
sufficient biomass production is possible. These nitrate leaching reductions should not be
interpreted as equivalent reductions in direct N, O emissions. Accordingly, implementation
could focus on irrigated production systems and higher-rainfall agroecological zones [48].
Within these regions, priority should be given to dual-purpose nonlegume-legume cover
crop mixtures that simultaneously protect the soil and provide livestock forage, thereby
addressing one of the principal constraints in mixed crop-livestock systems. Brazil’s inte-
grated crop-livestock—forestry systems offer an instructive systems-based model. Research
has reported changes in soil, water, and nutrient losses, together with potential gains in
system resilience [50,51]. Although the Brazilian production environment differs substan-
tially from that of Morocco, the long-standing integration of livestock within Moroccan
smallholder farming systems provides a culturally familiar foundation for adapting similar
approaches under local conditions.

4.3. Pillar III—Economic Instruments

The regulatory and technical interventions proposed in the preceding sections cannot
achieve their full mitigation potential without a complementary economic framework
that aligns farmers’ financial incentives with sustainable nitrogen management. Evidence
from benchmark countries consistently demonstrates that economic instruments are most
effective when integrated within broader regulatory systems rather than being implemented
independently. Denmark’s nitrogen governance combines regulatory limits, farm-level
nutrient accounting, advisory services, and policy instruments. Economic instruments,
including nitrogen tax scenarios evaluated in Danish policy research, illustrate the potential
role of price signals when they are integrated with monitoring and advisory support [12,18].
These scenarios are modelled policy evidence, not evidence of a nationally implemented
Danish nitrogen tax. This coordinated approach may enhance policy effectiveness and
long-term political acceptance.

Morocco’s existing agricultural support arrangements may provide an administrative
reference point for a future incentive-based approach [44]. A targeted EEF support pilot
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may be considered, provided that product registration, farmer eligibility, monitoring, and
cost-effectiveness are established. A targeted subsidy could reduce the initial purchase
cost barrier associated with EEF adoption. Its effectiveness, distributional effects, and
administrative requirements would need to be assessed before broader implementation.

By contrast, nitrogen taxation should be viewed as a medium-term policy instru-
ment. Given Morocco’s food security priorities and the economic vulnerability of many
smallholder households, immediate nationwide implementation would pose significant
social and political challenges. A phased approach beginning with pilot programmes in
high-value irrigated production systems would allow policymakers to evaluate agronomic,
economic, and behavioral responses before considering broader implementation. Consis-
tent with the recommendations of Hajib et al. (2026) [16], any future nitrogen taxation
should incorporate transparent revenue recycling to strengthen farmer acceptance while
financing extension services, precision agriculture programmes, and EEF subsidies.

Carbon credit mechanisms and payments for ecosystem services represent the long-
term component of the economic pillar. Morocco’s exposure to the European Union’s
Carbon Border Adjustment Mechanism creates an incentive for exporters, including fer-
tilizer manufacturers such as the OCP Group, to quantify and reduce greenhouse gas
emissions throughout their supply chains [53]. Although the institutional prerequisites
for an operational agricultural N,O carbon market are not yet in place, the Generation
Green 2020-2030 strategy signals the government’s commitment to more resilient and
eco-efficient agriculture [44]. As Morocco’s national monitoring, reporting, and verification
(MRYV) capacity matures, carbon-based incentive mechanisms may become an increasingly
viable component of its agricultural climate policy.

4.4. Integrated Nitrogen Management Framework

The Integrated Nitrogen Management Framework (INMF) synthesizes the regulatory,
technical, and economic findings of this review into a phased implementation roadmap
spanning three sequential policy horizons. The framework is designed to establish enabling
conditions progressively, ensuring that each implementation phase creates the institutional
and technical foundations required for the subsequent stages.

The following implementation phases represent an author-proposed sequencing of
priority actions derived from the comparative assessment. Their dates, activities, and
milestones are intended to guide policy discussions, support field testing, and facilitate
implementation. They do not represent measures already adopted by the Moroccan gov-
ernment or a quantified national emissions reduction pathway.

Short-term (2027-2029): Build a foundation. The first steps include amending Law
No. 53-18 to enable the creation of Nitrate Vulnerable Zones (NVZs) and establishing rules
for registering enhanced-efficiency fertilizers. The Gharb, Souss-Massa, and Tadla plains
could be assessed as potential pilot areas for NVZ designation. Nutrient management
plans could then be linked to eligibility for relevant Generation Green support mechanisms.
Other proposed actions include updating the FERTIMAP database and launching a pilot
programme involving up to 500,000 smallholders to assess the adoption of enhanced-
efficiency fertilizers.

Medium-term (2029-2032): Expand the pilot programme.

Building upon the enabling framework, this phase would introduce pilot nitrogen tax-
ation within intensive irrigated production areas, with revenues transparently recycled into
extension services and EEF subsidy programmes. Additional priorities include expanding
cooperative precision agriculture service models across major irrigated regions, promoting
organic fertilizer adoption through fiscal incentives and composting infrastructure invest-
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ments, and incorporating explicit legume rotation targets into Morocco’s conservation
agriculture programme in collaboration with ICARDA and INRA.

Long-term (2032-2035): National implementation and climate policy integration. The
final phase would consider scaling validated nutrient management planning and digital
precision agriculture services where administrative capacity and farmer support are suf-
ficient. It would also strengthen agricultural greenhouse gas monitoring, reporting, and
verification (MRV) arrangements capable of developing country-specific N,O emission fac-
tors and improving inventory estimates. Carbon credit mechanisms should be considered
only after robust MRV, governance, and market conditions are established.

The INMEF should be interpreted as an author-proposed policy and implementation
scenario rather than as a model-derived national mitigation pathway. The international evi-
dence reviewed in this study supports the selection of improved fertilizer management [1],
nitrification inhibitors [26], organic management systems [38], and cover crop integra-
tion [49] as potential components of this framework. However, the reported outcomes
cannot be combined directly because they represent different interventions, production
systems, adoption conditions, and measured endpoints. They also represent different
evidence classes, including direct N,O measurements, indirect nitrogen loss or fertilizer use
indicators, agronomic feasibility evidence, and policy or enabling evidence. The framework
therefore uses this evidence to identify priorities and implementation sequences rather
than to assign an aggregate national reduction percentage. Building on the Sustainable Ni-
trogen Management Programme proposed by Hajib et al. (2026) [16], the INMF provides a
nitrogen-specific structure for generating evidence under Moroccan conditions, supporting
farmer adoption, and progressively integrating validated measures into agricultural and
climate policy.

Quantifying the framework’s contribution to national agricultural N,O mitigation
would require disaggregated baseline emissions for Morocco’s principal crop—soil-water
systems, locally measured intervention effects, spatially differentiated adoption scenarios,
and an assessment of possible interactions among practices. These elements would need to
be incorporated into a modelling framework consistent with Morocco’s national greenhouse
gas inventory [10]. Until this evidence base is available, the contribution of the INMF should
remain qualitative rather than being expressed as a fixed national reduction percentage.

4.5. Limitations and Uncertainties

Several limitations should be considered when interpreting the findings and the
proposed framework. First, Morocco needs field-validated N,O emission factors for its
dominant soil types and crop systems. Consequently, most quantitative outcomes consid-
ered in this review were derived from studies conducted in temperate, Mediterranean, or
tropical environments and were assessed for potential transferability through structured
transferability assessments [26,27,38]. Although these assessments provide a transparent
basis for interpretation, they inevitably introduce uncertainty regarding the magnitude of
the potential mitigation achievable under Moroccan semi-arid conditions.

Second, the FERTIMAP dataset (2006) is the most comprehensive national soil-fertility
database available for Morocco [25]. However, its age—nearly two decades—limits its
suitability for precise Nitrate Vulnerable Zone (NVZ) delineation and farm-level nutrient
management planning without systematic updating and validation.

Third, the adoption rates of recommended technologies and management practices
remain uncertain, particularly among smallholder farmers. The diversity of farm structures,
production systems, and resource endowments documented in Morocco may further
influence farmers’ capacity to adopt these interventions [8]. While Morocco’s digital
agriculture and agricultural support initiatives indicate an emerging capacity to promote
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innovation [44,45], the transition toward improved nitrogen management will require
substantial behavioural, institutional, technical, and knowledge-based changes.

Fourth, the proposed carbon credit mechanisms and Carbon Border Adjustment Mech-
anism (CBAM)-related pathways should be regarded as enabling economic and policy
mechanisms rather than as measures that directly reduce agricultural N,O emissions [53].
Their future relevance will depend on robust national monitoring, reporting, and verifica-
tion (MRV) systems, adequate institutional capacity, and long-term financial support. More
broadly, this review does not estimate an aggregate national reduction in agricultural N,O
emissions. The reviewed studies were conducted across heterogeneous production systems
and reported different evidence classes and outcomes, including direct N,O emissions, fer-
tilizer use, nitrogen surplus, nitrate leaching, and agronomic performance. These outcomes
cannot therefore be combined directly into a national mitigation estimate. Developing
a quantitative national scenario would require Moroccan field data, spatially differenti-
ated adoption assumptions, an assessment of interactions among interventions, and a
modelling framework consistent with Morocco’s national greenhouse gas inventory [10].
Consequently, the INMF should be interpreted as a framework for evidence generation and
phased implementation rather than as a prediction of national mitigation performance.

Fifth, the comparative design prioritizes evidence relevant to the selected benchmark
countries and Morocco’s policy context. It does not constitute an exhaustive inventory of
all international studies on agricultural N,O mitigation.

Future research should therefore prioritize: (i) field measurement of country-specific
N,O emission factors across Morocco’s major agroecological zones; (ii) multi-site evaluation
of nitrification inhibitors under representative Moroccan soil and climatic conditions; (iii)
long-term assessment of Soil Health Card (a soil-testing programme providing farmers
with nutrient status reports and fertilizer recommendations) implementation on fertil-
izer use efficiency, farm profitability, and emissions; and (iv) socio-economic analyses of
farmer adoption, policy acceptance, and implementation barriers associated with integrated
nitrogen management.

5. Conclusions

This structured comparative review identifies regulatory, technical, and economic
measures that could support reductions in agricultural N,O emissions in Morocco when
adapted to local soil, climate, crop, irrigation, and institutional conditions [2,20]. Given the
contribution of agriculture to Morocco’s N, O emissions [10], improved nitrogen manage-
ment could contribute to the country’s broader mitigation efforts under its unconditional
Nationally Determined Contribution (NDC). However, the official 18.3% target applies to
total national greenhouse gas emissions below a business-as-usual trajectory and should
not be interpreted as an equivalent sector-specific target for agricultural N,O [6].

The comparison shows that regulatory reform is an important factor in reducing nitro-
gen losses and agricultural N,O emissions. Law No. 53-18 (2021) [11] deals with the quality
of fertilizers and their placement on the market. This law does not establish environmental
nitrogen management requirements. It does not set limits on how much nitrogen is used.
It does not create areas where water is at risk from nitrates. It does not require plans to
manage nutrients properly. It also does not create rules for enhanced-efficiency fertilizers.
Evidence from Denmark and the wider European Union shows that nitrogen governance
can bring together limits on how much nitrogen is applied, mandatory nutrient manage-
ment plans, and clear rules that support new fertilizer technologies [12,13,21]. The Danish
historical outcome should nevertheless be interpreted as a multi-factor transition over
several decades, rather than as the effect of a single integrated policy package. Morocco’s
existing institutional assets, including the FERTIMAP soil fertility database [25] and the
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Al Moutmir/APNI nutrient advisory platform [54,55], provide existing foundations that
could support these reforms and facilitate their implementation.

The review further indicates that no single field-level intervention [1] is sufficient to
achieve meaningful mitigation under Morocco’s heterogeneous agroecological conditions
in the long term. The greatest potential lies in combining measures. The complemen-
tary measures include nitrification inhibitors, partial substitution of synthetic fertilizers
with organic nutrient sources, precision nitrogen management, biological nitrogen fixation
through legumes, and carefully chosen cover crop integration. Their performance depends
on climate, soil conditions, irrigation availability, fertilizer source and timing, crop uptake,
and farming systems [5,27,28]. This variation supports a differentiated implementation
strategy in which EEFs and precision agriculture are prioritized in intensive irrigated sys-
tems, whereas organic amendments, legume rotations, and crop-livestock integration are
emphasized within mixed smallholder production systems. Nitrification inhibitors require
direct field validation under Moroccan soil-crop—water conditions, and their reported
mitigation values should not be treated as fixed coefficients for Morocco.

Economic instruments constitute the third essential component of an integrated mitiga-
tion strategy. Potential instruments include targeted subsidies for EEFs, cooperative service
models supporting precision agriculture, phased nitrogen taxation with transparent rev-
enue recycling, and the future development of N,O-oriented carbon market mechanisms.
These instruments could provide complementary approaches to improve nitrogen use effi-
ciency while minimizing adverse impacts on farm profitability and food security [14,18,26].
Evidence from benchmark countries suggests that such instruments may be effective when
embedded within a coherent regulatory framework supported by advisory services, moni-
toring systems, and institutional capacity, rather than being implemented independently.
This interpretation is based on context-specific policy experience and modelled scenarios
and should not be understood as a causal estimate for Morocco.

The review synthesizes these findings and proposes the Integrated Nitrogen Man-
agement Framework (INMF). This framework follows a step-by-step approach with three
complementary pillars: regulatory reform, field-level technical measures, and economic
instruments. It also includes three time periods for implementation—2027 to 2029, 2029
to 2032, and 2032 to 2035. This framework builds on research about greenhouse gases in
agriculture. It translates evidence from other contexts into actions that can be tested and
adapted to Moroccan conditions. Morocco has diverse agroecological zones and numerous
smallholder farms, and this framework is meant for these systems. It supports the broader
direction of Morocco’s climate commitments but does not assign an aggregate reduction
percentage to agricultural N,O. Its proposed measures are supported by different evi-
dence classes, ranging from direct N,O measurements to indirect nitrogen loss indicators,
agronomic feasibility findings, and policy or enabling evidence. These distinct forms of
evidence guide intervention prioritization but should not be interpreted as additive na-
tional mitigation outcomes. Quantifying the national contribution of the INMF will require
field measurements across representative Moroccan crop—soil-water systems. It will also
require spatially differentiated adoption scenarios, an assessment of interactions among
interventions, and integration with the national greenhouse gas inventory [10].

Although uncertainties remain regarding country-specific emission factors, technology
performance under Moroccan conditions, and farmer adoption dynamics, the framework
provides a structured and policy-relevant basis for integrating N,O mitigation into Mo-
rocco’s agricultural and climate strategies. By combining regulations, locally adapted
agronomic practices, and carefully designed economic incentives, the proposed frame-
work could support reductions in agricultural N,O emissions where interventions are
validated across Moroccan crop-soil-water systems, while strengthening soil health [41,60],
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improving nitrogen use efficiency [9,14], and safeguarding long-term agricultural pro-
ductivity. For legume-based BNF, this contribution should be understood as potential
substitution for synthetic nitrogen rather than as evidence that biological inputs eliminate
N,O emissions [1,23].

6. Research Priorities for Morocco

Future research should focus on producing country-specific evidence that can support
the implementation of sustainable nitrogen management in Morocco. The highest priority
must be the field-based quantification of nitrous oxide (N,O) emissions across Morocco’s
principal agroecological zones. This would enable the replacement of generalized IPCC
default emission factors with nationally derived estimates for nitrous oxide (N,O). Par-
ticular emphasis should be placed on long-term experiments evaluating the effectiveness
of nitrification inhibitors under semi-arid conditions, different irrigation regimes, and the
country’s dominant cereal, vegetable, and horticultural production systems to achieve
this goal.

A national research network should include representative rain-fed cereal, irrigated
vegetable, horticultural, and mixed crop-livestock systems. Field protocols should use
event-based N,O sampling after fertilizer application, irrigation events, and significant
rainfall, because short-lived emission peaks may not be captured by infrequent sampling.
Measurements should be accompanied by water-filled pore space (WFPS), soil temperature,
mineral nitrogen, fertilizer source and rate, application timing, irrigation regime, crop stage,
residue management, and soil characteristics. Standardized quality assurance procedures,
interoperable data management, and linkage with the national greenhouse gas inventory
would enable locally derived emission factors and more defensible evaluation of mitigation
practices [5,10].

Further research is needed to assess the agronomic, economic, and environmental
performance of integrated nitrogen management practices. These practices include partial
substitution of synthetic fertilizers with organic nutrient sources, precision nitrogen man-
agement, legume integration for biological nitrogen fixation, and cover crop integration.
These studies should evaluate not only N,O mitigation, but also nitrogen use efficiency, crop
productivity, soil health, water quality, and farm profitability under Moroccan conditions.

It is also very important to study the economic and policy dimensions of adoption,
including farmers’ willingness to use these methods, willingness to adopt new technologies,
institutional capacity, and the cost-effectiveness of nitrogen management options. This
kind of research should identify barriers to adoption, assess the effectiveness of incentives,
and support the design of environmentally sound and socially acceptable policies.

Finally, the field network and the rules that were mentioned earlier should be progres-
sively integrated into Morocco’s national system for measuring, reporting, and verifying
greenhouse gas emissions from farming. Establishing standardized monitoring protocols,
national emission factors, and reliable reporting mechanisms could improve the accu-
racy of greenhouse gas inventories, enable evidence-based policy evaluation, facilitate
participation in emerging carbon markets, and strengthen Morocco’s ability to monitor
progress toward its Nationally Determined Contribution (NDC) commitments under the
Paris Agreement [6,10].
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Abbreviations

AMABIO Associ‘ation Marocaine de I’Agriculture Biologique (Moroccan Association of
Organic Agriculture).

APNI African Plant Nutrition Institute.

Al Moutmir  Agricultural advisory and knowledge transfer initiative of OCP Group, Morocco.
BAU Business-as-Usual.

BNF Biological Nitrogen Fixation.

CBAM Carbon Border Adjustment Mechanism.

CHy Methane.

CO, Carbon Dioxide.

COy-eq Carbon Dioxide Equivalent.

DCD Dicyandiamide (nitrification inhibitor).

DMPP 3,4-dimethylpyrazole phosphate (nitrification inhibitor).
EEF Enhanced-Efficiency Fertilizer.

EF Emission Factor.

EU European Union.

FERTIMAP  Soil Fertility Mapping Project, Morocco (Ministry of Agriculture-OCP Group).
FIMABIO Fédération Interprofessionnelle Marocaine de la Filiere de I’Agriculture Biologique.
GHG Greenhouse Gas.

Gg Gigagram (1 Gg = 1000 metric tonnes).

GPS Global Positioning System.

ICARDA International Center for Agricultural Research in the Dry Areas.
ICLF Integrated Crop-Livestock-Forestry.

INMF Integrated Nitrogen Management Framework.

Institut National de la Recherche Agronomique (National Institute for Agricultural

INRA
Research, Morocco).

IPCC Intergovernmental Panel on Climate Change.

M&E Monitoring and Evaluation.

MRV Measurement, Reporting, and Verification.

Mt Megatonne (1 Mt = 1 million metric tonnes).

N Nitrogen.

N, Dinitrogen.

N>,O Nitrous Oxide.

N,O-N Nitrous oxide expressed as nitrogen mass; used when N, O emissions are reported
on an N-mass basis rather than as the mass of the complete N,O molecule.

NDC Nationally Determined Contribution.

NUE Nitrogen Use Efficiency.

NVzZ Nitrate Vulnerable Zone.

OCP Office Chérifien des Phosphates (OCP Group, Morocco).

ONSSA Office National de Sécurité Sanitaire des Produits Alimentaires (National Office
for Food Safety, Morocco).

PES Payment for Ecosystem Services.

R&D Research and Development.

SNMP Sustainable Nitrogen Management Programme.
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Tg Teragram (1 Tg = 10° metric tonnes = 1 million metric tonnes).
UNFCCC United Nations Framework Convention on Climate Change.
UsD United States Dollar.

VRT Variable Rate Technology.

WEFPS Water-filled pore space.
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