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Abstract - Nitrogen (N) is a vital nutrient for plants, essential for
photosynthesis, protein synthesis, and formation of nucleic
acids, which stimulate plant growth and fruit development.
Although application of nitrogen fertilizer has increased
significantly since the Green Revolution, nitrogen use efficiency
(NUE) has remained low at around 33%, indicating that almost
two-thirds of applied nitrogen is lost to the environment. This
leads to soil, air and water degradation, ultimately reducing
agricultural productivity. The aim of this research is to
determine the factors influencing the adoption of nitrogen
management technologies in agriculture through a review of the
existing literature. The research questions focus on identifying
the major users of the N fertilizers, and examining whether the
adoption is related to socio-economic conditions, educational
background, landholding size, attitude of farmers, and
environmental factors. It also explores the practices which
enhance NUE and the attitudes that influence adoption of
improved management practices that foster efficient use and
minimize the extent of use of these fertilizers. The study
screened 260 publications from the Scopus and Web of Science
databases based on the PRISMA method, and reviewed 61
sources that met the criteria. This research contributes to SDG
12 and 13 and focuses on an integrated participatory approach.
It emphasizes the role of individual characteristics in adoption
of technology and recommends economically feasible and
sustainable technologies supported by innovative financing
mechanisms and government initiatives. The study highlights
the importance of integrating user-friendly technologies and
transformative agricultural services that will address the actual
requirements of smallholder farmers. These measures will
ensure food security while preserving ecosystems.

Keywords: Nitrogen management, NUE (Nitrogen Use
Efficiency), Sustainable Agriculture, Fertilizer Technology,
Precision Agriculture

I. INTRODUCTION

Nitrogen (N) is an essential component for all forms of life
including people, animals, and plants since it contributes to
plant productivity and carbon cycle. Nevertheless,
agricultural efficiency of nitrogen is 35% (Singh, 2022).
Excessive application of nitrogen-based fertilizers in crop
production leads to diffuse pollution and excessive
greenhouse gases emissions. Although this intensive usage
was oriented at obtaining better agricultural outcomes, it has
altered the natural cycle of nitrogen, which harms the
biodiversity, human wellbeing, and water quality (Huang et
al., 2015; Prakash et al., 2021; Sharma et al., 2024). There are
a number of factors that influence the use of nitrogen
fertilizers  including  geographical,  socio-economic,
demographic, ecological, and political, institutional and
commercial (Pani et al.,, 2021; Prakash et al., 2021).
Moreover, the nitrogen use efficiency (NUE) of the
agriculture industry can also be determined by the
relationships between the variables with the help of land area,
economic index, global trade processes, livestock and crop
regimes, and policy (Ali et al., 2025; Ren et al., 2022; Usman
et al., 2022).

Green methods and agricultural technologies have played a
major role in addressing various environmental challenges
experienced around the world (Anderson et al., 2016; Xia et
al., 2017). Sustainable agriculture may be described as those
management practices that complement natural processes to
conserve the natural resource base, reduce waste and
environmental impact, and promote the resilience,
self-regulation, evolution, and sustainable productivity of
agro-ecosystems for common benefit (Das et al., 2025;
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Velten et al., 2015). Sustainable practices and technologies
may be highly beneficial in alleviating the environmental
situation and this may include mitigating on unnecessary
excessive reactive nitrogen pollution (Pretty, 2008). As an
example, Denmark has been able to cut its agricultural
surplus of nitrogen since the 1980s without affecting the
agricultural production (Dalgaard et al., 2014). In its turn, the
Netherlands minimized its surplus by up to 50 percent
between 1992 and 2014 (Fraters et al., 2016). The majority of
these enhancements were accomplished by supervising better
management of the nitrogen flows in livestock systems and
utilizing the organic and synthetic nutrients more efficiently
in the production of crops. Despite the fact that there is still
much to be desired, better nitrogen management has proved
to be quite useful to society (Krishnamoorthy & Rajiv, 2017,
Van Grinsven et al., 2016).

Several studies highlight a decline in the application of
manure, linked to limited awareness of fertilizer management
and its role in controlling unintended environmental impacts
(Aryal et al., 2021). The practice of adopting crops, soils, and
water management techniques and practices are not very
extensive, despite efforts towards promoting sustainable
management (Olum et al., 2020). As a matter of fact, simple
presence hardly assists in the adoption of technology. This is
because the diffusion process usually involves a range of
factors, including financial position, environmental, market,
and regulatory environment, at the level of the farmer (Azam
& Shaheen, 2019). More to the point, attitudes towards a
practice on a personal level, social contexts, and perceived
relative advantages of a practice over current ones play a
decisive role in the process of adoption (Aryal et al., 2020).

A growing body of literature addresses the adoption of
sustainable farm management practices, with a
comprehensive overview provided by Pifieiro et al., (2020).
However, few studies have investigated the specific drivers
and barriers affecting the adoption of sustainable nitrogen
management technologies.

This paper seeks to answer the following questions through
the PRISMA method, using an extensive review of
publications indexed in Scopus and Web of Science
databases: (i) who are the major users of N fertilizers,
(i1) what key factors influence the adoption, including socio-
economic status, level of education, size of landholdings,
farmer perceptions and attitude, and environmental
conditions; and (iii) what type of practices improve NUE?

Key Contribution

1. The study provides a comprehensive synthesis of 61
articles, offering an up-to-date overview of technologies
and practices for sustainable nitrogen management in

agriculture.

It develops a structured framework of adoption
determinants, systematically organizing drivers and
barriers into economic, social, technical, institutional,
demographic, and environmental categories.
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3. It advances policy and practice by advocating
integrated, participatory, and long-term strategies that
connect user-friendly technologies, innovative
financing, and supportive governance with improved
NUE and the achievement of SDGs 12 and 13.

The paper is structured as follows: Section II describes a
PRISMA-based systematic review of Scopus and Web of
Science that narrows 260 records to 61 studies. Section 111
reports the geographic and temporal distribution of studies,
key drivers and barriers to technology adoption, and major
nitrogen management techniques and practices. A brief
research gaps section highlights missing work on farmer
decision-making, integrated technology packages, predictive
models, and participatory approaches. Section IV links
findings to extension, social learning, incentives, technology
design, and long-term regulation, and the section V calls for
integrated, participatory, multi-dimensional strategies to
improve NUE and protect ecosystems

II. MATERIALS AND METHODS

The PRISMA technique has been used in this review paper.
Fig. 1 illustrates the key steps followed in this study to
systematically obtain the relevant research articles. In the first
stage, a search was conducted using the Scopus and Web of
Science databases. The search was performed using a set of

keywords, viz., *“management,” “nitrogen,” “technology,”
“adoption,” “farmers,” “crops,” ‘“‘sustainability,” and
“agriculture”.

A. Literature Selection Criteria

The research paper used specific evaluation criteria to
identify relevant studies that fulfilled following research
objectives: to establishment of the relationship between
socio-economic characteristics of marginal and small holder
farmers and nitrogen fertilizer use; identify the types of
practices and technologies adopted by marginal and
smallholder farmers to increase NUE; and evaluating the cost
effectiveness of the nitrogen management practices that
aimed at reducing the use of nitrogen fertilizer.

Relevant literature related to the above objectives such as
journal articles, conference papers, and working papers were
downloaded and filtered in terms of their titles and abstracts.
The articles that were not meeting the specified purposes
were filtered out.

Web of science and Scopus databases were selected to
download 260 documents. Based on this, 25 duplicate
documents were eliminated in the initial search results. The
documents that were included in the literature synthesis were
screened in terms of abstract and 174 documents were filtered
out based on criteria of not addressing the objectives of the
review or for not discussing practices and techniques that
used nitrogen. Finally, 61 documents were reviewed as
shown in fig. 1.
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. Identify from
Identify from Scopus 60 .
Identification Web of Science 200
, v
Remove the duplicated articles (25)
Screening 235
v
Abstract screening (174 not related)
61 related to the topic
Eligibility ¢
Studies included in the review
61 articles
Included

(33 Articles, 1 Early Access, 4 Proceedings Papers, 5 Book Chapters, 1 Note, 17 Review)

Table I shows the geographical distribution of literature,
which showed that China ranked the highest at 19.67 %,

Fig. 1 PRISMA Flow Diagram Showing the Steps Involved in the Systematic Review

III. RESULTS

recent years.

followed by India (9.84 %) and African countries (8.20 %).
TABLE I GEOGRAPHY-WISE CLASSIFICATION OF STUDIES

Fig. 2 displays documents per year published (1993-2025),
with a larger percentage (70 %) of studies published in the
past ten years, indicating an increased research interest in

Geography No. of Studies | Percentage (%)
China 12 19.67
General / Global (Reviews & Meta-Analyses) 11 18.03
India 6 9.84
Africa (Regional or Multi-Country) 5 8.20
United States 4 6.56
South Asia (Regional) 3 4.92
Europe (Regional) 2 3.28
Sub-Saharan Africa (Regional) 2 3.28
Canada 1 1.64
Cote d'Ivoire 1 1.64
Myanmar 1 1.64
Senegal 1 1.64
Sri Lanka 1 1.64
Sudan 1 1.64
Tropics (Regional) 1 1.64
Uganda 1 1.64
Not Specified / Model-Based 8 13.11
Total 61 100.00
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A. Driving Factors and Barriers of Agricultural
Technology Adoption

The research found two important findings: first, the use of
agricultural technologies was low among the small and
marginal farmers; and second, there is a need to better
comprehend the general factors that motivate farmers to
adopt agricultural technologies in the various research
situations.

The studies evaluated mainly focused on certain aspects such
as various technologies, conservation agriculture, organic
fertilization, precision irrigation, and nitrogen management.
The main factors were the economic, social, technical, and
environmental variables noted in the studies. Overall, the
studies were linked to productivity, efficiency, profitability,
and sustainable environmental management.

In order to outline the most significant findings of the studies,
the following key factors were identified for the adoption of
agriculture technologies: agricultural extension and training
were critical in acquiring and raising awareness among
farmers (Huang et al., 2015; Pan et al., 2017; Wood et al.,
2022) economic factors, including income level and access to
credit, provided farmers with the capacity to implement the
new technologies (Begho et al., 2022; Olum et al., 2020;
Pifieiro et al., 2020).

In addition, the studies also mentioned some of the
outstanding technologies specifically, the use of sensors for
nitrogen management, precision fertilization, slow-release
fertilizers, and organic farming and cover crops to improve
soil fertility and reduce the reliance on nitrogen fertilizer.
Biological technologies were also mentioned such as
beneficial microbes and nitrogen-fixing legumes. Obstacles
observed in literature comprised of high cost of new
technologies, lack of knowledge and technological
assistance, low trust or belief of the benefits or reliability of
the practices by farmers and risk in the absence of guaranteed
pay-off.

The studies highlighted different dimensions and outcomes
of technology adoption across clients and/or regions. In
Africa, the focus was on soil fertility improvement and low-
cost technologies. In Asia, the emphasis and outcomes were
related to nitrogen management and irrigation efficiency. In
Europe and the Americas, the research focused mainly on
precision agriculture and smart farming technologies.

B. Techniques and Practices

As shown in fig. 2, a number of methods were found to be
applicable for soil nitrogen management in the 61 articles that
were reviewed. Digital methods were found to be the most
common, constituting 34.43%, which encompassed decision
support systems, soil sensing systems, artificial intelligence,
and precision agriculture software (Liu et al., 2023; Liu et al.,
2025; Papadopoulos et al., 2011; Viscarra Rossel & Bouma,
2016). The second most prevalent was integrated
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management practices (18.03%) and concentrated on
site-specific nutrient management and agronomic systems
integration (Peng et al., 2010; Wu et al., 2021; Xia et al.,
2017). Likewise, farmer-controlled input regulation methods
also constituted 18.03%, with a focus on behavioral change
and knowledge-based nitrogen management (Hamid et al.,
2021; Wood et al., 2022). Training-based adoption strategies
also made up 13.11% (Huang et al., 2015; Pan et al., 2017).
The application of inhibitors was less common, constituting
8.20% (Cantarella et al., 2018; Coskun et al., 2017), as well
as incentive-based strategies, which also constituted 8.20%
(Geussens et al., 2019; Pifieiro et al., 2020).

1) Training and Education-Based Adoption: This
method is largely founded on a well-established
mechanism of educational programs to make farmers
aware of nutrient-related issues and possible solutions
(Shortle et al., 2020). This often occurs in and
throughout on-farm workshops and field days, the
primary goal being farmers learning about the
importance of applying nitrogen fertilizers at the right
rate, which is enough for crops but not enough to
negatively impact yield or productivity. This knowledge
also improves economic efficiency while increasing
revenue for farmers.

2) Advanced Technologies: This is the most
technologically complex approach, where
contemporary methods are applied to oversee crop
needs and manage resources with high precision. This
also has many subcategories:

e Remote Sensing: A network of satellites, along
with WorldView-3 data, is being utilized to
determine the crop health and vitality
(Arizo-Garcia et al., 2025; Sibanda et al., 2017).

e Ground-Based Sensors: Ground-based sensors
measure nitrogen loss to improve crop fertilizer
management strategies. Ground-based sensors
enable continuous monitoring of soil nitrogen levels
(Papadopoulos et al., 2011; Peng et al., 2010).

e Computer Modelling: Computer modelling and
Decision Support Systems (DSS) are employed to
improve nitrogen application rates in each region of
agriculture (Papadopoulos et al., 2011; Peng et al.,
2010; Shu et al., 2025).

e Constructed Wetlands: This is an engineering
remedy designed to address accumulation of
nutrients in soils and promotes denitrification of
surplus nitrogen in drainage water to ensure
nutrients remain in the field in response to the
demand of plants besides reducing nitrogen load by
approximately 52% through 2 central ways namely
controlled drainage and bioreactors. Controlled
drainage is accomplished through the use of
managed tile drainage systems that keep drainage
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water within the soil. Bioreactors are a novel
approach that uses deep, subterranean trenches filled
with a carbon source to convert nitrate in drainage
water to nitrogen gas, reducing excess nitrogen from
the soil (Christianson et al., 2014; Negi et al., 2022).

e Variable Rate Technology (VRT): This
technology uses plant sensing to calculate crops'
precise nitrogen requirements, which increases
profitability by cutting nitrogen prices or increasing
grain yield (Boyer et al., 2011).

e Calibration: Simulation-based calibration could
identify optimal crop species and planting time
using temperature monitoring and comparing it with
planting history (Kheir et al., 2021; Xiong et al.,
2014).  These methods seek  "precision
customisation" to improve NUE while minimising
losses and environmental damage. The primary
problems with technology are high initial costs and
technical complexity, which prevent smallholder
farmers from widespread adoption.

3) Nitrogen inhibitors and stabilized fertilizers: This
strategy would help to enhance the effectiveness of
nitrogen fertilizers instead of altering the rate or method
of fertilizer application. This involves a number of
strategies:

e Soil Acidification with Sulphuric Acid Solution:
Appropriate agronomic measures can enhance the
uptake of nitrogen by plants. The acidification of the
soil using sulfuric acid and the reduction of the soil
pH will allow stabilizing the ammonium nitrogen
rather than letting it turn into ammonia gas.
Therefore, applying sulfuric acid will decrease the
pH or alkalinity of the soil (Nie et al., 2012).

o Urease Inhibitors: Urease inhibitors are a practical
way to reduce the losses of ammonia. These
compounds slow the hydrolysis of urea to ammonia
and reduce the loss of nitrogen into the atmosphere
as ammonia gas. For example, including NBPT in
urea has been demonstrated to reduce ammonia
losses of urea by about 53% (Cantarella et al., 2018).

e Nitrification Inhibitors: Biological nitrification
inhibitors (BNIs) can slow the conversion of
ammonium to nitrate via compounds that are exuded
by the roots of some plants, thereby reducing
nitrogen leaching to both groundwater and emission
of nitrous oxide (N20) in soils (Coskun et al., 2017).

These products are sometimes advertised as ready-to-use
products blended with fertilizer; they are often called
"stabilized urea". This approach is cheap and relatively
straightforward for producers to adopt and requires no
changes in their existing equipment and no changes in core
farming practices.
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4) Organic and integrated nutrient management: This
strategy is rooted in a broader sustainability philosophy
since it is not exclusively reliant on chemical fertilizers,
but incorporates them with a variety of natural and
improved nutrient sources, which include:

Utilizing Green Manure: The incorporation of
green manure (legume residues) contributes to
nitrogen supply, and the nitrogen use efficiency is
virtually identical under rainfed and irrigated
conditions. Therefore, it has been stated that
nitrogen sources in green manure are frequently
more effective than mineral or synthetic nitrogen
fertilizers under non-rainfed low conditions (Becker
et al., 1995).

Utilizing  Organic  Fertilizers:  Replacing
conventional farming with organic agriculture has
influenced profit margins and labor requirements
favorably, and also decreases nitrogen imports. The
degree to which organic farming enhances local
patterns of crop and livestock production and
demands specialized policies and payment to
organic farming to achieve environmentally
sustainable agricultural management (Timlin et al.,
2024; Wang et al., 2024; Wittmann et al., 2024).

Minimized Tillage: Although tillage may be
required to mineralize an adequate level of nitrogen
or to create an appropriate seedbed, it can decrease
the content of the soil organic matter overtime,
augment greenhouse gas emissions, and raise the
vulnerability of soil erosion (Lundy et al., 2015; So
et al., 2001; Verhulst et al., 2011).

Crop Rotation with Legumes: The process of
agricultural intensification depletes nutrients from
the soil, leading to lower yields of crops. On the
other side, a crop rotation with legumes helps
provide nutrition through nitrogen without the
additional dependence on externally supplied
nutrients, such as fertilizers. It can save time and
money of farmers and enable them to engage in
other agricultural activities (Castro-Rincon et al.,
2018; Craswell et al., 1997).

Biological Control: It utilises living organisms like
Rhizobia that are able to colonise the roots of the
plants and form symbiotic relations with the
leguminous plants through biological nitrogen
fixation (Adeleke et al., 2019; Das et al., 2017). This
integrated strategy combines traditional and modern
methods to increase long-term soil fertility, improve
soil health, and reduce reliance on external inputs.
Its success is dependent on both the availability of
organic inputs and the use of local knowledge.

1JISS Vol.16 No.2 April-June 2026
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5) Policy and Incentive-Based Adoption: In this method,
governments or regulatory organisations can stimulate
adoption by issuing regulations that provide economic
signals, such as:

e Regulatory Measures (Taxes or Fees): Policy
mechanisms can be employed to limit or reduce
pollution of the environment due to excessive
nitrogen fertilizer use. To illustrate; the Everglades
Forever Act of 1994 which was passed in the U.S.
obliges farmers to obtain permits to comply with the
environmental conservation practices. In these
instances, the preferred approach is voluntary, while
regulations are only enforced if necessary. This can
be said to provide a complementary approach,
placing the state in a legal position of responsibility
to reduce agricultural pollution (Shortle et al., 2020).

¢ Financial subsidies and payments for ecosystem
services: Incentives can also be based on agriculture
and soil measures that reward farmers for using
optimal fertilizer rates and practices that provide
ecosystem services, as well as soil and product
quality improvements. Payment for ecosystem
services will also cover the costs of acquiring and
using tools such as remote sensing equipment and
nitrification inhibitors, which can reduce the

environmental impacts of agricultural practices
(Geussens et al., 2019).

6) Farmer-led adoption or participatory adoption: In

this mode, farmers are central in developing and
spreading technology. Rather than imposing a solution
top-down, this model emphasizes:

e Participatory Learning: Farmers conduct tests of
technologies themselves using on-farm trials (Wood
et al., 2022).

e Local Adaptation: Farmers also adapt the proposed
technologies to meet local conditions, resources, and
state of knowledge (Macdonald et al., 2018).

e Social Networks: Peer-to-Peer sharing stimulates
the exchange and sharing between neighbours or
groups of farmers on emerging practices
(Skaalsveen et al., 2020).

This model stresses the importance of flexibility and
adaptation of technologies in the adoption process, using an
orientation of a learning journey rather than technology
transfer. Therefore, this learning journey is more likely to
lead to stable and sustained adoption, because the process is
grounded in farmers’ real needs and constraints (Fig. 3).

participatory
training organic education

inhibitors dlgltal tOOlS

precision

' policy = farmer-led incentive-driven
integrated management

stabilized fertilizers

Fig. 3 Word Cloud Showing the Frequency of Technology Adoption of Nitrogen Management

7) Cost factors affecting adoption: Many factors
influence the adoption of appropriate nitrogen
management technologies for soils, some of which are
related to the characteristics of farmers or their personal
relationships with demographic or economic aspects of
their lives, and others are related to social, institutional,
or environmental influences.

Overall, factors influencing the successful adoption of
nitrogen management technologies fall into combinations of
these factors to maximize higher productivity or lower costs
of production, as well as the supportive roles of public policy
or agricultural extension services in this process, as shown in
table II.
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Factors affecting the adoption of nitrogen management
technologies fall under the following broad categories:

Demographic Characteristics: Demographic
characteristics, including the farmers’ age, education
level, and gender, play a significant role in the adoption
of agricultural practices. Younger farmers often adopt
new practices faster than older farmers because
adoption is sometimes associated with how a farmer
perceives technology as useful or practicable. Education
levels facilitate adoption since more educated farmers
are better able to adopt modern technology than
illiterate farmers, who may not have the capacity to
adopt these practices. Economic status also plays an
important role in adoption since high initial costs can be
a limiting factor and an obstacle, especially for



Adoption of Technology for Sustainable Nitrogen Management in Agricultural Systems: A Review

smallholder farmers. However, high economic benefits
from agriculture are important and influential factors of
adoption. Thus, opening channels through which
farmers can access loans from local banks and offering
government subsidies are measures that empower
farmers and increase their opportunities to engage in the
adoption of new technologies.

External Factors: These factors include technical
factors that pertain to nitrogen management
technologies, such as operational and maintenance
characteristics. As with a limited understanding of these
procedures, a lack of understanding of the technologies'
importance and their advantages can also impede the
spread of the technologies (Mishra et al., 2024). Several
studies have suggested that knowledge infrastructure
must be developed for the effective application of
remote sensing devices, precision irrigation systems,
and subsurface drainage systems. Such knowledge
infrastructures are a key precondition for the
technologies to be both feasible and effective in
nitrogen management.

Institutional, Governmental, and International
Support: These are the one of the most important ways
through which farmers access to new technologies.
Several key government policies include financial
subsidies, tax breaks, and regulation of the environment.
In addition to these policies, government-led marketing
avenues for nitrogenous and bio-fertilizers, as well as
seed with desired genetic traits, are hugely important for
providing farmers with these inputs. Availability of
reasonable price inputs becomes a key factor in
promoting adoption.

Environmental Factors and Local Conditions: The
main environmental factors affecting optimal nitrogen
uptake by plants include soil texture, pH, organic
matter, water availability, rainfall, and temperature, all
of which significantly influence the effectiveness of
nitrogen-interacting technologies (Pani et al., 2020;
Prakash et al., 2022). Finally, research has shown that
crop responsiveness to the integrative management of
nitrogen varies both among and within crop species
based on their genetic composition.

TABLE I FACTORS INFLUENCING THE ADOPTION OF SOIL NITROGEN MANAGEMENT TECHNOLOGIES

Main Factor

Sub-Factor

Supporting Articles

1. Economic and Financial
Factors

High initial financial cost; economic return and profitability

(Dsouza & Mishra, 2016;
Sheng et al., 2021)

2. External Factors

Technical complexity and difficulty of use

(Begho et al., 2022; Y. Liu et
al., 2025)

Lack of knowledge and technical skills

(Narwal, 2006)

Access to infrastructure, including drainage and nitrogen removal systems

(Y. Liu et al., 2025)

Access to inputs (improved seeds, bio-fertilizers)

(Gnahoua et al., 2016;
Solomon, 2010)

3. Demographic Attributes

Demographic characteristics (age, education), agricultural holding features
(size, type), social networks, and learning from others

(Bhattacharyya et al., 2023;
Munz & Schuele, 2022)

Beliefs and perceptions (perceived benefits, ease of use), risk, and uncertainty

(Hamid et al., 2021)

4. Institutional,
Governmental, and
International Support

Access to credit and financing and government support and subsidies, quality
and efficiency of agricultural extension services, governmental policies and
regulations, marketing channels, and access to inputs

(Dsouza & Mishra, 2016;
Martinez-Dalmau et al., 2021)

Marketing channels and access to inputs

(Gallardo et al., 2020)

Joining cooperatives

(Amadu et al., 2021; G. Wei et
al., 2022)

5. Environmental and Local
Conditions

Soil characteristics (fertility, texture, pH)

(Bhattacharyya et al., 2023;
Wau et al., 2021)

Climatic conditions and water availability

(Bhattacharyya et al., 2023;
Panetal., 2017; S. Wei et al.,
2024)

Crop type and response to technology

(Bhattacharyya et al., 2023;
Mermut, 2012)

Environmental stresses (e.g., degradation)

(Bhattacharyya et al., 2023; S.
Wei et al., 2024)

C. Key Findings from the Studies

The reviewed studies indicate that the adoption of nitrogen
management technologies among small and marginal farmers
is still low, despite the extensive availability of innovations;
the adoption decisions are influenced by a combination of

economic, social, technical, institutional, demographic, and

698

environmental aspects, and among the widely used practices
were the digital tools (including decision support systems,
soil sensing technologies, artificial intelligence, and precision
agriculture software), along with integrated approaches to
nitrogen management, and farmer-led knowledge-based
approaches. In addition, policy incentives, participatory

1JISS Vol.16 No.2 April-June 2026
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learning, extension services, and training programs were
identified as critical drivers in improving nitrogen use
efficiency (NUE) and promoting sustainable agricultural
practices.

D. Research Gaps

A critical review of the existing literature has identified
various key research gaps, the most significant of which are:
the literature is focused to be not enough on farmers' decision-
making processes and comparative analyses on the
effectiveness of adopting integrated technology packages; the
lack of strong predictive models that incorporate future
climate change scenarios, price variability, and their
implications on the long-term feasibility of adopting these
technologies; most studies on sustainable agricultural
practices are concentrated in European countries. Moreover,
no comprehensive frameworks have been established to
classify the stages that farmers go through to adopt nitrogen
management technologies, from intention to full adoption,
and ultimately continued use, beyond the simplistic binary
understanding of farmers' decisions ("yes" or "no"); pre- and
post-adoption phases of nitrogen management technologies
have not been adequately compared in many studies, nor has
the long-term sustainability of farmers' continued reliance on
those practices been examined; the precise measurement of
certain intermediary influencing variables, such as age and
gender, remains challenging, despite their established effects
in several studies. This is because of individual differences
and varying levels of awareness even within similar age or
gender groups, highlighting the need for comparative
measures within similar demographic categories; finally,
there is a marked shortage of applied studies using fully
participatory methodologies that involve farmers at all stages
of technology development and transfer to ensure that
innovations meet the real conditions and immediate needs of
farmers.

IV.DISCUSSION

The review of 61 documents studies provides several key
lessons that could help deal with nitrogen pollution-related
issues and, at least partly, contribute to attaining the
Sustainable Development Goals, namely SDG 13 (climate
action) and SDG 12 (responsible consumption and
production). Among others, the following strategies, as
derived from the reviewed literature, are most relevant:

e Measuring the total yield gap and the exploitable yield
gap by crop models, diagnostic surveys of smallholders,
and controlled comparative experiments helps to
pinpoint the main factors influencing nitrogen
fertilization frequency (Wang et al., 2023). Access to
information through agricultural extension and training
programs is one of the most influential drivers that
enables farmers to adopt sustainable agricultural
technologies, which optimize nitrogen use. This can be
fostered by continuous learning processes of the

stakeholders and by  collaboration between
governmental and non-governmental organizations
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with the purpose of information exchange, for example,
through agricultural cooperatives providing frequent
peer training for farmers.

This involves integrating education and training into
existing programs, with support for farmers to ensure
they can take advantage of the programs. Consideration
should also be given to access, credibility, and relevance
of information throughout the dissemination process.
Farmers must receive information exactly at the time it
is most effective in bringing about adoption. In addition,
awareness of the sources of nitrogen “leakages” and
sufficient farmer-level training on any new or improved
nitrogen management innovation are needed. Tying
information exchange to social networks also has a great
deal of potential.

It may be possible to incorporate the opinion of farmers
when identifying yield-limiting factors using PRA since
most of the small-scale farmers in India have no access
to such resources. Accordingly, Begho et al., (2022)
suggest that the farmers should then liaise with field
researchers in undertaking quantitative analysis of such
aspects.

Among these, one that comes to the fore is the integrated
and participatory management approach, in which
flexible and locally adapted technology packages are
developed for every farmer and region in place of one-
size-fits-all solutions. This necessitates the need for
reinforcing the role of transformative agricultural
extension beyond the provision of information to a
mediating and facilitating role informed by deep
insights into the behavioural and social barriers of
farmers, such as perceived risk, complexity, and
mistrust of potential returns.

The economic key lesson, therefore, is that financial
viability is the driver. Recommendations need, hence, to
focus on making sustainable technologies directly
attractive from an economic point of view. This
encompasses not just providing subsidies for inputs
such as, biofertilizers or sensors, but also devising novel
financing methods, like tying reduced-interest
borrowings to enhanced input efficiency, and
establishing marketplaces for "low-carbon" or
"sustainably grown" farm goods that allow producers
the advantage of receiving higher rates. Moreover, the
plans for shared equipment and expertise, such as
precision farming aid provided by expert contractors,
prove useful in bypassing the initial steep outlay hurdles
encountered by smaller farmers. Cooperation between
authorities and the commercial sector ought to drive the
funding and broader adoption of these systems.

From this perspective, a core understanding is that the
acceptance of new technological developments will, to
a large extent, depend on how convenient and useful
they are to use. "Intuitive" goods and services that do
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not require excessive abilities and effort from growers
ought to be the focus toward which technical progress
should move. Funding for the investigation and creation
of digital systems that employ handheld devices for
field-specific nutrition advice or the design of
affordable and dependable sensors is certain to yield
great returns. Furthermore, the investigation ought to
pivot from examining isolated technology effects to
studying the outcomes of technology suites, such as
merging organic fertilizers with adjusted mineral
amounts and water-conserving methods, so that
assessing mutual financial and ecological advantages
can be accomplished accurately.

In practical terms, the findings highlight important
implications for information management and digital
advisory services in agriculture. The prominence of
digital nitrogen management tools (decision support
systems, soil sensing platforms, and Al-based
applications) shows that well-designed information
systems can translate complex agronomic knowledge
into field-level decisions for smallholders. At the same
time, the central role of agricultural extension, training,
and social networks underlines that digital libraries and
information services must provide timely, context-
specific, and credible content, ideally integrated with

local extension channels, to effectively support
technology  adoption and improved nitrogen
stewardship

e The necessity of long-lasting, coordinated, and

authorizing regulations is the final but crucial lesson.
Only short-term trial initiatives would be able to bring
about fundamental changes. Long-term strategic
frameworks that integrate nutrient handling objectives
with a broader range of policies related to food security,
climate adaptation, and water resource conservation
must be established by administrations. This requires
comprehensive environmental legislation supported by
incentive-based mechanisms that encourage the
adoption of best management practices, along with
continuous investment in capacity building at all levels,
including growers, extension personnel, and
policymakers. In other words, the transition to more
environmentally friendly farming practices for nitrogen
stewardship is not a choice; rather, it is necessary.

The findings emphasize the importance of a people-and-
nature-aligned approach, which creates conditions for
growers to collaborate meaningfully in the process of
transformation. Through an integrated, human-centered
approach that recognizes the complexity of growers'
decisions and supports them economically, technically, and
socially, the world would witness efficient and long-lasting
food production systems, a cleaner environment, and more
resilient rural communities capable of withstanding future
challenges.
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V. CONCLUSION

The agriculture is struggling to manage nitrogen correctly,
which not only affects the environment negatively by causing
the extinction of different species, polluting the water bodies,
and contributing to climate change, but also exacerbates
challenges related to low NUE. To get a better understanding
of the problem and find out potential solutions, the authors
have reviewed the factors influencing the adoption of
sustainable nitrogen management technologies. The outcome
indicated that the adoption of such technologies did not
depend entirely on the technological advancements, but was
rather a result of a complex interplay of various economic,
social,  behavioural, technical, institutional, and
environmental factors. Thus, the main recommendation for
reform is to abandon single-dimensionality in strategy and
adopt integrated, participatory, and long-term approaches
that empower farmers through supportive policies, innovative
financing mechanisms, accessible and user-friendly
technologies, and flexible advisory systems that tackle the
main behavioural and economic barriers. This will enhance
food security while preserving healthy and resilient
ecosystems. The review has implications not only for
agronomic practices and policy formulation, but also for
information and knowledge management practitioners and
researchers. The widespread use of digital nitrogen
management tools, advisory services, and social learning
networks highlights the need for efficient information
systems and digital libraries capable of organizing, curating,
and delivering credible, context-specific  nitrogen
management information to farmers and other stakeholders.
The findings also provide scope for future innovations in
information and knowledge management, including the
development of farmer-centric platforms, the integration of
scientific and indigenous knowledge systems, and the
evaluation of different information delivery models in
influencing technology adoption, nitrogen use efficiency, and
environmental sustainability.
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