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Preface

Nitrogen, a vital nutrient for plant and microbial growth, plays an essential role in
supporting agricultural productivity, ecosystem function, and the global food supply.
Yet, its unchecked mobilization in the form of reactive nitrogen species (NO,;~, NH,",
NOx, and organic nitrogen) has created one of the most pressing environmental
challenges of our time: nonpoint source (NPS) nitrogen pollution. Unlike emissions
from identifiable and discrete origins (point sources), NPS pollution arises diffusely from
myriad land surfaces and water runoff, making it far more complex to quantify, trace,
regulate, and mitigate.

This book addresses the science, policy, and management frameworks necessary to
confront the growing threat of diffuse nitrogen pollution. It offers a multidisciplinary,
evidence-based, and forward-looking perspective—bringing together insights from
environmental chemistry, agronomy, hydrology, ecology, remote sensing, and socio-
economics. This volume is aimed at a diverse audience: academic researchers,
environmental engineers, policy practitioners, planners, students, and anyone engaged
in water resource management and sustainable land-use planning.

The idea for this book was born from the mounting realization that achieving clean
water, healthy ecosystems, and climate-resilient agriculture will remain elusive unless
the challenge of NPS nitrogen pollution is addressed head-on. Globally, the release of
nitrogen from fertilizers, animal husbandry, urban runoft, and atmospheric deposition
continues to increase. As a result, eutrophication of freshwater and marine environ-
ments, groundwater contamination, and emissions of nitrous oxide—a potent green-
house gas—are intensifying.

The insidious nature of NPS pollution lies in its invisibility. It does not originate
from a single pipe or factory outlet, but rather from thousands of hectares of fertilized
farmland, stormwater drains, leaky septic systems, and atmospheric deposition—often
acting synergistically. This diffuseness makes detection difficult and regulatory enforce-
ment even more so. At the same time, the complexity of nitrogen pathways—spanning
surface runoff, subsurface leaching, plant uptake, microbial transformation, and atmo-
spheric transport—necessitates integrated scientific tools and holistic management
responses.

The urgency of addressing NPS nitrogen pollution cannot be overstated. According
to UNEP’s 2022 Global Nitrogen Assessment, over 80% of nitrogen fertilizers applied
globally are not taken up by plants and instead escape into air, water, and soil. NPS
nitrogen is a key driver of hypoxic dead zones, including in the Gulf of Mexico, Baltic
Sea, and East China Sea. In rural and peri-urban areas, nitrate-contaminated drinking
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water is associated with elevated risks of methemoglobinemia and potential carcinogenic
effects. In developing countries, poor regulatory oversight combined with rapidly
intensifying agriculture and urbanization exacerbates these risks, especially where
wastewater infrastructure is inadequate or nonexistent.

This book was written in recognition of a paradox: while the sources and
consequences of NPS nitrogen pollution are well-documented, the solutions remain
underimplemented, underfunded, and often undervalued in policy agendas. One of the
key contributions of this volume is its attempt to bridge the science-policy-practice
divide, showing how advanced knowledge and modeling can translate into scalable,
context-sensitive action.

As authors and editors, our collective hope is that this book will serve as both a
scientific reference and a catalyst for real-world change. It seeks to empower
professionals and students alike with the conceptual clarity and technical tools needed
to confront NPS nitrogen pollution as a climate, agriculture, public health, and water
security issue.

We acknowledge the contributions of numerous colleagues, institutions, and datasets
that have informed this work. In particular, we express gratitude to the research teams
advancing integrative watershed science, to field practitioners testing solutions in real-
world environments, and to the global scientific networks that have fostered
interdisciplinary collaboration on nitrogen issues. We are also deeply grateful to
Elsevier for supporting the publication of this book and for their commitment to
advancing sustainable environmental science.

Let this book be a contribution to a broader movement: toward a nitrogen-smart
planet—where food systems, ecosystems, and human health thrive together, guided by
the principles of science, stewardship, and sustainability.

Tonni Agustiono Kurniawan
Abdelkader Anouzla
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23.1 Introduction

Nitrogen pollution is a serious and complex environmental issue, and addressing it
sustainably is essential for multiple interrelated reasons. It negatively impacts human
health, disrupts aquatic and terrestrial ecosystems, contributes to climate change, and
poses significant economic challenges. Nitrate (NO;7), a common form of nitrogen
pollution, can contaminate groundwater and drinking water sources, leading to
methemoglobinemia, or “blue baby syndrome,” which affects oxygen transport in
infants (Das et al., 2023). Ammonia (NH;) and nitrogen dioxide (NO,) emissions from
industrial activities, agriculture, and motor vehicles can trigger respiratory issues,
exacerbate asthma, and increase the risk of cardiovascular diseases. Additionally,
nitrogen oxides (NO,) contribute to the formation of fine particulate matter
(PM2.5), which can penetrate deep into the lungs, potentially causing severe respiratory
and cardiovascular diseases, including cancer (Afifa et al, 2024; Al-Hemoud
et al., 2019).

Beyond its direct health effects, nitrogen emissions have significant environmental
consequences. The release of NH;, NOy, and N,O into the atmosphere contributes to
aerosol formation, acid rain, and nitrogen deposition (both dry and wet), altering soil
and water chemistry and harming ecosystems (T1 et al., 2022). Additionally, N,O is a
potent greenhouse gas that accelerates global warming, while NOy contributes to
stratospheric ozone depletion, exacerbating climate-related challenges (Houlton
et al., 2019).

23.1.1 Human health

Exposure to NOx and fine particulate matter from secondary aerosols is linked to
respiratory and cardiovascular diseases (Sutton, 2011). Additionally, elevated nitrate

Nonpoint Source Nitrogen Pollution
DOI: https://doi.org/10.1016/B978-0-443-29070-1.00025-2
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levels in drinking water and the consumption of contaminated seafood may increase the
risk of colorectal cancer (Brender, 2020). Tropospheric ozone, driven in part by
nitrogen emissions, negatively affects crop yields, ecosystems, and human health by
contributing to global warming.

23.1.2 Ecosystems

Nitrogen deposition disrupts biodiversity, freshwater, and marine ecosystems. While
policies like the US Clean Air Act have reduced NOx emissions by 36%, NH; emissions
remain largely unregulated and have increased. Excessive fertilizer use has also led to the
proliferation of harmful algal blooms (HABs), causing severe ecological and economic
consequences (Pardo et al., 2015).

23.1.3 Climate change

Nitrogen-driven N,O emissions accelerate global warming and reduce carbon
sequestration (Butterbach-Bahl et al., 2011). The use of nitrification inhibitors like
DCD can lower N,O emissions by up to 70% (Misselbrook et al., 2014), but their
implementation remains limited. Without mitigation, global N,O emissions could
double by 2050, necessitating comprehensive reductions in emissions and lower per
capita meat consumption in developed nations (Davidson & Kanter, 2014; Sunaryo
et al., 2023).

Nitrogen (N) plays a crucial role in boosting food and fuel production; however, its
excessive use has been identified as a significant threat to both the environment and
human health due to an imbalance between nitrogen creation and its removal through
denitrification. Researchers have categorized nitrogen-related threats into five key areas,
collectively referred to as WAGES: water quality, air quality, greenhouse gas balances,
ecosystem and biodiversity, and soil quality (Fig. 23.1) (Howard et al.,, 2011; Ti
et al., 2022).

Surface water pollution is primarily driven by nitrogen (N), with approximately 18%
to 21% of the total nitrogen (TN) input being transported to water bodies (Ti et al.,
2022). As a result, many lakes and rivers in China suffer from eutrophication due to
excessive nitrogen. For instance, Taihu Lake, the third-largest freshwater lake in
southeastern China, has been undergoing eutrophication and frequent algal blooms
since 1987. In May 2007 a severe algal bloom in Taihu Lake led to a drinking water
crisis, impacting the water supply for approximately 2 million people in Wuxi, China.
Over the past 30 years the annual average TN concentration has remained above
1.50 mg~L_1(Houlton et al., 2019; Qin et al., 2010). Excess nitrogen in freshwater and
marine ecosystems can lead to eutrophication, a process that promotes excessive algal
growth. As the algae die and decompose, they can reduce the oxygen levels in the water
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Greenhouse Gas
Balances

Ecosystem &
Biodiversity

The five key
threats of excess
reactive N
"WAGES"

Figure 23.1 The five key threats of excess reactive N. Modified from Howard, C.M., Erisman, J.W.,
Beasley, W.J., Billen, G., Bleeker, A, Bouwman, A., Grennfelt, P., Grinsven, H., & Grizzetti, B. (2011). The
European nitrogen assessment approach: The challenge to integrate nitrogen science and policies.
Cambridge University Press, 82-96. Available fromhttp.//www.nine-esf.org/files/ena_doc/ENA_pdfs/
ENA_c5.pdf; Ti, C, Yan, X, Xia, L., & Huang, J. (2022). Improving nitrogen safety in China: Nitrogen
flows, pollution and control. Frontiers of Agricultural Science and Engineering, 9(3), 465-474. https.//
doi.org/10.15302/J-FASE-2022454.

(known as hypoxia or anoxia), causing the mass mortality of fish, invertebrates, and
aquatic life. It also triggers HABs that produce toxins dangerous to humans and animals.
In coral reefs, nitrogen imbalance increases disease susceptibility and bleaching. Changes
in nitrogen levels can alter species composition and abundance in aquatic ecosystems,
reducing biodiversity and favoring nitrogen-tolerant organisms (Akinnawo, 2023;
Ngatia et al., 2019).

In terrestrial ecosystems, excess nitrogen disrupts plant species composition by
favoring fast-growing and nitrogen-loving species, often outcompeting native or rare
plants. Some nitrogen compounds contribute to soil acidification, which can mobilize
heavy metals and affect nutrient availability to plants (Botez & Postolache, 2013; Pardo
et al., 2015). Nitrous oxide (N,O), a very potent greenhouse gas released through
nitrification and denitrification processes, significantly contributes to climate change. As
mentioned earlier, nitrous oxide (N,O) is a powerful greenhouse gas. N,O emissions
from agriculture, industry, and waste management contribute to global warming and
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climate change. Nitrogen pollution also disrupts the natural carbon cycle in both
terrestrial and aquatic ecosystems, affecting their capacity to absorb and store carbon
(Aryal et al., 2022; Yao et al., 2022).

Nitrogen pollution incurs economic losses. The cost of treating nitrogen-related
health conditions is enormous. Eutrophication-driven declines in fish populations harm
the fishing industry while environmental degradation reduces tourist attraction and
negatively affecting the local economy. Moreover, nitrogen-contaminated water
requires extensive treatment costs to meet safe consumption standards (De Laporte
et al., 2021). Addressing nitrogen pollution requires a sustainable approach. It is not a
temporary issue; its impacts can persist and even amplify over time. Given that nitrogen
pollution originates from multiple sources, including agriculture, industry, transporta-
tion, and sewage treatment, sustainable solution must comprehensively target all
contributing sectors. Since ecosystems are highly complex, disruption to the nitrogen
cycle can create unpredictable and interrelated consequences (de Vries, 2021).
Sustainable strategies must consider this complexity by promoting systemic changes in
food production, energy use, and waste management. Moreover, nitrogen pollution
often disproportionately affects vulnerable communities. Sustainable approaches to
address nitrogen pollution include the following:

* Optimizing fertilizer use in agriculture to minimize excess nitrogen.

¢ Developing effective sewage treatment systems to remove nitrogen before it enters
the environment.

* Reducing nitrogen oxide emissions from industrial activities and motor vehicles.

* Restoring wetlands and other ecosystems that can absorb nitrogen naturally.

* Raising public awareness about the impacts of nitrogen pollution and ways to reduce
individual nitrogen footprints.

* Implementing strict policies and regulations to control nitrogen pollution.

Addressing nitrogen pollution sustainably is important to protecting health,
ecosystems, and the climate. Effective solutions should not only mitigate symptoms
but also target the root causes. A holistic, integrated, and long-term approach is crucial,
balancing environmental, economic, and social consideration (Ayuwaningsih et al.,
2018). By applying a cross-sectoral strategy involving agriculture, industry, urban
planning, and strong policy support, we can significantly minimize the negative impacts
of nitrogen pollution while creating a healthier and more sustainable environment for
future generations.

Improved wastewater treatment technologies and ecosystem restoration approaches
are essential to address nitrogen pollution

Conventional wastewater treatment technologies are often ineffective in removing
nitrogen. Therefore advanced technologies are needed to enhance the efficiency of
nitrogen removal processes. These technologies address the limitations of conventional
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methods by optimizing biological processes such as nitrification and denitrification,
thereby reducing the impact of nitrogen pollution on aquatic environments (Habibah
et al., 2020; Hendrawan et al., 2022; Karima et al., 2018; Rohmah et al., 2018).

Modified biological treatment processes, such as the anaerobic/anoxic/oxidation
(A*/O) process and the oxidation ditch activated sludge treatment, are designed to
enhance nitrification (conversion of ammonia to nitrate) and denitrification (conversion
of nitrate to nitrogen gas) (Rahimi et al., 2020; Paul et al., 2022). There are two main
processes to remove nitrogen (Fig. 23.2):

1 Nitrification, a gradual biological process where ammonia is converted into nitrate
with the help of bacteria, which is the key in the nitrogen cycle and wastewater
treatment.

2 Denitrification, a biological process where nitrate (NOj3 ") is converted into nitrogen
gas (N,) by bacteria, which is then released into the atmosphere. This process requires
anoxic conditions (no oxygen, but nitrate is available).

Nitrogen removal from wastewater is essential to prevent environmental pollution
and eutrophication. Fig. 23.3 illustrates four advanced nitrogen removal technologies:

Nitrification

)

Nitrosomonas Nitrobacter

NH; ssp NO, wmp NO:

Ammonia Nitrite Nitrate

Denitrification

t ‘- = NH: ¢m= NO, #NO:;

Bacillus
Pseudomonas
Clostridium

Ammonia Nitrite Nitrate

Figure 23.2 Nitrification and denitrification process.
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Anaerobic/Anoxic/Oxidation (A2/0)

= Anaerobic Zone: No oxygen or nitrate; bacteria release
phosphorus and initiate denitrification,

» Angwic Zone: No free oxygen, but nitrate i present;
denitrification occurs, converting nitrate into nitrogen gas.

= Cxidation Zone: Dissolved oxygen is present; nitrification

BECUTs, converting ammaonia into nitrate.

Advantage:

Optimal environmental condition control for nitrification and
danitrification,

Disadvantages:

Requires precise control, large space, and produces high
sludge.

Oxidation Ditch

* A modified activated sludge process with a ditch-shaped
reaciorn

= Contains aerobic and anoxic zones that support nitrification
and denitrification

= Biological flocs in the systam allow simultaneous nitrification
and denitrification,

Advantage:

High efficiency, easy operation, and flaxible aeration
adjustment.

Disadvantages:

High enargy use, large land reqg . and long
tima.

Membrane Bio-Reactor (MBR)

= A combination of activated sludge and membrane filtration
{ultrafitration/microfiltration).

» Separates biomass fram treated water, enhancing
nitrification and denitrification efficiency,

* Main components: Biclogical reactor, membrane module
{LIF/MF), aeration systern, contral systern, and pumps,

Advantage:

Botter solid separation; high-quality treated water, smaller
systemn size, and suppert for nitrification and denitrification,
Disadvantages:

Expansive, membrane fouling, and high energy
eansumption.

Electrochemical Treatment

» Electrocoagulation: Uses metal electrodes to coagulate
nitrogen-bound pollutants.

Converts inte nitrogen gas or
nitrate using specializad slectrades.
* Electroreduction: Reduces nitrate into nitrogen gas or

ammonia

* Comb these methods can improve gan removal
effectiveneas,

Advantage:
Can be bined to enh !
effectiveness.
Disadvantages:
High electricity cost, electrode wear, and potential
byproducts.

Figure 23.3 Advanced nitrogen removal technologies for wastewater treatment.

A%/0, oxidation ditch, membrane bioreactor (MBR), and electrochemical treatment,
each with its advantages and disadvantages. The choice between these systems depends
on various factors, including wastewater characteristics, land availability, and cost.

23.1.4 The anaerobic/anoxic/oxidation process

The A?/O process is a widely used biological wastewater treatment system designed to
improve nitrogen and phosphorus removal. This process is an enhancement of the
conventional activated sludge system, incorporating three sequential treatment zones:
anaerobic, anoxic, and aerobic (oxic). Each zone plays a crucial role in removing
nitrogen compounds from wastewater, ensuring compliance with environmental
discharge standards and minimizing the risk of water pollution, particularly eutrophica-
tion caused by excessive nitrogen and phosphorus in aquatic ecosystems (Chen et al.,
2021; Wang et al., 2021). This is a common modification consisting of three main
zones:

1 Anaerobic zone, where oxygen and nitrate are absent. The aim is to release
phosphorus and initiate denitrification by breaking down organic compounds into
simpler ones.
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2 Anoxic zone contains nitrate (NO; ) but no free oxygen where denitrifying bacteria
convert nitrate into nitrogen gas (Nj).

3 Oxidation zone (aerobic) contains dissolved oxygen where nitrifying bacteria convert
ammonia (NH3) into nitrate (NO5 ) while oxidizing organic matter.

This process enhances nitrogen removal by optimizing microbial activity under
controlled conditions (dissolved oxygen, temperature, pH). By separating the aerobic
and anoxic zones the system efficiently converts ammonia into nitrogen gas, making it a
widely used method for reducing nitrogen pollution in wastewater management.

23.1.5 Oxidation ditch—modification of the conventional activated
sludge

Conventional activated sludge processes typically have one aeration tank, effective for
carbon removal but less so for nitrogen removal. To improve this, oxidation
ditches—using a ditch-shaped reactor or closed ring—are used in activated sludge
systems. These provide long residence times. Long winding ditch moves wastewater at
low velocities. Mechanical aerators placed along the ditch create aerobic zones, while
anoxic zones may develop in areas far from the aerators due to bacterial oxygen
consumption (Agbewornu et al., 2021).

Oxidation ditches enhance nitrification and denitrification by optimizing both
processes. Continuous circulation of wastewater ensures even distribution of micro-
organisms to grow and perform effectively. Aerators maintain aerobic zones for
nitrification on a scheduled basis, while anoxic zones in deeper sections or within
biological floc allow denitrification (Mantziaras et al., 2010). Some ditches use aeration
and nonaeration cycles to promote anoxic zone formation. Microorganisms in the
oxidation ditch form a biological floc, a mass of microbial cells and organic matter.
These flocs have an aerobic outer layer and an anoxic inner layer, enabling simultaneous
nitrification and denitrification. Oxidation ditches have longer hydraulic retention times
(HRTs) than other wastewater systems, making this system a reliable wastewater
treatment solution (Gogina et al., 2021; Wang et al., 2011).

23.1.6 Membrane bioreactor

This is a wastewater treatment technology combining activated sludge process with
membrane filtration. Biological processes (activated sludge) decompose pollutants from
wastewater, while membrane filtration separates suspended solids (biomass) from treated
water. Key components include (Mao et al., 2020):

1 Biological reactor (activated sludge), a tank where microorganisms (activated sludge)
break down organic matter. Aeration supplies oxygen for aerobic bacteria.
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2 Membrane module houses ultrafiltration (UF) or microfiltration (MF) membranes
acting as a physical barrier to separate suspended solids (biomass) from treated water.

3 Aeration system provides oxygen for biological processes and helps clean membranes
using fine bubble diffusers.

4 Control system monitors and regulates dissolved oxygen level, temperature, pH, and
transmembrane pressure.

5 Pumps, transport wastewater, circulate water, and draw treated water through the
membrane.

In conventional activated sludge systems, solid separation is done using sedimentation
tanks. However, this process is often inefficient and can result in treated water of varying
quality. Therefore MBR overcomes this problem by using filtration membranes. The
filtration membrane within a membrane bioreactor (MBR) has an extremely small pore
size, effectively retaining suspended solids, bacteria, viruses, and colloidal particles. This
ensures high-quality treated water that is virtually free of solids. Since the membrane acts as a
physical barrier, water quality remains stable despite fluctuations in wastewater composition
or operating conditions. MBRs also maintain a higher concentration of biomass, improving
pollutant decomposition efficiency while eliminating the need for sedimentation tanks,
saving space and construction costs (Mao et al., 2020; Choi et al., 2021).

With higher biomass concentrations, MBRs enhance solids separation and nitrogen
removal by supporting more nitrifying bacteria, which convert ammonia to nitrate.
Some configurations include an anoxic zone for denitrification, further improving
nitrogen removal. MBRs operate with shorter HRT, reducing reactor size and
construction costs while maintaining high water quality. Their longer solid retention
time supports the growth of sensitive bacteria essential for effective wastewater
treatment. MBRs produce high-quality treated water suitable for reuse in irrigation,
industrial cooling, or even drinking water with further treatment. Their compact design
makes them ideal for areas with limited space, and automation reduces labor needs.
However, they require higher investment and operational costs, and membrane may
experience fouling, necessitating regular cleaning or replacement (Liu & Wang, 2014)

Despite these challenges, MBR technology is increasingly adopted due to its
superior water quality and compliance with strict environmental regulations. By
combining activated sludge with membrane filtration, MBRs efficiently remove
pollutants using oxidation—reduction processes, making them a promising solution for
modern wastewater treatment (Jijingi et al., 2024).

23.1.7 Electrochemical treatment process

This method involves the use of electrodes to oxidize or reduce nitrogen pollutants in
wastewater. Techniques such as electrocoagulation, electrooxidation, and
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electroreduction are examples of electrochemical processes that can effectively remove
nitrogen. Utilizing electrified electrodes, electrochemical treatment triggers chemical
reactions that facilitate the removal of pollutants from wastewater. The process utilizes
oxidation and reduction (redox) principles to convert pollutants into less harmful or
more easily separated forms (Galoppo et al., 2024; Lee et al., 2024; Iovino et al., 2023).

23.1.8 Electrocoagulation

Electrocoagulation employs a metal electrode, typically aluminum or iron, that dissolves
(anode) when an electric current is applied. These dissolved metal ions act as coagulant
agents. When these ions interact with pollutants, including nitrogen in particulate form
or bound to organic matter, they form larger flocs which are easily precipitated or
filtered out. The process starts when an electric current is applied; the anode (e.g.,
aluminum) oxidizes and releases metal ions (AI’").

Al - AP* + 3e—

Metal ions (e.g., AI**) react with water and hydroxide (OH") in solution to form
complex metal hydroxide polymers.

AP + xH,O & AI(OH),®~% + xH*

These metal hydroxide polymers attract and agglomerate pollutants, including
organic nitrogen compounds or nitrogen-containing particulates, forming larger flocs.
These flocs can be precipitated, filtered, or separated through other methods.
Electrocoagulation effectively removes nitrogen bound to particulate or organic matter
but not dissolved nitrogen like ammonia, nitrite, or nitrate directly. It works if these
nitrogen forms are attached to coagulated particles or organic matter. The method is
simple, cost-effective, efficient, and needs minimal chemical additives. However, it may
produce sludge requiring further treatment, and its efficiency depends on the type of
wastewater.

23.1.9 Electrooxidation

Electrooxidation (EO) employs electrodes that act as catalysts to oxidize nitrogen
pollutants directly or through the formation of strong oxidative species on the electrode
surface. Certain electrodes, such as boron-doped diamond electrodes, can directly
oxidize nitrogen pollutants, such as ammonia, into simpler products like nitrogen gas
(N>) or nitrate (NO;-). For example:

Additionally, electrodes can generate strong oxidative species, including hydroxyl
radicals (-OH), ozone (Os), or hydrogen peroxide (H.O,), capable of oxidizing
nitrogen pollutants. An example reaction is as follows:

These oxidation reactions can convert various forms of nitrogen into nitrogen gas or
other forms that are easier to remove. Electrooxidation is effective in eliminating

519



520

Nonpoint Source Nitrogen Pollution

ammonia, nitrite, and certain organic nitrogen compounds. However, the efficiency of
this process varies depending on the type of electrode, operating conditions, and the
form of nitrogen present. While electrooxidation can efficiently oxidize pollutants,
produce fewer hazardous end products, and eliminate the need for additional chemicals,
it requires significant electrical energy. Moreover, its efficiency can be influenced by the
type of electrode and the formation of by-products (e.g., nitrate).

Electroreduction (ER) uses electrodes to reduce nitrogen pollutants like nitrate
(NOs-) into less harmful products such as nitrogen gas (N,) or ammonia (NH;). At
the cathode, NOs- can be reduced through several electrochemical reactions:
Each method has its own advantages and limitations, and the selection of the
appropriate method depends on the dominant nitrogen species, wastewater
conditions, and treatment objectives. A combination of several electrochemical
methods may result in a more effective and efficient solution in removing nitrogen
from wastewater.

Under certain conditions, nitrate can also be reduced to ammonia. Electroreduction
effectively removes nitrates, which are hard to eliminate by other methods. However, it
can produce ammonia as a by-product. This method can produce a less harmful product
(nitrogen gas) without needing additional chemicals but requires electrical energy and
careful optimization of operating conditions to avoid excessive ammonia production.

Three electrochemical methods—electrocoagulation, electrooxidation, and electro-
reduction—can be used alone or combined for better nitrogen removal efficiency
(Asfaha et al., 2021), such as:

* Electrocoagulation + electrooxidation: removing particulate-bound nitrogen and
then dissolved nitrogen.

* Electrooxidation + electroreduction: converting ammonia to nitrate and then
reducing nitrate to nitrogen gas.

These processes offer promising solutions for addressing nitrogen pollution in
wastewater. Each method has specific benefits and limitations, and choosing the suitable
method relies on the dominant nitrogen species, wastewater conditions, and treatment
goals. Combining multiple electrochemical methods can provide a more effective and
efficient solution for removing nitrogen from wastewater.

23.2 Exploitation of natural ecosystem capabilities

Natural ecosystems have inherent abilities to regulate and purify environmental
components, making them valuable tools for mitigating nitrogen pollution. By
leveraging these natural processes, we can enhance water quality and promote
ecosystem balance in a sustainable manner.
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23.2.1 Restoration of degraded natural wetlands

Restoration of degraded natural wetlands supports higher biodiversity and complex
nitrogen cycling, offering stable and efficient nitrogen removal if successtul. They
provide additional benefits like wildlife habitat, flood control, and carbon storage.
However, severe degradation such as topsoil loss, drastic hydrological changes, or
invasive plant dominance may require significant time and cost, with unpredictable
results. Controlling parameters such as water depth and vegetation type is challenging,
and unresolved pollution sources may lead to redegradation (Land et al., 2016).

23.2.2 Constructed wetlands

Constructed wetlands can be tailored to specific needs such as the type of pollutants
to be removed, treatment capacity, and local environmental conditions. They can be
constructed in optimal locations to address specific pollution problems, even if there
are no natural wetlands in the area. The operating parameters of artificial wetlands,
such as water depth, flow rate, and plant type, can be set to optimize nitrogen
removal. Constructed wetlands can be implemented at different scales, ranging from
small-scale systems for domestic wastewater treatment to large-scale systems for
urban and industrial wastewater treatment. Constructed wetlands generally have
more quantifiable and predictable nitrogen removal efficiencies than restored natural
wetlands due to the ability to control their operational parameters. Despite these
advantages, constructed wetlands may not exhibit the same biodiversity and
complex ecosystem functions as natural wetlands. The construction of artificial
wetlands typically incurs higher costs compared to natural wetlands restoration,
especially when soil excavation, construction, and planting are required.
Constructed wetlands require regular maintenance activities, such as plant pruning,
sediment removal, and water quality monitoring, to ensure proper functioning (Liu,
Zhang, et al., 2024; Liu, Li, et al., 2024).

To address nitrogen pollution in the environment, constructed wetlands often prove
to be more efficient and reliable than restoring degraded natural wetlands (Ruiz et al.,
2025), particularly:

e When the primary focus is efficient nitrogen removal, constructed wetlands can be
specifically designed and optimized for this purpose.

* Inlocations where no degraded natural wetlands exist or where natural wetlands are
too deteriorated to restore effectively, constructed wetlands may serve as a superior
alternative.

e  Where greater control over operational parameters and nitrogen removal efficiency
is required, constructed wetlands provide advantages through more precise
regulation.

521



522

Nonpoint Source Nitrogen Pollution

* Constructed wetlands can be engineered to accommodate various scales of waste-
water treatment, ranging from small-scale to large-scale applications.

However, it is important to consider that natural wetland restoration remains
important for broader ecological purposes, such as biodiversity, carbon storage, and
flood control. Where possible, it is best to prioritize restoration of degraded natural
wetlands as part of a more comprehensive solution. To efficiently address nitrogen
pollution, constructed wetlands are often a better choice due to their controlled design,
site flexibility, and ability to optimize operational parameters (Tazkiaturrizki, 2016).
However, natural wetland restoration remains important for broader ecological
purposes and can be part of a comprehensive solution. The final decision should be
based on project-specific objectives, local conditions, available resources, and required
scale. Always consider combining both approaches to achieve the most optimal results
(Liu et al., 2020).

23.2.3 Riparian zone

Riparian zones are areas of vegetation located on the banks of rivers, lakes, or other
water bodies, serving as the transition between aquatic and terrestrial ecosystems. The
vegetation in these zones typically includes trees, bushes, grasses, and aquatic plants,
offering an effective, natural, and sustainable solution to nitrogen pollution by
leveraging biological and physical processes. These zones play a significant role in
maintaining water quality and supporting healthy ecosystems. Understanding the
nitrogen cycle and its related factors in riparian zones is necessary for assessing feasible
and effective nitrogen reduction measures. Additionally, riparian zones act as “sinks” for
inorganic nitrogen (especially NO;3 ), where microbial processes, particularly deni-
trification, play a crucial role in converting inorganic nitrogen into N, gas, reducing
nitrogen pollution through atmospheric emissions (Kim et al., 2016; Lyu et al., 2021).

Riparian zones play a significant role in reducing nitrogen pollution by filtering and
removing nitrogen from water flowing into water bodies. This occurs through several
main mechanisms:

e Riparian vegetation absorbs nitrogen (nitrate and ammonia) from the water through
its roots, using it as nutrients for growth. This reduces the amount of nitrogen
entering the water bodies.

* The soil in riparian zones often has anoxic (low oxygen) conditions, particularly
in areas close to water. These conditions are ideal for denitrification, a process
wherein bacteria convert nitrate (NO;-) into nitrogen gas (N,), which is then
released into the atmosphere. Organic carbon from decaying plant matter further
accelerates this process, effectively removing nitrogen from the water system
(Rinanti et al., 2014).
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* Riparian vegetation slows the flow of surface water, allowing sediment and
nitrogen-containing particles to settle. Plant roots also filter these particles from
the water, preventing dissolved and bound nitrogen in sediments from directly
entering water bodies.

e Plant roots enhance the infiltration of water into the soil, reducing surface runoff
that can carry nitrogen to water bodies. Infiltrated water undergoes filtration and
denitrification processes in the soil before reaching groundwater or water bodies.

Riparian zones represent a natural solution that utilizes ecosystem processes to
address nitrogen pollution, making them a sustainable option in the long term. In
addition to reducing nitrogen pollution, riparian zones also provide a range of other
benefits, such as:

* Habitat for wildlife and biodiversity.

* Bank stability and erosion prevention.

* Clean water provision and water quality protection.
* Regulation of water temperature and microclimate.

Establishing and maintaining riparian zones can be more cost-effective than
engineering solutions over time. These zones can adapt to various environmental
conditions and local vegetation types. The implementation of riparian zones often starts
with the restoration of damaged or lost areas to improve water quality and biodiversity.
In new development projects, riparian zones can be included as part of the water
management system to mitigate nitrogen pollution. In agricultural areas, riparian zones
serve as a buffer between farmland and water bodies to reduce nitrogen runoff from
fertilizers.

The eftectiveness of buffer zones depends on various factors, including topography,
size, width, vegetation, soil type, management mode, climatic conditions, nutrient load
extent, and the kind, intensity, and transformation of pollutants. Effective riparian zone
design requires careful planning that considers these aspects to maximize benefits such as
pollution reduction, biodiversity enhancement, and other ecosystem services. By
optimizing these factors, riparian buffers can function more efficiently in filtering
contaminants, stabilizing ecosystems, and supporting long-term environmental sustain-
ability (Jin et al., 2022; Lind et al., 2019; Wu et al., 2023).

The key steps and considerations in designing an effective riparian zone are (Jiang
et al., 2020):

1 Assessing location and environmental conditions
a Consider slope, elevation, and other topographic features that may affect water
and sediment flow. Analyze soil type, texture, and water infiltration capacity.
Improve sandy soils if needed. Also, consider surface water and groundwater flow
patterns, including frequency and duration.
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b Analyze water quality (including nitrogen, phosphorus, and other pollutants) and
discharge, especially in the rainy season.
c Identify native vegetation growing in the area for resilience and biodiversity.
Assess vegetation health, density, and diversity.
2 Define riparian zone design objective
a Set targets for pollutant reduction, especially nitrogen.
b Enhance biodiversity by selecting wildlife-attracting plants.
c Prevent erosion, maintain bank stability, and regulate water temperature
d Incorporate recreational and esthetic value.
3 Establish vegetation zones before selecting vegetation types, which are as follows:
a Riparian zone (wet vegetation), planted with aquatic plants, wet grasses, and
shrubs that are tolerant of flooding and water-saturated soil conditions.
b Middle zone, planted with trees and shrubs with high water and nutrient
absorption, damp-tolerant.
c Terrestrial zone (dry vegetation), planted drought-tolerant plants for soil stabili-
zation.

Various types of vegetation were planted to enhance the biodiversity and resilience
of the riparian zone against disturbances. Trees with robust root systems capable of
absorbing substantial amounts of water and nutrients, such as willow, maple, and alnus,
were selected. Shrubs were densely planted to combat soil erosion, including species like
dogwood and elderberry. Grasses and herbaceous plants with effective root systems and
tolerance to wet conditions, such as sedge and rush grasses, were also chosen.
Additionally, fast-growing vegetation was selected to expedite the establishment of
the riparian zone (Prosser et al., 2020; Yi et al., 2021).

The proper selection of plants is critical to ensure the riparian zone functions
effectively in reducing pollution, preventing erosion, and supporting biodiversity. The
chosen plants must be resilient to the typical environmental conditions of riparian zones,
such as moist or flooded soils and fluctuations in water levels. Table 23.1 presents
recommended plant species for wetland and riparian areas, highlighting their key
characteristics. These plants are selected based on their ability to tolerate wet conditions,
absorb excess water and nutrients, stabilize banks, reduce nitrogen levels, and support
wildlife habitats.

While riparian zones offer numerous benefits, several challenges must be addressed
for successful implementation. Technical and environmental challenges include soil
infertility, erosion, fluctuating water levels, invasive species, and wildlife damage. Social
and economic challenges involve landowner resistance, conflicts of interest, lack of
awareness, funding, expertise, and opposition from industries and farmers due to land
use restrictions. Institutional and policy challenges stem from unclear regulations, weak
law enforcement, lack of coordination between agencies, and insufficient research on
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Table 23.1 Recommended plants for wetland and riparian areas.

Plant type Plant names Characteristics
Trees Willow (Salix spp.), including Salix Tolerant to wet conditions, absorbs
nigra (Black Willow), Salix alba nitrogen, stabilizes riverbanks
(White Willow)
Red Maple (Acer rubrum) Absorbs large amounts of water,
provides wildlife habitat
River Birch (Betula nigra) Absorbs nitrogen, suitable for wet
areas
Green Ash (Fraxinus pennsylvanica) Resistant to high humidity, fast-
growing
Sycamore (Platanus occidentalis) Absorbs large amounts of water,
strong trunk
Alder (Alnus spp.), including Alnus Stabilizes soil, improves nitrogen
glutinosa (Black Alder) levels in the soil
Shrubs Dogwood (Cornus spp.) Thrives in wet conditions, dense
growth, attractive stems and
flowers. Examples: Cornus sericea
(Red Osier Dogwood), Cornus
amomum (Silky Dogwood)
Elderberry (Sambucus spp.) Tolerates wet conditions, fast
growth, produces bird-attracting
fruits. Example: Sambucus
canadensis (American Elderberry)
Buttonbush (Cephalanthus Thrives in wet or flooded areas,
occidentalis) unique growth, spherical flowers
Spicebush (Lindera benzoin) Tolerates moist conditions, fragrant
leaves, shade-tolerant
Winterberry (Illexverticillata) Thrives in wet areas, produces
attractive red berries in winter
Grasses Sedges (Carex spp.) Resistant to wet and flooded
and conditions, strong root system.
herbs Examples: Carex stricta (Tussock
Sedge), Carex lurida (Lurid Sedge)
Rushes (Juncus spp.) Resistant to wet conditions, upright
growth, strong root system
Switchgrass (Panicum virgatum) Tolerant to both wet and dry
conditions, deep root system
Blue Flag Iris (Iris versicolor):
Tolerant to wet conditions,
beautiful blue flowers
Joe-Pye Weed (Eutrochium spp.) Thrives in moist areas, produces
attractive pink or purple flowers
Aquatic Cattails (Typha spp.) Grows in shallow water or wet soil,
plants dense tall growth

(Continued)
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Table 23.1 (Continued)

Plant type Plant names Characteristics
Water Lily (Nymphaea spp.) Thrives in still water, broad floating
leaves, beautiful flowers
Pickerelweed (Pontederiacordata) Grows in shallow water, heart-
shaped leaves, purple flowers

effective restoration methods. Implementation and maintenance challenges include high
costs, long maturation periods, and the need for continuous monitoring, maintenance,
and adaptive management to ensure effectiveness (Jiang et al., 2020; Kim et al., 2016;
Liu et al., 2024).

23.3 Sustainable solutions for nitrogen pollution

Fig. 23.4 illustrates various sustainable strategies to reduce nitrogen pollution
across agriculture, industry, and urban areas. These solutions focus on improving
nitrogen fertilizer efficiency, sustainable farming, waste management, industrial
emission control, and eco-friendly transportation to mitigate environmental
impacts.

23.3.1 Sustainable solutions in agriculture

Agriculture is a major contributor to nitrogen pollution, but several sustainable solutions
can help mitigate its impact:

1 More efficient utilization of nitrogen fertilizers (Ren, Xu, et al., 2022; Riitting et al.,

2018; Wagqas et al., 2023).

a Precision fertilization techniques use technology (such as soil sensors and GPS
systems) to apply fertilizer only where it is needed and at the right time, reducing
excess fertilizer released into the environment.

b Slow-release fertilizers, fertilizers that release nitrogen gradually that reducing
leaching into the water.

¢ Replacing chemical fertilizers with organic alternatives, such as compost and
manure that release nitrogen slowly and enhance soil health.

2 Sustainable agriculture practices (Bednarek et al., 2014; Spiertz, 2010).

a Rotating high nitrogen-requiring crops with legume crops which fix atmospheric
nitrogen and decrease the need for nitrogen fertilizers.

b Reducing excessive tillage to maintain soil structure and reduce nitrogen release
into the atmosphere.
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Figure 23.4 Comprehensive sustainable solutions for nitrogen pollution.

c Integrating trees with crops, as trees can help absorb nitrogen and improve soil
quality.
3 Livestock waste reduction (Bai et al., 2022; Zhang et al., 2024).
a Processing livestock waste into biogas or organic fertilizer, reducing ammonia and
nitrate emissions.
b Providing proper feed to reduce nitrogen excretion in livestock manure.

23.3.2 Sustainable solutions in industry and cities

Beyond agriculture, routine industrial and urban activities also contribute to nitrogen
pollution. Several solutions can mitigate this impact (Han et al., 2022; Petrovic et al.,
2016; Seddon et al., 2021; Raghuram et al., 2021):

1 Reducing industrial emissions through catalytic converters and scrubbers minimizes
nitrogen oxide (NO,) emissions from industrial chimneys. Improving energy
efficiency in the factories further cuts fossil combustion.

2 Advanced wastewater management using bioreactors and membrane filtration
removes nitrogen from sewage before it is discharged. Reclaimed wastewater can
be reused for irrigation or other industrial processes (Wikaningrum et al., 2022).

3 Reduce reliance on NO,-emitting fossil fuel vehicles by expanding public
transportation and bicycle lanes to reduce the number of private vehicles on the road.

4 Urban waste management improvements, such as enhanced organic waste com-
posting systems to reduce landfill waste while generating compost for agriculture.
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23.3.3 Government strategies for nitrogen management

Government policies addressing nitrogen pollution span multiple sectors, including
agriculture, industry, and transportation, aim to reduce nitrogen emissions and mitigate
their negative impacts on the environment and public health. While nitrogen is essential
for agricultural productivity and ecosystem balance, its excessive use and poor
management contribute to severe environmental problems such as water contamination,
greenhouse gas emissions, and soil degradation. To address these challenges, many
countries have implemented sustainable nitrogen management policies (Sitawati et al.,
2022). These policies take various forms, from strict regulatory measures to economic
incentives and research-driven initiatives, ensuring a more balanced and environmen-
tally responsible approach to nitrogen use. Policies by adapting frameworks from the
International Energy Agency’s policy database and the NewClimate Institute’s policy
database to the nitrogen context illustrate each category with a relevant as follows
(Kanter et al., 2020; IEA Energy Policy Inventory, 2019; Yang et al., 2022):

1 These policies set clear and enforceable limits on nitrogen consumption, production,
or loss to control environmental impact. One example is the environmental
protection regulations in Australia, which establish nitrogen oxide (NOx) emission
standards for vehicles and impose financial penalties for noncompliance. Such
regulations help reduce air pollution and its harmful effects on human health and
ecosystems.

2 Financial incentives are used to encourage industries and individuals to adopt
nitrogen management practices that align with environmental goals. For instance,
wastewater regulations in Mauritius require businesses to obtain licenses for effluent
discharge, ensuring compliance with nitrogen concentration limits. Economic
policies like tax incentives, subsidies, or market-based instruments can promote
efficient nitrogen use while reducing environmental degradation.

3 These policies establish broad objectives for managing nitrogen pollution without
imposing strict quantitative limits. An example is Egypt’s biodiversity strategy, which
includes guidelines for fertilizer and pesticide use. Such frameworks provide a long-
term vision and strategic direction for sustainable nitrogen management while
allowing flexibility in implementation at different levels of governance.

4 Accurate data collection and standardized reporting protocols are essential for
monitoring nitrogen pollution and assessing its environmental impact. Policies in
this category focus on setting measurement parameters for nitrogen compounds in
air, soil, and water. For example, air quality monitoring regulations in Bosnia and
Herzegovina specify methods for tracking nitrogen dioxide and ammonia levels,
ensuring better pollution control and informed decision-making.

5 Investment in scientific research is crucial for developing innovative solutions to
mitigate nitrogen pollution. Governments fund research programs aimed at
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improving nitrogen use efficiency and minimizing environmental harm. In Vietnam
a national initiative supports high-tech agricultural research, fostering advancements
in precision farming and enhanced-efficiency fertilizers.

6 Regulations governing nitrogen-related commercial activities ensure the safe
production, distribution, and use of fertilizers and other nitrogen-based products.
Policies in this category often set requirements for packaging, labeling, transport, and
registration of nitrogen-containing materials. For example, fertilizer use laws in
Albania establish clear rules to prevent misuse and ensure proper handling within the
agricultural sector.

7 These policies provide incentives to increase nitrogen use, often targeting agricultural
productivity. Governments may introduce subsidy programs or reduce costs through
private-sector involvement in fertilizer importation and manufacturing. A relevant
example is Kenya’s Crops Act, which encourages more affordable access to fertilizers
by supporting local production and distribution networks.

The effectiveness of government policies in addressing nitrogen pollution can be
measured through various environmental, economic, health, and social indicators.
Environmentally, this involves monitoring the reduction of nitrate (NO3—), ammonia
(NH4+), and TN levels in water, air, and soil, as well as improvements in water quality
and ecosystems. Economically, effectiveness can be assessed through changes in
agricultural and industrial production costs, increased nitrogen fertilizer efficiency,
and higher incomes for farmers adopting sustainable practices. From a health
perspective, indicators include reductions in respiratory diseases and methemoglobi-
nemia caused by nitrogen pollution. Social indicators encompass public acceptance and
participation in nitrogen pollution control programs, behavioral changes among farmers
and consumers, and increased public awareness of nitrogen pollution’s impacts and
mitigation efforts. To ensure accurate assessment, data from monitoring stations,
surveys, and health records are regularly analyzed, while mathematical models predict
outcomes and identify areas needing further attention. Periodic evaluations help
measure policy effectiveness and guide necessary improvements (Ngatia et al., 2019;
Srivastava et al., 2024).

The limited data available make it challenging to measure policy effectiveness and
isolate its impact from other factors affecting nitrogen pollution. Environmental policies
often show long-term effects, requiring continuous monitoring. Climate change and
other conditions can influence measurement results. However, a comprehensive and
integrated approach using various indicators and methods is essential. Collected data
should be carefully analyzed to evaluate policy impact and make necessary improve-
ments. Regular evaluations help the government and other stakeholders determine if
policies are effectively protecting the environment and public health (EPA United
States Environmental Protection Agency, 2015).
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23.3.4 Key challenges in managing nitrogen pollution

This include technical, social, political, global, administrative, and economic barriers.
To overcome these issues, various strategic solutions are proposed, such as institutional
strengthening, cross-sector collaboration, economic incentives, and continuous research
and innovation

23.3.4.1 Technical and scientific challenges

The nitrogen cycle is highly complex, involving various biochemical and physical
processes. Fully understanding nitrogen movement and transformation requires con-
tinuous research and sophisticated modeling. Some nitrogen reduction technologies,
such as catalytic converters for industry or advanced wastewater treatment systems,
require significant investments, which can be a constraint for small and medium
industries or developing countries. Technologies that are successfully implemented in
one location may not be immediately applicable elsewhere due to differences in
environmental, social, and economic conditions. Adapting these technologies often
requires additional research and development. Accurately and continuously monitoring
nitrogen pollution levels demands adequate infrastructure and resources. Additionally,
standardized measurement methods are essential to ensure comparable and reliable data
(Akinnawo, 2023; Awewomom et al., 2024).

23.3.4.2 Economic challenges

Strict nitrogen pollution reduction policies can be costly for governments, industries,
and farmers. These costs may include investments in new technologies, changes in
farming practices, or adjustments to production processes. Industries required to meet
strict emission standards may face higher production costs, potentially reducing their
competitiveness in the global market, especially if competitors in other countries under
less restrictive regulations. Strict policies may disproportionately burden on lower-
economic groups, such as small-scale farmers or home industries, which may lack of
resources to comply with the new requirements. In developing countries, limited
financial and technical resources often pose a significant challenge to implementing
effective environmental policies (Gazzani, 2017Ren, Zhang, et al., 2022).

23.3.4.3 Social and political challenges

Stakeholders, such as industries or farmers, may oppose policies that are perceive as
restrictive or reduce their profits. Public support may be weak if citizens are unaware of
nitrogen pollution’s negative impacts and the importance of control measures. Policies
developed without community involvement are often less effective due to lack of
support and active participation. Political decisions are often influenced by specific
group interests or short-term considerations, which can hinder long-term sustainability
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efforts. Corruption and weak law enforcement can lead to ineffective environmental
policies, as violations go unpunished or even ignored (Awewomom et al., 2024;
Morseletto, 2019).

23.3.4.4 Administrative and institutional challenges

Nitrogen pollution control requires coordination among multiple sectors and institu-
tions, including central and local governments, as well as nongovernmental organiza-
tions. Implementing agencies may lack sufficient human resources or expertise to
enforce policy effectively. Unclear or even conflicting regulations can create confusion
and obstruct policy implementation. The lack of accurate data and relevant information
can impede to make informed and effective decisions. The absence of robust evaluation
and monitoring system can lead ineffective policies to continue without improvements
(Awewomom et al., 2024; Stuart et al., 2014; Yang et al., 2022).

23.3.4.5 Global challenges

International trade can shift the pollution burden from one country to another, making
strong international cooperation essential for nitrogen pollution control. Climate
change affects the nitrogen cycle and exacerbates the impacts of nitrogen pollution,
requiring climate-adaptive policies. Population growth and urbanization increase
environmental pressure and exacerbating nitrogen pollution if not addressed with
appropriate policies (Liu et al., 2020; Basu et al., 2025).

Overcoming the above challenges requires a comprehensive and integrated
approach, which includes:

1 Improving the human resources and expertise of institutions responsible for policy
implementation. Strengthening the capacity of government agencies and research
institutions through training programs, knowledge-sharing initiatives, and recruit-
ment of skilled professionals ensures more effective implementation and enforcement
of nitrogen-related policies (David, 2024).

2 Engaging the community in both the formulation and implementation of policies.
Public participation in environmental decision-making fosters awareness, account-
ability, and social acceptance of regulations. Community-led initiatives, educational
programs, and stakeholder consultations can improve policy effectiveness and
encourage sustainable practices (UNEP Working Group, 2023).

3 Providing economic incentives to encourage the adoption of eco-friendly technologies
and practices. Subsidies, tax reductions, and financial support for sustainable farming,
clean industrial processes, and pollution control technologies can encourage businesses
and individuals to adopt environmentally friendly solutions (Zhang et al., 2015).

4 Enforcing strict penalties for rule violations. Robust monitoring, reporting, and
enforcement mechanisms are essential to ensure compliance with nitrogen
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regulations. Imposing substantial fines, legal actions, and operational restrictions on
violators can deter practices that contribute to nitrogen pollution (Srivastava
et al., 2024).

5 Continuously conducting research and development to find more effective and
efficient solutions. Investment in scientific research, technological advancements, and
policy innovations is essential to developing better nitrogen management strategies.
Research on fertilizer efficiency, emission reduction, and pollution mitigation can
lead to more sustainable solutions (Herrera et al., 2016; Udvardi et al., 2021).
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