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Abstract: Global warming driven by climate change has profound impacts on nitrogen dynamics in
terrestrial and aquatic ecosystems. The increased emissions of greenhouse gases alter the distribution
and availability of nitrogen, which is a critical nutrient for all living organisms. This review examines
the connections between climate change and nitrogen cycling, highlighting the adverse effects
on ecosystem health and productivity. The proliferation of nitrogen pollution due to agricultural
runoff, industrial effluents, and urban wastewater aggravates eutrophication, leading to significant
environmental and economic consequences. The imbalance in nitrogen availability not only affects
plant growth and soil fertility but also disrupts aquatic ecosystems, resulting in harmful algal blooms
and hypoxic conditions. Effective mitigation and adaptation strategies are essential to addressing
these challenges. Sustainable agricultural practices, such as precision farming and the use of slow-
release fertilizers, along with robust policies and innovative technologies, like biochar application
and nitrification inhibitors, are essential in managing nitrogen levels. This review underscores the
importance of interdisciplinary approaches that involve integrating insights from ecology, agronomy,
and the social sciences to develop comprehensive solutions. Future research should focus on long-
term studies to assess the cumulative impacts of climatic changes on nitrogen availability and
ecosystem health to guide policies and management practices for sustainable development.
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1. Introduction

Global warming, which is driven by climate change as a consequence of greenhouse
gas emissions from anthropogenic activities, has caused significant alterations in terrestrial
and aquatic ecosystems [1,2]. The environmental stress, such as hotter, drier, and cooler
areas, as well as increased frequencies of droughts and floods, is causing changes in all
living organisms and altering the distribution of inorganic and organic compounds [3].
These compounds are important to plant growth, especially those plants used as food
sources for humans and animals. One of these important compounds is nitrogen.

Nitrogen is important to all living organisms since it is part of proteins, deoxyribonu-
cleic acid (DNA), carbohydrates, fibers, and chlorophyll [4]. Nitrogen gas (N2) is the major
compound (78%) of the atmospheric air [5], and enters into organism systems through N
deposition and/or fixation performed by plants and microbes. The deposition process is
the direct input of ammonia (NH3), nitric oxide (NO), nitrite (NO2), nitric acid (HNO3),
and nitrates (NO3) from the atmosphere into organisms, for example, by being carried from
the atmosphere to the soil by precipitation [6]. Nitrogen fixation is the conversion of N2
into NH3, NO2, and NO3, such as in legume plants, where N2 is fixed in the nodule by the
symbiosis of plant and bacteria [6].

Nature and its biodiversity rely on the presence, even if limited, of reactive nitrogen
(Nr) species within the ecosystem. Nr includes all nitrogen compounds except N2, such
as NH3, NO3, NOx, nitrous oxide (N2O), amines, and organic nitrogen forms. Naturally
occurring Nr is mainly generated through processes like lightning, wildfires, and biological
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nitrogen fixation. Human innovation has led to the creation of synthetic Nr fertilizers,
which are employed to enhance agricultural productivity and meat production [7,8]. China,
India, and the USA contribute significant portions of the global Nr emissions, with 20%,
11%, and 10%, respectively. Together with Brazil, which accounts for 6.1% of global Nr
emissions, these four populous countries represent 47% of the total global Nr emissions [9].

The global production of nitrogen has significantly increased over recent decades
to meet the demands for food from the growing population. However, this increased
production has led to a rise in nitrogen pollution due to excessive use and poor manage-
ment practices. Excess nitrogen not only contributes to air and water pollution but also
impacts soil health and biodiversity [10]. Among these changes, nitrogen availability in
the environment has emerged as an important factor influencing the ecosystem health,
especially N2O, which is a greenhouse gas with 298 times the warming potential of carbon
dioxide (CO2) [11].

The global nitrogen cycle features complex connections between biological, chemical,
and physical processes that regulate the availability of nitrogen in various essential forms
for all living creatures. Nitrogen, which is an essential nutrient for plant and aquatic
organisms that frequently limits growth and yield, enters ecosystems, where it is recycled
through the plant–soil–microbe system [12]. However, nitrogen is increasingly subject to
imbalances due to climatic variations [13]. Climate oscillations in temperature, for example,
change the soil microbial community physiology, which accelerates the rates of biological
processes, such as nitrification and denitrification, and thus, alters the forms and availability
of nitrogen in ecosystems. This is especially evident in agricultural land, where soil release
is responsible for 56–70% of all atmospheric N2O emissions [11].

Changes in precipitation patterns intensify the nitrogen runoff from agricultural areas
into water bodies, which increases water pollution [12]. This process can lead to excessive
algal growth, which, in turn, affects aquatic life by reducing the available oxygen levels [14].
Moreover, imbalances in nitrogen availability can alter the food web dynamics and aquatic
biodiversity [15].

Understanding the relationship between global warming and nitrogen availability is
important for developing mitigation and adaptation strategies to address climate change.
This review explores the mechanisms through which global warming influences nitrogen
cycling in the environment, the resulting impacts on the water quality and ecosystem
health, and potential solutions to mitigate these adverse effects. Key mitigation strategies
include improving the nitrogen use efficiency in agriculture, adopting sustainable farming
practices, and enhancing policies and regulations to effectively manage nitrogen emissions.

2. Production and Consumption of Fertilizers Worldwide

The global consumption of nitrogen fertilizers surged from 18.6 million metric tons
in 1965 to 119.2 million tons in 2021, which marked an increase of approximately 540.86%
(Figure 1). Asia led this increase, with East and South Asia consuming the most. In 2019,
China used about 23 million metric tons of nitrogenous fertilizers [16]. This rise reflects the
growing demand for higher agricultural productivity and can cause significant implications
for nitrogen cycling and environmental health.

In the early 2000s, the nitrogen fertilizer production was about 95 million metric tons.
This increased to nearly 123 million tons by 2019, before slightly declining to 118.55 million
tons in 2021 (Figure 2). This trend underscores the importance of nitrogen in sustaining
global food production but also highlights the environmental challenges associated with its
use [16].

The most widely consumed nitrogenous fertilizer is urea, with its high nitrogen
content and relatively low cost (Figure 3). In 2021, urea consumption reached 53.83 million
metric tons of nitrogen. Complex NPK (nitrogen, phosphorus, and potassium) fertilizers
were the second most consumed, with approximately 17.31 million tons of nitrogen used.
Ammonium phosphate, which is more widely used than ammonium nitrate, is valued
for its effectiveness in providing essential nutrients for plant growth and its suitability for
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various soil types and conditions [16,17]. Ammonium nitrate is also significant due to its
high effectiveness in different soils and climates [16].
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Although N is essential for plant growth, it often exceeds the capacity of crops to absorb
it, leading to excess N leaching into rivers, lakes, and coastal waters, and consequently,
causing environmental degradation. Moreover, the production of nitrogen fertilizers is
energy intensive and contributes to greenhouse gas emissions, which further exacerbates
climate change [18–20].
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3. Nitrogen Pollution Sources

Understanding the sources of nitrogen pollution is essential for developing effective
mitigation strategies. Major sources include agricultural runoff, industrial effluents, and
domestic wastewater [21,22].

Since the early 1970s, the widespread pollution of water bodies by NO3-N due to
agricultural intensification in industrialized countries of North America and Western and
Central Europe has been a major concern [19]. This pollution directly resulted from the
extensive application of nitrogen fertilizers in these regions. Globally, 60% of areas with
elevated NO3-N levels in groundwater are found in croplands [23]. Although only 20% of
the total cultivated land is under irrigated agriculture, this land accounts for about 40% of
global food production. Consequently, the use of nitrogen fertilizers and the subsequent
loss of NO3-N to natural water bodies are significantly higher in irrigated croplands than
in rain-fed agriculture [19].

Domestic and industrial wastewaters are two major sources of nitrogen pollution in
urban rivers [24]. Human excreta, which is the primary component of domestic wastewater,
typically maintains stable concentration ratios of nitrogen, carbon, and phosphorus [25]. A
72-month monitoring dataset of water quality was used to assess the role of urban rivers
in regional nitrogen pollution and their response to changes in human activities. The
concentrations of ammonium nitrogen in urban rivers were found to be 3–5 times higher
than those in regional rivers, indicating that urban rivers have become significant reservoirs
of reactive nitrogen and hotspots of regional pollution [26].

Kaushal et al. [27] investigated the fate and transport of nonpoint N in forested,
agricultural, and urbanized watersheds using combined watershed N mass balances. They
found that the annual N retention was 55% in agricultural watersheds, 68% in urbanized
watersheds, and 82% in forest watersheds. Their analysis revealed that wastewater was
a significant NO3 source in urbanized streams during baseflow. The correlation patterns
indicated a mix between atmospheric deposition and wastewater in urban watersheds, with
atmospheric sources contributing approximately 50% at peak storm N loads. Furthermore,
denitrification processes appeared effective at removing septic-system- and agriculturally
derived N, although N from leaking sewers was less susceptible to denitrification [27].
Overall, nonpoint sources, such as atmospheric deposition, wastewater, and fertilizer,
showed varying levels of susceptibility to watershed N export. Significant changes in NO3
sources due to runoff underscore the necessity of anticipating source changes in response
to climate and storm events for the effective management of nonpoint N pollution [27].

Lee et al. [28] utilized a global land biosphere model to analyze historical terrestrial–
freshwater nitrogen budgets by considering the impacts of anthropogenic N inputs, at-
mospheric CO2, land use, and climate change. Their estimates indicate that globally,
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land sequesters approximately 11% of the annual N inputs. However, some river basins
sequester more than 50% of their N inputs, thereby buffering coastal waters against eu-
trophication and mitigating greenhouse gas-induced warming. Conversely, other basins,
particularly in the tropics, release more than 25% of their N inputs. This discrepancy is
largely due to recent deforestation, agricultural intensification, and the export of land N
storage, which create significant N pollution sources [28]. The tropics, despite covering
only 34% of the global land area and receiving much lower amounts of fertilizers compared
with the extratropics, are responsible for producing 56 ± 6% of the global land N pollu-
tion. Consequently, tropical land use must be carefully considered in global N pollution
management strategies [28].

Excessive nitrogen can lead to nutrient imbalances, while deficiencies can limit plant
growth. Efficient nitrogen management is essential to ensure sustainable agricultural
practices and food security [29]. The efficient use of NPK fertilizers is necessary for
food security and environmental preservation. Nutrient imbalances, particularly the
disrupted N ratio from anthropogenic activities, like crop fertilization and the expansion of
N-fixing crops, have continuously increased the soil N ratios, which has affected terrestrial
and aquatic ecosystems by altering the species composition and functionality, and thus,
threatening global biodiversity [30].

4. Impacts on Terrestrial Ecosystems

In terrestrial ecosystems, nitrogen is a limiting nutrient that regulates primary pro-
ductivity [31]. The availability of nitrogen directly impacts plant growth, soil fertility, and
ecosystem dynamics. Climate change, through mechanisms such as increased temperatures
and altered precipitation patterns, influences the nitrogen cycle and its availability in the
soil [32]. In terrestrial environments, both nitrogen deficiency and excess can interfere with
the lives of organisms.

In forest ecosystems, the nitrogen cycle is influenced by the vegetation type, as the
cover structure and root distribution affects the soil temperature, substrate availability,
litter composition, microbial diversity, nitrogen leaching, and gaseous nitrogen loss [33]. In
a forest, organisms compete for the limited nitrogen released through depolymerization
and mineralization processes. These organisms involve mature trees, naturally regener-
ating plants, various woody and herbaceous understory species, mycorrhizal fungi, and
free-living fungi and bacteria, both near and far from the rhizosphere. Direct competition
between these organisms can be mitigated by spatial and temporal separation in N acquisi-
tion. This includes occupying distinct soil compartments and/or preferentially absorbing
N during different seasons, as well as having varying preferences for N sources, such as
inorganic versus organic N compounds [34–36].

Tropical forests are important in the N cycle since they contribute about 70% of
terrestrial N fixation and release about 50% of N2O [37], and thus, they are the important
regulators of biogeochemical cycles. However, these environments are experiencing high
pressure from deforestation and rapid rates of land conversion to agriculture, which
influence the nitrogen cycle [38,39].

In a tropical forest, the continuous addition of nitrogen compounds from the atmo-
sphere, primarily due to human activities, such as industrial emissions and agricultural
practices, can lead to a condition known as nitrogen saturation, where the supply of ni-
trogen exceeds the biological demand. In forest ecosystems, this excess nitrogen results
in increased soil acidification, which negatively impacts tree growth and carbon storage
and shifts the nutrient limitation from nitrogen to phosphorus. Additionally, the increased
acidity and altered nutrient balance can reduce the plant diversity [40].

The historical and current decreases in N availability in the forest soil may have
been caused by altered ecosystem disturbance regimes. N has been continuously—and
is becoming more so—exported from ecosystems and transferred to the most populous
watersheds through the harvesting of biomass (wood, vegetables, meat). Many places are
experiencing an increase in the frequency of fires, which is linked to increased N losses
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across decadal time periods [40,41]. It was discovered that regular burning reduces soil
nitrogen by over 40% over the course of six decades in savanna grasslands and broadleaf
forests [42]. In cases where supplemental feeding is not practical (e.g., most rangelands
that are grazed without the use of fertilizers) and when frequent N losses occur without
significant inputs, a long-term decline in N availability will be difficult to avoid [43].

Soil acidification occurs when ammonium-based fertilizers are converted to NO3,
releasing hydrogen ions in the process. This increased acidity can leach essential nutrients,
like calcium and magnesium, from the soil, which further reduces its fertility [44]. High
nitrogen levels can also result in the loss of biodiversity. Certain plant species, particularly
those adapted to low-nitrogen conditions, may be outcompeted by nitrogen-loving species,
which leads to a decline in species richness and diversity. This shift can have cascad-
ing effects on the entire ecosystem, including reduced habitat complexity, which affects
herbivores and higher trophic levels [45], and diminished ecosystem resilience [46–48].

Dal Molin et al. [49] evaluated the N release rate and soil acidification caused by N
fertilizers. Treatments included urea, ammonium nitrate, and six coated fertilizers, with
all of them applied at 300 mg kg−1 N, along with a control (without N). Fertilizers were
mixed with 100 g of soil in plastic pots. Mineral N and soil pH were measured at 4, 7, 14,
21, 28, 35, 42, 49, and 56 days post-application. All fertilizers, except ammonium nitrate,
decreased the soil pH over time. Ammonium was the dominant N form in the soil up to
day 35 for all fertilizers, except ammonium nitrate. Sulfur + polymer-coated urea released
90% of its N from day 42, unlike other fertilizers. Coated N fertilizers did not effectively
reduce the soil acidification, with only sulfur + polymer-coated urea showing slow-release
characteristics [49].

While many experiments demonstrated that random species losses affect ecosystem
functionality, human-induced biodiversity losses are rarely random. Using data from long-
term grassland field experiments, Isbell et al. [50] tested the direct effects of chronic nutrient
enrichment on ecosystem productivity and the indirect effects mediated by species losses.
The findings revealed that the ecosystem productivity declined the most significantly in
the plots that experienced the highest species loss. Chronic nitrogen addition resulted in
the nonrandom loss of initially dominant native perennial C4 grasses. This selective loss
led to a productivity decline that was twice as great as that observed with random species
loss in a nearby biodiversity experiment. Thus, while chronic nitrogen enrichment initially
boosted the productivity, it also caused the loss of dominant plant species, which resulted
in substantial diminishing returns from nitrogen fertilization. In contrast, elevated CO2 did
not reduce the grassland plant diversity and consistently enhanced the productivity over
time. These results support the hypothesis that the long-term impacts of anthropogenic en-
vironmental changes on ecosystem functioning significantly depend on how these changes
reduce biodiversity and restructure communities [50].

High nitrogen levels can lead to the proliferation of nitrogen-loving species, often at
the expense of other plant species [51]. For instance, fast-growing grasses may outcom-
pete slower-growing forbs, which leads to homogenized plant communities with lower
species richness. Such changes can reduce the resilience of ecosystems to environmental
stressors, which makes them more susceptible to disturbances, such as drought, pests, and
diseases [52].

These alterations are the consequences of the temperature on microbial activity in the
soil, which influences organic matter decomposition, and consequently, nitrogen release.
The interactions between temperature, soil moisture, and microbial activity are complex
and can vary significantly across different ecosystems, which complicates the prediction of
the exact effects of climate change on nitrogen cycling [53].

A comprehensive understanding of nitrogen cycling also requires examining the
impacts of increased atmospheric CO2 concentrations. Elevated CO2 levels can enhance
plant growth and nitrogen uptake, which potentially leads to greater nitrogen sequestration
in plant biomass [54].
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5. Impacts on Aquatic Ecosystems

In aquatic ecosystems, nitrogen pollution often leads to eutrophication, which is
a process characterized by excessive nutrient enrichment that stimulates algal blooms.
These blooms can have severe ecological and economic consequences. Eutrophication is
a major environmental issue in aquatic ecosystems that is often driven by agricultural
runoff containing high levels of nitrogen and phosphorus. The resultant algal blooms and
later algal death can lead to the decomposition of this algal biomass by aerobic bacteria,
which consequently depletes the oxygen levels in the water, and thus, creates hypoxic or
anoxic conditions, commonly referred to as “dead zones”, where most aquatic life cannot
survive [55].

Certain types of algal blooms, known as harmful algal blooms (HABs), produce toxins
that are detrimental to both aquatic life and human health. These toxins can accumulate in
shellfish, which pose risks to human consumers, and can cause large-scale deaths of fish
and other marine organisms [56]. Nitrogen pollution leads to the degradation of water
quality, which affects its suitability for drinking, recreational activities, and supporting
biodiversity [57].

The presence of high NO3 levels in drinking water sources has become an increasing
concern due to their negative impacts on human health. The maximum contaminant
level for NO3 in public drinking water is 10 mg/L as NO3-N, which is equivalent to the
World Health Organization (WHO) guideline of 50 mg/L as NO3 (11.3 mg/L NO3-N) [58].
When water with nitrate concentrations above 10 mg/L [59] is ingested in high quantities,
NO3 can be converted into NO2 in the human body, which can interfere with the blood’s
ability to transport oxygen. This process is particularly dangerous for infants, which
leads to a condition known as methemoglobinemia, or “blue baby syndrome”. In this
condition, hemoglobin is oxidized to a form that cannot effectively carry oxygen, which
causes cyanosis and, in severe cases, hypoxia [59]. An awareness of contamination sources
and the implementation of sustainable agricultural practices are essential for protecting
drinking water sources and preventing the adverse health effects associated with NO3 [60].

The economic impacts of nitrogen pollution in aquatic ecosystems are significant due
to losses in commercial and recreational fisheries, reduced tourism revenue due to degraded
water bodies, and increased costs for water treatment [61]. The Gulf of Mexico, for instance,
experiences a large dead zone each summer due to nutrient runoff from the Mississippi
River, which highlights the far-reaching impacts of nitrogen pollution exacerbated by
climate change [62].

6. Mitigation and Adaptation to Climate Change

Addressing the impacts of climate change on nitrogen availability requires a com-
bination of mitigation and adaptation strategies. Implementing sustainable agricultural
practices, such as precision farming, cover cropping, and the use of slow-release fertilizers,
is important to reduce nitrogen runoff and enhance the nitrogen use efficiency [63]. Restor-
ing and preserving natural wetland areas is also effective since wetlands act as filters that
trap and remove nutrients from runoff before they reach open water [64,65].

Strong policies and regulations are essential to control nitrogen emissions from in-
dustrial and agricultural sources. This includes setting limits on fertilizer application,
improving wastewater treatment standards, and promoting best management practices [66].
Policies that incentivize sustainable practices and support research and innovation are
critical for developing new technologies and practices for managing nitrogen in the envi-
ronment. Advancements in soil testing, crop breeding for improved nitrogen uptake, and
real-time monitoring systems for nutrient levels are key areas of focus [67,68]. Increasing
public awareness and education about the impacts of nitrogen pollution and climate change
can drive behavioral changes and give support for environmental policies. Educational
campaigns and community engagement initiatives can promote sustainable practices at the
local level, fostering a culture of environmental management [68].
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Technical alternatives have also been reported. Biochar, which is a form of charcoal
produced from organic materials, has shown promise in reducing greenhouse gas emissions,
specifically N2O, from soils. Both initial biochar application and subsequent reapplications
have been effective in reducing N2O emission peaks during seasonal events, leading to
a 1–34% decrease in cumulative N2O emissions over the study period compared with
treatments without biochar [69]. This reduction is primarily attributed to the increase in soil
pH due to biochar application, rather than the reduction in NH4

+ and NO3
− levels. These

findings suggest that biochar application, either as a single treatment or with reapplications,
with or without nitrogen fertilizer, is a viable strategy for enhancing the sustainability
of intensive agriculture. The study recommended applying biochar at a rate of 20 t ha−1

under conventional nitrogen application, with a second application of the same amount
after four years. For more intensive fertilization, the recommended biochar input is also
20 t ha−1, but without the need for reapplication [69].

The application of biochar and urease inhibitors in urea-fertilized soils can signifi-
cantly reduce NH3 emissions and N2O while simultaneously enhancing the nitrogen use
efficiency and crop productivity in wheat [70]. Specifically, the combined use of biochar
and urease inhibitors reduced the NH3 emissions by 69% and N2O emissions by 53% while
increasing the biomass by 38% and grain yield by 22% compared with urea application
alone. The introduction of biochar also positively influenced the nitrogen dynamics in the
soil, which promoted greater retention of NH4+ and reduced NO3

− concentrations, and
thereby mitigated nitrogen losses through volatilization and leaching [70].

The use of urease inhibitors in urea-based fertilizers offers significant benefits by
reducing nitrogen losses due to volatilization, thereby improving the nitrogen use efficiency
and potentially lowering overall fertilizer costs [71]. Recent experiences highlight that
these inhibitors can enhance the crop yield and quality by ensuring a more stable nitrogen
supply. Given the recent spike in fertilizer prices, the cost-effectiveness of urease inhibitors
becomes particularly relevant, as they can reduce the need for frequent fertilizer appli-
cations [71,72]. The application of urease inhibitors, such as N-(n-butyl) thiophosphoric
triamide and N-(propyl) thiophosphoric triamide, in various crop types, including rice,
barley, cotton, and maize, demonstrated significant benefits in enhancing the crop growth
and nitrogen use efficiency. For instance, rice and maize showed improved grain yields
and nitrogen uptake, while cotton exhibited an enhanced leaf chlorophyll content and fiber
quality [73]. Additionally, the use of these inhibitors reduced the ammonia volatilization
and nitrogen losses, particularly under conditions conducive to volatilization or denitri-
fication, as observed in wheat and pasture systems [73]. However, the effectiveness of
urease inhibitors varied depending on the crop type, soil conditions, and environmental
factors, highlighting the need for tailored applications to optimize nitrogen management in
agricultural practices [73].

Nitrification inhibitors can be used to reduce N2O emissions from agricultural soils,
but their effectiveness can vary significantly depending on the soil temperature and mois-
ture levels. For example, Guo et al. [74] studied the efficacy of nitrification inhibitors in
mitigating N2O emissions under various soil temperature and moisture conditions. They
found that 3,4-dimethylpyrazole phosphate and 3-methylpyrazole were more effective than
dicyandiamide in sandy soil at different moisture levels and temperatures. Specifically,
3,4-dimethylpyrazole phosphate was the most effective by completely inhibiting N2O
emissions at temperatures between 15–25 ◦C and up to 80% water-holding capacity. As a
result, this inhibitor is recommended for use in agricultural lands [74]. In a study on the
use of 3,5-dimethylpyrazole as a nitrification inhibitor in soils, Lu et al. [75] found that
3,5-dimethylpyrazole application significantly inhibited nitrification, which reduced the
soil nitrate reductase activity while increasing the nitrite reductase and dehydrogenase
activities. The inhibitory effect was dose dependent, with the concentration of 0.025 g/kg
dry soil showing the strongest inhibitory effect on nitrogen transformation. These findings
suggest that 3,5-dimethylpyrazole can be an effective tool for mitigating nitrate leaching
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and greenhouse gas emissions by promoting a slower nitrogen transformation in the soil,
which can be beneficial for low-carbon agriculture and environmental sustainability [75].

Ren et al. [76] observed that the use of UAN (urea–ammonium nitrate) fertilizer
significantly reduced N2O emissions and enhanced the nitrogen use efficiency compared
with conventional urea. Specifically, UAN reduced the N2O emissions by 39.3% and
improved the nitrogen recovery efficiency by 31.2%. Additionally, UAN increased the
maize grain yield by 9.1% compared with urea, indicating a more efficient nitrogen uptake
and utilization. The study also found that UAN led to lower soil NO3-N and NH4-N
concentrations in the surface soil layer, which reduced the risk of nitrogen leaching and
environmental pollution. Dattamudi et al. [77] demonstrated that the use of urea as a
nitrogen source results in significantly higher N2O emissions compared with UAN in
sugarcane production. The study found that the N2O emissions from the urea-treated
plots were 1.43 to 3.16 times greater than those from the UAN-treated plots. Specifically,
the emission factors for N2O were 3.52% and 4.45% for urea under residue-burned and
residue-retained management practices, respectively, compared with 1.67% and 2.46% for
UAN under the same conditions. The majority of these emissions occurred within four
weeks following the nitrogen application, where the residue-retained treatment showed
higher emissions due to the increased soil moisture content [77].

The study by Ren et al. [78] investigated the effects of combining UAN with urease and
nitrification inhibitors on the yield, nitrogen efficiency, and ecological impacts in summer
maize under fertigation. The treatments included no inhibitor, nitrification inhibitor, urease
inhibitor, and a combination of both inhibitors. The results indicated that integrating UAN
with either inhibitor reduced the cumulative N2O emissions, global warming potential,
and greenhouse gas intensity. Specifically, the cumulative N2O emissions were decreased
by 45.7% with the inhibitor combination, 25.3% with the urease inhibitor, and 35.8% with
the nitrification inhibitor treatments compared with the no inhibitor treatment [78]. The
application of urease inhibitors significantly reduced the NH3 volatilization, where the
urease inhibitor and inhibitor combination treatments showed reductions of 30.7% and
23.4%, respectively, while the nitrification inhibitor treatment increased it by 12.3%. Fur-
thermore, the use of inhibitors with UAN significantly enhanced the NO3-N and NH4-N
concentrations in the 0–20 cm soil layer and minimized the NO3-N leaching into deeper
soil layers [78].

Nikolajsen et al. [79] examined the effects of different nitrogen fertilizers on ammonia
emissions and crop yield. The research found that when UAN was used without any
inhibitors, it led to the highest ammonia emissions, with up to 17% of the applied nitrogen
being lost as NH3. In contrast, when the urease inhibitor N-(n-butyl) thiophosphoric
triamide was used, the ammonia emissions were reduced to 11% [79]. Furthermore, the
combination of NBPT with the nitrification inhibitor 3,4-Dimethylpyrazole succinic acid
lowered emissions even further to 7%. The study, which was conducted on Triticum aestivum
L. (winter wheat) grown in a cool temperate climate with sandy loam soil, also observed
a wheat grain yield increase of up to 14% with the use of these inhibitors. These results
underscore the effectiveness of inhibitors in reducing nitrogen losses and enhancing crop
yield, which are particularly important under the varying temperature and precipitation
conditions influenced by climate change [79].

A study conducted by Peng et al. [80] found that applying Streptomyces JD211 to rice
soils significantly reduced the N2O emissions by 32.0–68.6% across treatment groups with
0.1–1.0% concentrations. Streptomyces JD211 maintains soil mineral nitrogen content during
rice growth by lowering NH4

+-N and NO3—N levels in the early stages of cultivation. It
also alters the rice rhizosphere microbial community by increasing beneficial bacteria, like
Burkholderia and Streptomyces, while reducing NO2-oxidizing bacteria, such as Nitrospirota.
Furthermore, Streptomyces JD211 impacts nitrogen cycle functional genes by decreasing
those involved in N2O production (hao, norB, norC) and increasing those related to N2O
reduction (nosZ, hcp). Additionally, the agent promotes rice seedling growth by enhancing



Nitrogen 2024, 5 697

the seedling height and root number and length, indicating its potential to improve the
crop yield and soil health, which makes it a promising tool for sustainable agriculture [80].

This holistic approach, which integrates sustainable agricultural practices, robust
policies, innovative research, and public education, is essential for effectively managing
nitrogen availability and mitigating its environmental impacts. By addressing the issue from
multiple angles, we can develop comprehensive solutions that protect our environment,
ensure food security, and promote the health and well-being of future generations. The
combined efforts of policymakers, researchers, farmers, and the public will be necessary in
achieving these goals and creating a sustainable future for all.

7. Conclusions and Perspectives

Climate change is inherently linked to nitrogen availability in terrestrial and aquatic
ecosystems. Global warming and changes in precipitation patterns affect nitrogen cy-
cling, which results in imbalances that can have negative consequences for the ecosystem
health. Developing and implementing mitigation and adaptation strategies is essential to
addressing these challenges and ensuring the sustainability of ecosystems. Continuous
investments in research and innovation are fundamental to improving our understanding
and management of nitrogen availability in a changing world.

Future research should prioritize understanding the interactions between climate
change and nitrogen cycling across various ecosystems. Long-term studies are essential to
assess the cumulative impacts of climatic changes on nitrogen availability and ecosystem
health. These studies can provide valuable insights into how different ecosystems respond
to changes in temperature, precipitation, and CO2 levels, thereby identifying vulnerabilities
and informing adaptation strategies.

Developing more accurate predictive models to anticipate the effects of climate change
on nitrogen cycling is also important. These models can guide policies and management
practices that minimize negative environmental impacts and promote the sustainability of
natural resources.

Additionally, research should explore the socio-economic impacts of nitrogen im-
balances, especially in regions that are heavily dependent on agriculture and fisheries.
Understanding how changes in nitrogen availability affect food security, livelihoods, and
economic stability can help to design more effective and equitable mitigation and adapta-
tion strategies. Conducting case studies and regional assessments will provide detailed
insights into the specific challenges and solutions related to nitrogen cycling in differ-
ent geographic areas, and thus, highlight best practices and inform local and regional
policy decision.

Innovative technologies, such as biochar application, nitrification inhibitors, and
advanced wastewater treatment processes, offer promising solutions for managing nitrogen
in the environment. Biochar can enhance soil fertility and increase nitrogen retention, which
reduces the need for fertilizers and mitigating nitrogen runoff. Nitrification inhibitors can
slow the conversion of ammonium to nitrate, which reduces nitrogen losses through
leaching and denitrification. Advanced wastewater treatment processes can improve
nitrogen removal from domestic and industrial effluents, which reduces their impact on
the water quality. Evaluating these technologies for effectiveness, cost, and scalability is
essential to determine their feasibility and potential for widespread adoption.

Interdisciplinary approaches are critical for addressing the complex issues of nitrogen
cycling and climate change. Integrating insights from ecology, agronomy, economics,
and social sciences can provide a more comprehensive understanding of the interactions
between climate change and nitrogen dynamics. Collaborative research efforts that bring
together experts from different fields can lead to more effective solutions and inform
policies and practices that promote sustainability.
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