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Abstract: Agricultural land in China represents a major source of nitrous oxide (N,O) emissions,
and as population growth and technological advancements drive agricultural intensification, these
emissions are projected to increase. A thorough understanding of historical trends and future dy-
namics of these emissions is critical for formulating effective mitigation strategies and advancing
progress toward the Sustainable Development Goals. This study quantifies NoO emissions across
31 provinces in China from 2000 to 2021, employing the IPCC coefficient method alongside China’s
provincial greenhouse gas inventory guidelines. The spatiotemporal evolution of emission intensities
was examined, with the Stochastic Impacts by Regression on Population, Affluence, and Technol-
ogy (STIRPAT) model employed to assess the influence of population, technological development,
economic growth, and energy structure. The findings confirm that agricultural land remains the
primary source of N,O emissions, with significantly higher levels observed in eastern coastal regions
compared to western inland areas. Implementing targeted mitigation strategies, such as enhanced
agricultural- and manure-management practices and region-specific interventions, is imperative to
effectively curb the rising emission trends.

Keywords: nitrous oxide from agricultural sources; IPCC coefficient method; spatiotemporal evolution;
scenario forecasting

1. Introduction

Effectively managing non-CO, greenhouse gas emissions (non-CO, GHG emissions)
from agricultural activities is crucial for China to fulfill its climate commitments [1]. Among
these emissions, nitrous oxide (N,O) from agricultural activities stands out as a key con-
tributor due to its high global warming potential and significant role in the agricultural
emissions profile [2—4]. NO, the third largest greenhouse gas after carbon dioxide (CO,)
and methane (CHy), has a global warming potential 265 times that of CO, and depletes
the ozone layer [5]. N,O has a 114-year atmospheric lifetime [6] and has steadily risen in
concentration since 1750 [7], reaching 332 ppb in 2021. N,O emissions in agriculture are
primarily driven by nitrogen fertilizer use, significantly increasing anthropogenic emissions.
Overall, global per capita fertilizer use rose from 3 kg in 1960 to 15 kg in 2018 [8]. Over
the past decade, global soil N,O emissions have increased by 59% from pre-industrial
levels, with agricultural soils contributing 82% [9]. In China, agricultural N,O emissions
surged from 889.6 Gg/year in 1980 to 2295.0 Gg/year in 2020 [10]. Despite the 2024 govern-
ment report’s emphasis on emissions reduction and climate governance, national policies
still prioritize CO,, lacking regulation for non-CO; greenhouse gases, which may hinder
broader mitigation efforts [11]. Given that agricultural N,O emissions are a critical driver of
climate change [12], accurately assessing current emissions and future trends in this sector
is essential for achieving China’s “carbon peaking” and “carbon neutrality” goals. Studies
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indicate that the carbon emission intensity in cities of the Yangtze River Delta exhibits
significant spatial clustering closely linked to the agricultural scale, crop structure, and
resource use efficiency [13].

Prior research has systematically evaluated various techniques to mitigate non-CO,
GHG emissions from agricultural activities, demonstrating that approaches such as emis-
sion accounting, targeted reduction strategies, and scenario-based simulations provide
structured frameworks for effective emission control and sustainability advancements in
the agricultural sector [14,15]. Techniques targeting agricultural N,O emissions are crucial
given N>O’s significant role in agricultural greenhouse gas profiles [16]. The IPCC’s method
for greenhouse gas inventories, adaptable across regions, is widely adopted internationally.

In comparison, methodologies like Life Cycle Assessment (LCA) [17,18], meta-analysis [19,20],
and Computable General Equilibrium (CGE) models [21,22] are less frequently utilized.
Moreover, major international organizations and databases, including the World Bank
(WB), the World Resources Institute (WRI), and the Emissions Database for Global Atmo-
spheric Research (EDGAR), have also adopted the IPCC emission factor method to compile
inventories of non-CO, GHG emissions from agricultural sources [23,24]. Limiting global
warming to 1.5 °C requires substantial reductions in agricultural CH4 and N,O emissions,
which account for approximately 10-12% of total anthropogenic greenhouse gases [25].
For the 1.5 °C target, a 22% reduction in N»O emissions is required from 2020 to 2050 [26].
Studies suggest that, without cutting non-CO, emissions, achieving net-zero CO, may need
to be accelerated by around 20 years, making integrated mitigation strategies essential [27].

In China, cost-effective mitigation scenarios project that by 2030, reductions in CHy,
fluorinated gases, and N,O could reach 35%, 30%, and 40%, respectively, from 2015 levels.
Measures such as straw incorporation [28], converting cropland to forests or grasslands [29],
and promoting energy crops [30] have proven effective in offsetting agricultural greenhouse
gas emissions, including N,O. Integrated mitigation strategies are more effective than
single approaches in reducing greenhouse gas emissions, especially for addressing the
complexities of agricultural N,O emissions. This study focuses on agricultural N,O’s role in
China’s greenhouse gas profile, offering targeted insights for mitigation. Applying the IPCC
inventory method, this research develops region-specific scenarios, analyzes agricultural
N,O emission trends and drivers from 2000 to 2021, and simulates future emissions to
support reduction strategies. These findings aim to inform China’s climate commitments
by providing data-driven insights to optimize regional mitigation policies and enhance
sustainable agricultural practices that align with national and global climate goals.

2. Methodology and Data

Figure 1 illustrates the generation process of N,O from agricultural sources. The
main sources of agricultural N,O emissions include emissions from agricultural land and
emissions from animal manure management. The N,O emissions from agricultural land
arise from both direct and indirect emissions. Direct emissions encompass three aspects:
firstly, emissions resulting from chemical fertilizers (nitrogen fertilizers, phosphate fertiliz-
ers, potash fertilizers, and compound fertilizers); secondly, manure discharge; and thirdly,
the emission of crop residues. Indirect emissions are mainly attributed to two pathways:
nitrogen oxides and ammonia from fertilizers applied to soils and livestock and poultry
manure, which generate N,O emissions through the process of nitrogen deposition in
the atmosphere; nitrogen in the soil enters the water body via leaching or runoff to form
N;O. This process involves nitrogen-cycle mechanisms, including ammonia volatilization,
nitrogen migration, and conversion, which influence indirect N,O emissions. In animal
manure management, N,O emissions are mainly caused by the storage and treatment of
organic matter in manure and emissions from nitrogen conversion during nitrification
or denitrification.
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Figure 1. Processes and key drivers of agricultural N,O production.

2.1. Methodology

In this study, the emission factor methodology of the International Panel on Climate
Change (IPCC) was employed to assess the total N,O emissions from agricultural activities
in each provincial administrative region [31]. The selection of the emission factors was
conducted in accordance with the 2019 revised edition of the IPCC 2006 Guidelines for the
Preparation of Greenhouse Gas Emission Inventories and the relevant data provided in the
Guidelines for the Preparation of Provincial Greenhouse Gas Emission Inventories (Trial
Version) issued by the National Development and Reform Commission [32]. The IPCC
emission factor methodology, suitable for global trend analysis, emphasizes producer re-
sponsibility; in contrast, China’s provincial guidelines adopt a consumer-focused approach
and leverage localized data, enhancing regional specificity and precision—an approach
well-suited for nuanced carbon emission management.

Eno = 2<N20direct + NaOeposition + N2Oleaching + ENzomm,g) (1)

where En,o represents the total volume of N>O emissions stemming from agricultural
sources, N2Oyijrect represents direct NoO emissions from crop farmland, NaOyeposition T€P-
resents indirect emissions of N,O caused by atmospheric nitrogen deposition, N2Ojeaching
represents indirect emissions of N,O from dissolution runoff, and NyOyanur. represents the
management of NoO emissions for livestock manure. In this study, the natural breakpoint
method was used to classify and analyze the nitrous oxide emissions from agricultural
sources in various provinces.

2.2. Accounting Methods for N,O Emissions from Agricultural Land

In agriculture, N, O emissions can be divided into two categories: direct and indirect.

2.2.1. Direct Emissions

This source mainly stems from nitrogenous fertilizers applied on agricultural land,
such as chemical nitrogen fertilizers and organic fertilizers (manure fertilizer and crop
straw). Considering that the application of chemical fertilizers is significantly higher than
that of organic fertilizers [33], and data on the use of the latter are often difficult to obtain
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accurately, the impact of chemical fertilizers and straw returning is mainly considered
when assessing direct N,O emissions from agricultural land.

NoOgirect = (Nfertilizer + Ncrop residue) X EFjirect (2)

where N>Oyjrect represents direct N,O emissions from agricultural land, Netijizer indicates
the amount of chemical fertilizer applied (nitrogen fertilizer and compound fertilizer),
Nerop residue indicates the nitrogen input of straw returning (aboveground straw returning
nitrogen and underground root nitrogen), and EFg;,..; indicates the direct N,O emission
factors from agricultural land (Table 1).

Table 1. Direct emission factors of N, O from agricultural land (kg N>O-N per kg of N input).

Region EF girect Range
Zone I (Shaanxi, Gansu, Xinjiang, Inner Mongolia, Ningxia, Tibet, Shanxi, Qinghai) 0.0056 0.0015~0.0085
Zone II (Liaoning, Jilin, Heilongjiang) 0.0114 0.0021~0.0258
Zone III (Beijing, Shandong, Hebei, Henan, Tianjin) 0.0057 0.0014~0.0081
Zone IV (Zhejiang, Jiangsu, Shanghai, Chongqing, Hunan, Sichuan, Jiangxi, Hubei, Anhui) 0.0109 0.0026~0.022
Zone V (Hainan, Guangxi, Fujian, Guangdong) 0.0178 0.0046~0.0228
Zone VI (Guizhou, Yunnan) 0.0106 0.0025~0.0218

Note: The data are from the literature [34], and the data from Hong Kong, Macao, and Taiwan are unavailable.

Among them, the equation for calculating nitrogen input from straw returning is
shown in Equation (3) [32].

Ncrop redidue = 2?21 l:(jfll - Mz’) X B X Kj+ % X & X K; 3)
where Niyop residue represents nitrogen used for returning straw, M; represents the yield of
the ith crop in terms of grain, L; represents the crop’s economic coefficient, (3; represents
the crop straw return rate, K; represents the percentage of nitrogen in the crop straw, and
o; represents the root—shoot ratio of crops. The parameters listed in Table 2 follow the
standardized values provided in the Guidelines for Provincial Greenhouse Gas Inventory
Compilation (Trial) by the National Development and Reform Commission (NDRC).

Table 2. Parameters of the main crops.

Nitrogen Nitrogen

Economic Root-Shoot Straw
Crop Category Content.of Content of Coefficient Ratio Return Rate
the Grain Straw
Rice 0.01 0.00753 0.489 0.125 0.323
Wheat 0.014 0.00516 0.434 0.166 0.765
Corn 0.017 0.0058 0.438 0.17 0.093
Sorghum 0.017 0.0073 0.393 0.185 0.04
Soybean 0.06 0.0181 0.425 0.13 0.093
Hemp 0.0131 0.0131 0.83 0.25 0.093
Potato 0.004 0.011 0.667 0.05 0.3992
Rapeseed 0.00548 0.00548 0.271 0.15 0.6185
Vegetable leaves 0.008 0.008 0.83 0.25 0.6185
Tobacco 0.041 0.0144 0.83 0.2 0.6185

2.2.2. Indirect Emissions

The equation for calculating N,O emissions from atmospheric nitrogen deposition is
shown in Equation (4) [32].

NZOdeposition = (Nlivestock X 20% + Ninput X 100/0) x 0.01 (4)
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where Njjyestock T€presents the nitrogen content in poultry and livestock manure, and Nj
represents the nitrogen input of the farmland soil. According to the Guidelines for the
Preparation of Provincial Greenhouse Gas Inventories (Trial) for Njjyestock and Nippyt, the
recommended values for nitrogen volatilization rates are 20% and 10%, respectively, and
the corresponding emission factors are set at 0.01.
The equation for calculating N,O emissions caused by leaching runoff is shown in
Equation (5) [32].
N2Oleaching = Ninput X 20% x 0.0075 )

where Ny Ojeqening indicates the indirect emission of N>O caused by leaching runoff. The
quantity of nitrogen lost by nitrogen leaching and runoff accounted for 20% of the nitrogen
input to agricultural land. The N>O emission factor due to leaching and runoff was 0.0075.
Specific parameters can be found in the Guidelines for the Compilation of Provincial
Greenhouse Gas Inventories (Trial) issued by the NDRC.

2.3. Accounting Methods for N,O Emissions from Animal Manure

N,O emissions from livestock manure management include N,O from storage and
treatment prior to soil application. Equation (6) [32] is as follows:

ENZOmanure = Z?:l EFNZOmanure X Apl X 1077 (6)

Among them, the equation for calculating the nitrogen input from straw return is
shown in Equation (3).

where En, 0, T€PTesents managing NoO emissions for animal manure, EFn, 0,0
represents managing emission factors for livestock and poultry manure in category i, AP;
represents the number of animals in livestock and poultry category i, and the specific
parameters are shown in Table 3.

Table 3. Emission factors of greenhouse gases from animal manure management (kg per (head a)).

. Dairy Non-Dairy . Donkey/

Region Cattle Cows Buffalo Sheep Goat Pig Poultry Horse Mule Camel
North 1.846 0.794 — 0.093 0.093 0.227
Northeast 1.096 0.913 — 0.057 0.057 0.266
East 2.065 0.846 0.875 0.113 0.113 0.175
Central 1.710 0.805 0.860 0.106 0.106 0.157

South

Southwest 1.884 0.691 1.197 0.064 0.064 0.159
Northwest 1.447 0.545 — 0.074 0.074 0.195

Note: The data are sourced from the literature [32].

2.4. Accounting Methods to Determine the Intensity of Non-Carbon Dioxide Greenhouse Gas
Emissions from Agricultural Activities

In this study, the intensity of N,O emissions is assessed by calculating the emissions
intensity concerning agricultural value added (GHGI;) and agricultural land area (GHGI,)
on a per-unit basis. N,O emission intensity refers to a metric that measures the amount of
nitrous oxide (N,O) emissions per unit of output. It is calculated as follows:

GHGI, , — [ )
1) ==
Gj
E;j

GHGly = L (8)

]
where GHGI; j and GHGI, j represent the emission intensity per unit of agricultural added
value (t COz-eq/CNY 10,000) and the emission intensity per unit of agricultural land area
(kg CO,-eq/km?) of region j, respectively. E j represents N>O emissions from agricultural
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sources, G; is the agricultural value added of region j, and A is the area of farmland (the
arable land plus pasture area) in area j. This study used the natural breakpoint method to
classify the N,O emission intensity of agricultural sources in various provinces of China
(including municipalities and autonomous regions).

2.5. NyO Emission Scenario Prediction Model from Agricultural Activities

This study employs the scalable STIRPAT model to project future nitrous oxide emis-
sions by evaluating the interactions among population, economy, technology, and the
environment. The STIRPAT model is fundamentally structured as follows:

I=aPPA°T 9)

In the aforementioned equation, I, P, A, and T represent the environmental pressure,
demographics, affluence, and technological level. « refers to the constant term of the model,
and b, ¢, and d represent, respectively, the elasticity of the impact of population, income,
and technology on environmental pressures. & represents the model’s error term. On
this basis, to profoundly analyze the factors affecting N,O emissions from agricultural
activities, the logarithmic processing of both sides of the model was conducted to obtain
the following:

Inl = Ina +bInP 4 cInA +dInT + eInG + fInAG + gInRP + Ine (10)

where b, ¢, d, e, f, and g represent the coefficients of each index; P denotes demographics; A
represents GDP per capita; T denotes the total power of agricultural machinery, indicating
the degree of agricultural mechanization; G represents the effective irrigation area of
agriculture, reflecting the status and stability of agricultural production and operation;
AG represents the gross agricultural output value, reflecting the scale of rural economic
development; and RP represents the size of the rural population and demonstrates the
level of urbanization.

To verify the Kuznets curve (EKC) of China’s agricultural N,O environment, this
study incorporated the secondary and tertiary terms of the per capita gross domestic
product (GDP) into the analysis model to investigate whether there is a “U” or “N”-
shaped relationship between per capita GDP and N,O emissions. The model is presented
as follows:

Inl = Ina + bInP + cInA + m(InA)* + n(InA)® + dInT + eInG + fInAG + gInRP + Ine (11)

This study employed the methods of literature review, policy document review, and
existing data trend analysis to construct three distinct levels of change: low, medium, and
high (Table 4). Data from 2000 to 2021 were selected and applied to the STIRPAT model
for an in-depth analysis. Based on the unique attributes of different regions, a series of
scenarios were developed, and a baseline model was constructed to predict the potential
trends in N, O emissions from agricultural activities in each region from 2025 to 2050. The
growth rates in the baseline scenario were set based on government plans and historical
trends, while those in the high and low scenarios were adjusted according to the literature
to ensure that the analysis captures potential economic and social variations.

Table 4. Rate of change setting.

Variable Level of Time Period of Change
Change (%) 2025-2030 2031-2040 2041-2050
Low 0.5 0.10 1.50
Demographic [35] Middle 1.00 0.60 1.10

High 1.50 0.20 0.70
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Table 4. Cont.
Variable Level of Time Period of Change
Change (%) 2025-2030 2031-2040 2041-2050

Low 2.50 2.0 1.50
GDP per capita [36] Middle 3.50 3.00 2.50
High 5.50 4.50 3.50
Low 3.00 2.50 2.00
Agricultural mechanization [37] Middle 3.50 3.00 2.50
High 4.00 3.50 3.00
Low 0.07 0.10 0.15
Effectively irrigated area Middle 0.10 0.13 0.18
High 0.13 0.16 0.21
Low 2.90 3.10 3.20
Agricultural output value [38] Middle 3.30 3.50 3.60
High 3.40 3.60 3.70

Low —2.00 —1.00 —0.50

Rural populations [35] Middle —3.50 —2.00 —0.50

High —5.00 —3.50 —2.00

Note: The data on the effective irrigated area are derived from statistical data fitting.

2.6. Data

The data range from 2000 to 2021 was selected to comprehensively capture trends in
agricultural N,O emissions in China across various policy phases, technological advance-
ments, and climate initiatives. The crop yield data were sourced from various publications,
including the China Statistical Yearbook, the China Agricultural Yearbook, the China
Animal Husbandry Yearbook, and local statistical yearbooks. Additionally, the areas of
cultivated land and pastureland were obtained from the China Rural Statistical Yearbook,
the China Land and Resources Yearbook, and the China Environment Yearbook. ArcGIS
10.8, Origin Pro 2024, and Stata MP 17 were used for data analysis and statistical processing.

3. Results and Discussion
3.1. Evolution of Spatiotemporal Patterns of Nitrous Oxide Emissions from Agricultural Sources

Agricultural land is the dominant source of N,O emissions (Figure 2). In 2021, national
N,O emissions totaled 77.87 Mt CO;-eq, with agricultural land contributing 55.13 Mt CO;-
eq and animal manure management contributing 22.75 Mt CO,-eq. Of the agricultural
emissions, 89.32% stemmed from chemical fertilizer application, resulting in 49.39 Mt CO;-
eq. In 2007, N,O emissions from livestock activities sharply declined due to disease control
measures, particularly in response to the H5SN1 avian influenza outbreak, the implemen-
tation of regulatory policies such as the Measures for the Management of National Meat
Reserves and the Animal Disease Quarantine Law, and severe flooding in the Huaihe River
Basin. These policies not only curbed emissions in the short term but also catalyzed the
adoption of more efficient animal-management practices. Similar environmental and health-
related disruptions, including widespread flooding in 2017 and 2018 and the outbreak of
African swine fever in 2019, further contributed to significant reductions in emissions from
livestock by accelerating advancements in biosecurity and animal health monitoring. The
temporal variation in NoO emissions from agricultural activities has been relatively stable;
however, regional disparities are more evident. Emissions have decreased in highly urban-
ized regions such as Beijing, Tianjin, and Shanghai, where agricultural activities comprise
a smaller share of land use and technological improvements in precision farming have
reduced fertilizer overuse. Conversely, emissions are rising in regions like Inner Mongolia,
Jilin, Heilongjiang, Ningxia, and Xinjiang, where agricultural practices are more extensive
and nitrogen-use efficiency technologies have been integrated more slowly. Regions like
Tibet, Qinghai, and Ningxia, with smaller agricultural land areas and crops with lower
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nitrogen demand (e.g., barley, wheat, and potatoes), demonstrate lower fertilizer use and,
consequently, lower N> O emissions. These policy interventions and economic impacts are
clearly reflected in the observed N,O emission trends, highlighting how a combination
of regulatory measures, environmental factors, and technological advancements collec-
tively influence emission patterns over time. However, the effectiveness of these policies
varies, with urbanized areas more rapidly adopting low-emission technologies compared
to regions dependent on traditional agricultural practices.
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Figure 2. Cumulative agricultural N,O emissions by province in periods from 2000 to 2021.

From a regional perspective (Figure 3), Eastern, Central, and Southwest China sig-
nificantly contribute to N,O emissions in China. Emissions in East China have gradually
declined over time, while N;O emissions in Northeast China have increased year after
year, particularly in Heilongjiang. There was no alteration in the proportion of cumulative
N,O emissions in North China and Southwest China during the four time periods, but
the specific emissions of each province and region varied. For instance, N,O emissions in
Beijing and Tianjin in Northern China have been decreasing yearly, while in Inner Mongolia,
they have been rising.
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Figure 3. Cumulative N,O emissions from agricultural sources by region and period (2000-2021).

In this study;, five key time points (2000, 2005, 2010, 2015, and 2021) were selected to
analyze the temporal and spatial evolution of N,O emissions from agricultural sources in
China, with a focus on identifying emission types and their provincial distributions.

From a spatiotemporal perspective, total agricultural N,O emissions exhibited an
initial increase, peaking at 69.99 Mt CO,-eq in 2000 and 84.01 Mt CO;-eq in 2015, before
decreasing to 77.87 Mt CO;-eq in 2021, reflecting an overall growth of 11.26%. High-
emission regions were predominantly located in the southeast of the Yangtze River Basin;
southern coastal areas; and provinces such as Henan, Guangdong, Guangxi, Shandong,
and Hubei.

Regionally, East China contributed the highest emissions, accounting for 25.33% of
the national total, with Jiangsu, Shandong, and Anhui leading within this region. Central
China followed, with Henan responsible for 41.20% of the regional emissions, positioning
it as the largest emitting province.

Temporal analysis revealed notable increases in emissions from 2000 to 2005 across
Central, Northeastern, and Southwestern China, with Inner Mongolia, Xinjiang, Ningxia,
Jilin, and Heilongjiang experiencing substantial growth. By 2010, Central and Northeastern
China continued to exhibit significant emission increases. In 2015, emissions rose across
most regions, with a minor decline observed in Southern China. By 2021, emissions in
Northeast China had surged by 47.59% relative to 2000, while East China saw a 15.55%
reduction. Although Guangdong, Guangxi, and Henan remained among the highest
emitting provinces, their emissions decreased between 2015 and 2021—from 5.66 Mt CO;-
eq to 4.85 Mt CO;-eq in Guangdong and Guangxi, a reduction of 14.31%, and from 6.6 Mt
COy-eq to 5.69 Mt CO,-eq in Henan, a decline of 13.79%.

3.2. Changes in the Emission Intensity of N,O Gas from Agricultural Sources

The analysis of N,O emission intensity from agricultural sources is fundamental
for informing environmental policy decisions. Figure 4a—c depicts the spatiotemporal
distribution of N,O emissions per unit of agricultural value added. In 2000, provinces such
as Zhejiang, Tianjin, Xinjiang, Shaanxi, Beijing, and Gansu exhibited relatively low emission
intensities, whereas a general west-to-east increasing trend was observed in other regions.
The provinces of Guangxi, Tibet, and Qinghai reported the highest emission intensities, a
trend that persisted throughout the period from 2000 to 2021. Despite regional disparities,
national emissions intensity has shown an overall annual decline, largely attributed to the
intensification of animal husbandry and advances in industrialization. By 2021, Tibet, Jilin,
and Qinghai remained among the provinces with the highest emission intensities, although
Qinghai experienced a significant reduction of 85.06%, from 31.26 t CO;-eq/CNY 10,000 to
4.67 t COz-eq/CNY 10,000.



Agriculture 2024, 14, 2074

10 of 17

a.Agricultural Added Value Emissions in 2000 d.Agricultural Land Area Emissions in 2000 GEEN\

~
AN

—

500 km
L |

2 L o
500 km “J

b.Agricultural Added Value Emissions in 2010

500 km
|

0k k\r""\ ol ’

Emission latensity per Unit of Agricultural Value Added (t CO-eq/10,000 CNY)

Nodsta 089 265 604 1388 3127

Figure 4. Intensity of agricultural N,O emissions per unit of agricultural value added and per unit of
agricultural land area in 2000, 2010, and 2021.

Figure 4d—f further illustrates the distribution of N,O emissions per unit of agricultural
land area, revealing a clear geographical dichotomy along the “Hu Huanyong Line”. The
Hu Huanyong Line represents a geographical demarcation in China, frequently used to
delineate the spatial distribution of population and economic development. It roughly
spans from Heihe in Heilongjiang Province to Tengchong in Yunnan Province. To the west
of this line, the population is sparse, and the region is characterized by lower levels of
economic development. In contrast, the area to the east is densely populated and exhibits
more advanced economic conditions. West of the line, most provinces, except for Beijing,
experienced modest increases in emission intensity. In contrast, eastern regions saw more
substantial increases, particularly in South China, driven by rapid urbanization and the
conversion of agricultural land for construction purposes. Provinces such as Fujian, Hainan,
Guangdong, and Guangxi exhibited the highest intensities. In western regions, emission
intensity remained below 3.68 kg CO,-eq/km?, whereas in eastern regions, values reached
up to 24.90 kg CO,-eq/km?. This East-West disparity is primarily driven by urbanization
processes in the eastern provinces, where the conversion of agricultural land has led to a
concentration of emissions relative to the remaining land.

From 2000 to 2021, the N,O emission intensity per unit of agricultural added value
declined across all provinces (Figure 5a). In Jilin Province, the intensity initially decreased
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by 5.33 t CO»-eq/CNY 10,000, followed by a modest increase of 0.46 t CO-eq/CNY 10,000.
While East China experienced simultaneous reductions in both emissions and agricultural
added value intensity, other regions exhibited rising emissions despite declining intensity.
For instance, emissions in Northwest China increased by 59.37%, while intensity dropped by
45.70 t COz-eq/CNY 10,000. Similarly, emissions in Southwest China rose by 10.68%, with
a reduction in intensity of 44.64 t CO,-eq/CNY 10,000. Tibet exhibited the highest emission
intensity nationwide, largely due to its animal husbandry-based agricultural practices and
unique geographical and climatic conditions, which result in lower agricultural productivity
and higher emission intensity.
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b. Changes in emission intensity per unit of farmland area

Figure 5. Trends in NoO emission intensity by province (2000-2021).

Figure 5b illustrates the variation in NoO emission intensity per unit of agricultural
land across provinces. Between 2000 and 2021, Shanghai showed the largest decrease in
emission intensity per unit of cultivated land, with a reduction of 4.67 kg CO,-eq/km?,
reflecting an average annual decline of 1.85%. This trend is mainly attributed to the
significant reduction in cultivated land area. Except for East China, all regions demonstrated
a general increase in emission intensity per unit of farmland.

3.3. Nitrous Oxide Emission Scenario Projection from Agricultural Sources

This study applied the STIRPAT model to forecast and analyze the peak of N,O
emissions resulting from agricultural activities across 31 provinces in China. Initially, the
variables were standardized, followed by a multicollinearity test, which revealed a variance
inflation factor (VIF) exceeding 10, indicating significant multicollinearity in the dataset.
Additionally, the p-values for each region passed the 1% significance threshold based on
the Hausman test, which supported the selection of a fixed-effects ridge regression model.
In total, 682 observations were included in the analysis, with the regression results of the
STIRPAT model presented in Table 5.
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Table 5. Regression results of the STIRPAT model.
Inl
Argument
North Northeast East Central South Southwest Northwest

0.045 —0.251 *** —0.037 0.099 0.118 *** 0.112 *** 0.157 ***

InP (1.327) (—6.121) (—0.434) (0.898) (14.522) (9.655) (8.487)
—0.165 *** 0.004 —0.376 *** —0.071 —0.032 *** —0.018 0.143 ***

InA (—6.914) (0.385) (—11.397) (—2.17) (—3.627) (—1.241) (9.016)

0.236 *** 0.231 *** 0.065 ** —0.049 ** 0.268 *** 0.118 *** 0.011

InT (14.105) (11.735) (2.421) (—1.032) (22.909) (5.17) (0.424)
0.417 *** 0.076 *** 0.367 *** 0.085 0.239 *** 0.389 *** 0.161 ***

InG (26.033) (4.709) (9.923) (1.033) (22.367) (16.797) (8.032)
0.258 *** 0.06 *** 0.5 *** 0.252 *** 0.058 *** 0.01 0.055 ***

InAG (16.899) (4.534) (13.442) (6.405) (4.837) (0.794) (5.895)

0.083 *** 0.065 0.146 *** 0.195 *** 0.209 *** 0.137 *** 0.2

InRP (4.963) (1.644) (3.45) (3.064) (17.6) (9.118) (9.515)
Constant —5.917 *** —0.183 —3.192 *#* —2.468 *** —5.086 *** —4.688 *** —5.296 ***
terms (—21.025) (—0.522) (—5.857) (—3.82) (—52.005) (—35.53) (—30.429)

R? 0.976 0.906 0.935 0.751 0.986 0.95 0.912

Note: The t-statistic is indicated in parentheses; *** and ** are significant at 1% and 5%, respectively.

Population growth in the southern, southwestern, and northwestern regions signif-
icantly contributed to N,O emissions from agricultural sources. However, in Northeast
China, while the population increase led to a reduction in emissions, rural population
changes had no significant effect. Additionally, increased per capita income was associated
with reduced agricultural N,O emissions in North, East, South, and Northwest China but
had no significant impact in other regions.

Agricultural mechanization exacerbated N;O emissions in North, Northeast, East,
South, and Southwest China, while it suppressed emissions in Central China and had
no notable effect in Northwest China. The expansion of effective irrigation contributed
significantly to N,O emissions across all regions except Central China, where no substantial
impact was detected. Moreover, gross agricultural output consistently intensified N,O
emissions in all regions except Southwest China, where no significant effect was observed.

By incorporating quadratic and cubic terms of per capita GDP into the STIRPAT model,
this study confirms the presence of an Environmental Kuznets Curve (EKC) relationship
between N,O emissions and per capita GDP. The regression results (Table 6) indicate that
the coefficients of InA, (InA)?, and (InA)® werem < 0,n >0, and k <0, respectively, reflecting
an inverted N-shaped relationship. This suggests that N,O emissions from agricultural
activities in China peaked between 2000 and 2021 and are now in decline.

Table 6. EKC curve test of nitrous oxide from agricultural sources.

Inl
Argument
Model 1 Model 2 Model 3
P —0.115 —0.002 0.025
n (—1.277) (—0.026) (0.28)
A —0.229 *** —1.262 % —3.54] #
n (—5.557) (—8.95) (—4.052)
0.058 *** 0.338 ***
2 -
(InA) (7.634) (3.18)
—0.011 **
3 - -

(InA) (—2.642)
T —0.027 —0.052 —0.054
n (—0.6) (—1.218) (—1.266)
G 0.17 *** 0.183 *** 0.177 ***
n (3.894) (4.383) (4.239)
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Table 6. Cont.

Argument Ind

Model 1 Model 2 Model 3

0.49 ** 0.521 ** 0.53 **
InAG (13.126) (14.43) (14.682)
0.566 *** 0.52 %+ 0.507 **

InRP (8.957) (8.528) (8.324)
4950+ —1.105 4.847 %+

Constant terms (—29.189) (—2.087) (2.095)

R2 0.867 0.877 0.878

Note: The t-statistic is indicated in parentheses; *** and ** are significant at 1% and 5%, respectively.

Based on prior research, notable regional disparities in NoO emissions from agri-
cultural sources are observed across China, with region-specific influencing factors. To
account for these differences, this study developed multiple scenarios to model the drivers
of N,O emissions from agricultural activities to predict future emission trends. Scenario
forecasting is a method used to predict possible future outcomes by setting different
assumptions and conditions. After excluding statistically insignificant variables, we estab-
lished three scenarios: a baseline scenario (BL), a green development scenario (GD), and an
extensive development scenario (ES) for seven regions (Table 7). Using the STIRPAT model,
this study projects NoO emissions from agricultural activities in China from 2025 to 2050
(Figure 6). Furthermore, using the STIRPAT model, this study projects N,O emissions from
agricultural activities across various regions in China from 2025 to 2050.

Table 7. Scenario setting.

North China, East China, Northwest South China,
Northeast China Central China ° s Southwest China
GD ES GD ES GD ES GD

Note: GD: green development scenarios, ES: extensive development scenarios. Red: high, Blue: middle,
Green: Low.

—a—ES ——BL ——GD

a. North China b. Northeast China ¢ East China 0 1- Centeal China

Emissions (M1 CO,-cq)

2005 2030 2035 2040 2085 2050 2025 2030 2035 2040 2045 2050 2035 2030 2035 2040 2M5 2050 2025 200 2035 2040 2M5 2050
yeur year year year

e South China . Southwest China

- )'”_,,a")))‘ 1

Emissions (Mt CO,q)

1l X
025 2030 2035 240 245 2050 2025 2030 2035 2040 2045 2050 W25 2030 2035 240 205 2050
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Figure 6. Simulation of regional agricultural N,O gas emission scenarios.
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The prediction results based on the STIRPAT model indicate that, from 2025 to 2050,
agricultural N,O emissions in various regions of China will exhibit the following trends
under different development scenarios: green development scenario < baseline scenario
< extensive development scenario. In the baseline scenario, agricultural N,O emissions
in the East China region initially decline sharply, but the rate of decrease gradually slows
down as influencing factors change, reaching a minimum in 2040 before starting to rise
slowly. Emissions in Central China first decrease, then gradually increase, followed by a
sharp rise, while emissions in other regions generally increase. In the green development
scenario, the growth rate of emissions in North and Northeast China gradually falls below
that in South, Southwest, and Northwest China. At the same time, the emissions in East
and South China exhibit a downward trend, contrasting with the baseline scenario. Under
the extensive development scenario, the emissions in East China first decrease and then
increase, but the overall trend remains relatively stable, whereas emissions in other regions
rise rapidly. Overall, while the emissions from agricultural activities in East China are
expected to continue decreasing, emissions in other regions are projected to increase, posing
significant challenges to emission reduction. To achieve effective reductions, it is essential
to develop targeted strategies based on the specific characteristics of each region.

Our findings identify manure management and fertilizer application as critical targets
for emission reduction in China, particularly considering the high global warming potential
of N, O relative to CO,, especially from agricultural sources such as fertilizer-applied fields.
Effective nitrogen fertilizer management strategies, including precision application [39],
nitrogen formulation optimization, crop rotation, and conservation tillage, are essential to
minimizing N»O emissions from agricultural fields [40,41]. Furthermore, drip irrigation has
been shown to significantly enhance water and fertilizer efficiency, leading to substantial
reductions in NoO emissions worldwide [42,43]. For manure management, adjusting
animal feed to reduce nitrogen content can decrease nitrogen levels in manure, thereby
lowering ammonia and N,O emissions. Composting also helps stabilize organic content,
reducing N>O emissions from manure [44].

China’s spatial and temporal diversity in agricultural practices and economic develop-
ment underscores the need for region-specific mitigation strategies to meet carbon peaking
targets by 2030 and achieve carbon neutrality by 2060 [45-47]. This study calculated N,O
emissions in China from 2000 to 2021, identified spatial and temporal trends, and projected
future emission scenarios. The selection of emission factors and variability in regional data
may introduce certain biases, potentially affecting the precision of emission estimates across
regions. Additionally, challenges in collecting comprehensive data on indirect emissions
from agricultural sources may lead to underestimations of total emissions.

The limitations of this study, such as variations in emission factors and potential
underreporting of indirect emissions, highlight the need for future research to focus on
refining emission source classifications and enhancing regional emission factors for greater
accuracy. Exploring the impact of manure management on N,O emissions and developing
more advanced predictive models would be beneficial for further progress in this field.
Future studies could explore region-specific mitigation strategies tailored to local agricul-
tural practices and environmental conditions. Moreover, considering the future impacts of
climate change on agricultural emissions is crucial for ensuring the long-term effectiveness
of mitigation efforts.

These findings not only inform China’s policies on agricultural emissions reduction
but also provide valuable insights for global strategies on sustainable agriculture and
climate action.

4. Conclusions

This study employed official statistical data and IPCC-recommended methodologies
to calculate N,O emissions from crop cultivation and manure management across various
countries and regions. Using this approach, we analyzed spatial and temporal variations
in emission intensities relative to the agricultural value added and land area. Utilizing
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the STIRPAT model, we examined the impacts of population, economic, and technological
factors on agricultural N,O emissions, delivering a comprehensive, region-specific analysis.
Additionally, we projected future emission trends and explored the Environmental Kuznets
Curve (EKC) for N,O emissions in China, providing critical insights for formulating
effective N,O-mitigation policies.

Our results reveal that farmland is the principal source of agricultural N,O emissions
in China, with chemical fertilizer application as the dominant contributor, especially in
Guangxi, Henan, and Shandong. The Ministry of Agriculture’s “Zero Growth Action Plans
for Fertilizer and Pesticide Use by 2020” has shown effectiveness, with agricultural N,O
emissions peaking around 2015, followed by a steady decline across all regions. Neverthe-
less, notable regional disparities persist. By 2021, regions east of the Hu Line demonstrated
higher emission intensities per unit of cultivated land. In contrast, western regions, par-
ticularly agro-pastoral zones, showed higher emissions per unit of agricultural economic
output. These patterns reflect variations in resource-use efficiency and environmental costs
across China.

These findings highlight the critical role of region-specific policies in advancing China’s
2030 carbon-peak and 2060 carbon-neutrality goals. Given the substantial variation in agri-
cultural practices and emission profiles across provinces, implementing tailored mitigation
strategies that reflect local conditions and resource use efficiencies will be essential. Such
differentiated policies are necessary to ensure that emission-reduction efforts are both
effective and aligned with national sustainability objectives. The analysis of the relationship
between per capita GDP and agricultural NoO emissions in China aligns with an inverted
“N”-shaped EKC, suggesting that emissions have generally entered a declining phase.
However, Northeast and South China continue to face substantial emission-reduction
pressures, emphasizing the necessity of tailored, region-specific mitigation policies rather
than a “one-size-fits-all” strategy. Future research should explore broader socio-economic
and environmental determinants of agricultural N,O emissions and assess the sustained
impacts of policy interventions across regional and national scales to refine emission
reduction strategies.
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