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Abstract: In addition to creating economic value, crops also serve important ecological functions.
Especially their carbon sink function, which plays a key role in mitigating climate change. In this
study, the LMDI and the Tapio model were innovatively combined to quantitatively evaluate the
carbon emissions and sinks in the Yellow River basin (YRB). It shows that the average annual growth
rate of the YRB was —0.1344% during 2002-2020. Carbon emissions show a negative trend due to the
transformation and upgrading of agriculture from traditional to modern and the implementation of
policies related to China’s agricultural benefits. Agricultural production efficiency is a major factor in
inhibiting agricultural carbon emissions, reducing carbon emissions by an average of approximately
8.07 million tons per year. High-carbon emission and high-sink areas in agriculture are mainly
concentrated in the southeast of the YRB, where livestock and poultry farming is the principal
source of carbon emissions, with rice, wheat, and corn being the principal contributors to the carbon
sink. Moreover, there are significant differences in the carbon sink capacity of crops in the YRB.
Optimizing crop selection and area distribution can enhance the carbon sink capacity in different
regions, contributing to more effective carbon emission control. This study combines agricultural
carbon emissions with the carbon sequestration capacity of crops, providing data support and a
theoretical basis for the policy formulation and planning of low-carbon agriculture in China. It is of
great significance for promoting sustainable agricultural development and mitigating climate change.

Keywords: carbon emission; carbon sink function; YRB; climate change

1. Introduction

Greenhouse gas (GHG) emissions are considered to be the root cause of environmental
problems such as global warming [1], sea level rise, and frequent severe weather [2,3]. It is
predicted that global CO, emissions may increase the Earth’s temperature by 1.5 to 2 °C in
the future [4], posing a serious threat to the survival and development of human beings [5].
The Paris Agreement, the first historic global climate change agreement, was signed by
178 countries around the world in 2016 [6], aiming to slow down climate warming and
increase the capacity to tackle climate change by limiting global warming to 1.5 degrees
Celsius. However, this topic is particularly important for the BRICS countries because of their
speedy economic growth and contribution to worldwide economic expansion [7,8]. The BRICS
countries rank high in energy usage in comparison to other emerging countries because of
their large populations and promising economies. Due to this great economic expansion,
the BRICS account for around 41% of Earth’s energy usage and are key contributors to CO,
emissions. Because of the higher economic expansion of the BRICS, the total CO, emission
per capita is 13.98 trillion tons, contributing to 41.7% of Earth’s CO, emissions [9]. Moreover,
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China, India, Russia, and Brazil are among the top seven countries with the largest CO,
emissions, the leading cause of environmental damage [10]. Agriculture accounts for the
largest shares of global anthropogenic carbon dioxide (CHy4) and nitrogen dioxide (N,O)
emissions among all sources of GHG emissions, about 52% and 84%, respectively [11]. GHG
emissions from agriculture and food production have increased by 17% globally over the
past three decades and agrifood systems accounted for up to 31% of global anthropogenic
emissions of carbon dioxide (CO,) in 2019 [12].

China, as the most populous country in the BRICS nations and the world, faces the
challenge of relatively underdeveloped agriculture due to its large population. China is
one of the premier agricultural countries in the world, with an increase in crop production
of 46.3% from 2000 to 2015, accounting for 19.9% of the global production [13]. China’s
CO, emissions reached 11.50 billion tons in 2014, accounting for 35.6% of the world to-
tal [14]. Moreover, China’s traditional agricultural production produces 17% of the world’s
greenhouse gases [14]. Agricultural carbon emissions are usually mainly divided into
crop production and livestock farming [15]. Fertilizers, with the highest CO, emissions
from agricultural land, are considered to be an important measure to alleviate the pressure
on China’s agriculture in the context of limited resources, scarce arable land, and rapid
population growth [16]. China consumes 40% of the world’s fertilizers and has become
the largest fertilizer user [17,18], and the increase in CO, emissions from agricultural pro-
duction is a direct result of the overuse of fertilizers. China has ranked first in the world
in the production of major livestock products since 1985, and its average annual CHy
emissions from animal husbandry grew by 2.2% annually from 2004 to 2013 [19]. China’s
traditional agricultural production produces 17% of the country’s greenhouse gases [14]. In
China, rice, corn, and wheat account for over half of the total grain production. Since 2000,
China’s grain output per unit of area has increased by 26.38%, while the use of chemical
fertilizers, pesticides, and agricultural film has increased by 45.25%, 41.23%, and 93.21%,
respectively [5]. Frequent changes in land use, excessive resource use, and improper waste
disposal also contribute to carbon emissions [20]. It is worth noting that these previous
studies argue that China’s phosphorus footprint accounts for a large global proportion.
Around 42% of the total phosphorus exceedance footprint in the world was argued to come
from China [21], and it is expected to keep increasing in the future. According to a report
released from a Chinese phosphorus company about the GHG emissions during phospho-
rus processing in 2019, the total GHG emissions were estimated to be about 0.777 million
tons of CO,-equivalent during phosphorus fertilizer production from the phosphoric acid
and ancillary production units [22]. In 2015, China’s production of phosphorus fertilizer
was nearly twice that of developed countries [23]. The substantial greenhouse gas emis-
sions associated solely with phosphorus fertilizer production prompt contemplation of the
potential impact of agricultural fertilization on greenhouse gas emissions, the magnitude
of which is immeasurable. Currently, greenhouse gas emissions from agricultural activities
account for 16-17% of China’s total emissions, significantly higher than the global average
of 13.5% [24]. To address the climate change risk, more than 100 countries worldwide
pledged to become carbon-neutral by the end of 2020. China also proposed a “dual carbon”
development target of a “carbon peak” and being “carbon-neutral” in 2020. Agriculture is
a major contributor to global carbon emissions, and as a traditional agricultural country,
carbon emissions reduction in China’s agricultural sector cannot be ignored [25].

The Yellow River, known as the mother river of the Chinese nation, is the cradle of
Chinese civilization. The Yellow River basin (YRB) spans the three major economic zones
in eastern, central, and western China, mainly involving agriculture and animal husbandry,
playing a pivotal role in the national economic development. Serving as an essential
ecological barrier and a typical region affected by global warming, its ecological protection
and high-quality development have been elevated to a major national strategy [26]. The
YRB is an important ecological barrier and economic development belt in China; however,
the economic and social development mode, focused on agricultural production and energy
development, does not match the environment carrying capacity of the YRB. In 2021, the
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China Central Committee of the Communist Party of China and the State Council issued an
outline document on the ecological protection and high-quality development of the Yellow
River basin, pointing out that efforts should be made to strengthen ecological protection
and management, ensure the long-term stability of the Yellow River, promote high-quality
development, and improve the lives of the people [27]. The YRB is one of the principal
traditional farming areas in China, where intensive agricultural production methods have
caused problems such as water resource reduction and environmental pollution, which
have led to a bottleneck in the low-carbon development of agriculture. Moreover, a serious
challenge was given to the national agricultural plan due to the long period of crude inputs
of agricultural materials and the irrational structure of the agricultural industry in the
early period [28]. Despite being only 15% arable land [29], the YRB has a grain output of
232.69 million tons, accounting for 35.37% of the national grain total. The unit area ratio
of the grain production is far greater than the arable land, thus the GHG emissions from
agriculture in the YRB should not be ignored.

There are two primary ways to reduce the concentrations of greenhouse gases in the
atmosphere, through energy conservation and promoting the use of renewable energy
sources, and the other way is to increase carbon sinks [30]. However, agricultural carbon
emission sources differ from other emission sources. In addition to being an important
source of carbon emissions, crops themselves have the function of being carbon sinks,
fixing carbon in the soil, which is of great significance for carbon emission reduction.
However, previous studies calculating [31-33] carbon emissions have tended to ignore the
importance of carbon sequestration in the process of crop production, resulting in a large
deviation between the results of the accounting and the actual situation, and giving policy
recommendations that cannot address the root causes of carbon emissions. The accurate
assessment of carbon emissions is an important prerequisite for formulating effective
carbon reduction policies and ensuring their implementation, thus adding carbon sinks
into the carbon emission system is of great significance.

Given the importance of reducing agricultural carbon emissions in mitigating climate
change, strategies for mitigating agricultural carbon emissions have become a hot research
topic among scholars. Accurate quantification of agricultural carbon emissions and carbon
sequestration can facilitate the achievement of sustainable agriculture and climate change
mitigation [34]. In order to reduce agricultural carbon emissions, it is essential to identify
their sources. Some scholars argue that the major sources of agricultural carbon emissions
come from inputs such as fertilizers, pesticides, and agricultural machinery [35]. On the
other hand, Deng argues that agricultural soil use is the main driver of agricultural carbon
emissions, accounting for about 70% or more of total carbon emissions from agricultural
sources [36]. While other scholars have argued that carbon emissions from agriculture
come mainly from livestock enteric fermentation, manure management, rice growth, and
the arbitrary disposal of agricultural waste [37].

Research in the academic community on agricultural net carbon sinks primarily fo-
cuses on several aspects: Firstly, the calculation of agricultural net carbon sink amounts
and the analysis of their distribution patterns in different times and spaces [38]. Sec-
ondly, attention is given to the study of agricultural carbon sink trading and compensation
mechanisms [39], involving ecological compensation issues, compensation principles,
compensation methods and standards, as well as the monitoring of forest carbon sink
trading [40]. Additionally, research has been conducted on related systems, policies, and
comparisons of carbon trading among different countries [41]. Overall, scholars have
conducted extensive research on agricultural carbon sequestration measurement, factors
influencing sequestration, carbon sequestration trading and compensation mechanisms,
and the prospects for carbon sequestration development. Comparing this study to the
research findings of other scholars, the existing studies mainly focus on forest carbon
sequestration, with limited research on the role of cereal crops as a carbon sink. The
author’s research approach aims to investigate the carbon sequestration capacity of the
same crop in different regions and whether there are regional differences in the carbon
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sequestration capacity of these crops. If regional differences exist, strategically plant-
ing crops with higher carbon sequestration capacity can contribute to the reduction of
carbon emissions.

In conclusion, China has relatively more research on agricultural carbon emissions,
but there are still some shortcomings. These are mainly manifested in the following aspects:
Firstly, the research on agricultural carbon emission sources is not specific and accurate
enough. Secondly, the research time span is relatively short, and it cannot fully reflect
the long-term trend in China’s agricultural carbon emissions. In addition, the research
methods are relatively simple, as many scholars only estimate and analyze agricultural
carbon emissions through the factor method, lacking the use of models to optimize the data
results. At the same time, there is relatively less research on agricultural carbon sinks, as
some scholars only focus on the quantity of agricultural carbon sinks, lacking studies on
how to reduce carbon emissions from the perspective of carbon sinks.

Based on this, this paper combines agricultural carbon emissions and carbon sinks,
considering agricultural inputs, livestock farming, rice cultivation, and farmland soil as
four dimensions to assess the carbon sequestration capacity of crops in different regions.
The IPCC standard accounting method is used to calculate and analyze agricultural carbon
emissions and crop carbon sinks in the YRB from 2002 to 2020. We integrate the logarithmic
mean Divisia index (LMDI) decomposition and Tapio decoupling model to conduct an
in-depth investigation of the drivers of these emissions. Firstly, we quantitatively evaluate
the contribution of individual driving factors to the changes in total CO, emissions and
examine the historical trend from 2002 to 2020 through retrospective analysis. This enables
us to pinpoint key factors affecting the changes in overall CO, emissions. Subsequently,
we apply the Tapio decoupling model to correlate the value of China’s agricultural carbon
emissions with the agricultural economy from 2002 to 2020, and verify the decoupling
relationship. Finally, specific emission reduction measures are proposed based on the
research conclusions, providing a theoretical basis for mitigating the impact of agriculture
in the Yellow River basin on climate change in China.

2. Methodology and Data
2.1. Study Area

The Yellow River is the second longest river in China, with a total length of about 5464
km and a basin area of about 750,000 km?. The Yellow River originates from the Qinghai-
Tibet Plateau and flows from west to east through a total of nine provinces: Qinghai,
Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong. It
finally flows into the Bohai Sea [42]. As shown in Figure 1.

2.2. Data Sources

According to national statistical data, agricultural material input, crop area, effective
irrigated area, crop yield, and livestock data were obtained for 2002-2020. Data sources:
China Statistical Yearbook, China Rural Statistical Yearbook, and Statistical Yearbooks of
nine YRB provinces.

2.3. Calculation Method of Agricultural Carbon Emissions

Based on the IPCC’s published carbon emissions coefficient method, carbon emissions
are calculated as follows [43,44]:

C=)YG=)Nixy (1)

where C is the total carbon emissions, C; is the carbon emissions of carbon source i; N;j is
the amount of carbon source i, and §; is the carbon emission coefficient of carbon source i.

2.3.1. Carbon Emissions from the Planting Industry

Carbon emissions from agricultural inputs (chemical fertilizer, pesticides, agricultural
films, agricultural diesel, agricultural irrigation) [45] and greenhouse gases such as CHy
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and NO from agrarian soils are the primary carbon emissions. The carbon sources and
coefficients are shown in Tables S1-S3. According to the IPCC’s fifth assessment report, the
greenhouse effect caused by one ton of CHy is equivalent to 6.8182 t C, while that caused
by one ton of N,O is equal to 81.2727 t C [46].

S |9
Y

| ‘“; \® Inner Mongolia ~

0 375
- .

750

(N K T
® Provincial capitals
% e Sichuan {d * Yellow River
R FNS
N
1500 2250 3000 SL/‘)

Km

Figure 1. Regional distribution map of urban agglomerations in the YRB.

2.3.2. Carbon Emissions from Livestock Farming

Currently, the methodologies used to measure GHG emissions from the livestock sector
are mainly based on the estimation methods provided by the IPCC [47]. GHG emissions
from livestock mainly originate from CH, from animal gastrointestinal fermentation, CHy
from livestock manure disposal, and N,O. Currently, the main varieties of livestock in the
YRB city group are cows, horses, donkeys, mules, camels, pigs, and sheep. The discharge
coefficient of animal husbandry is shown in Table 54.

2.4. Agricultural Carbon Sink

In the current paper, we referred to the study of [48,49] to estimate the agricultural
carbon sink. The principle of this method is to estimate the net primary productivity [50],
which has been extensively used to estimate the carbon sink of agriculture for decades at
home and abroad. The measurement formula is as follows:

Ce=) GY Yi xKix(1-F)/W; 2)

where Cy is the carbon uptake of crops in the region (t); C; is the carbon uptake of the i-type
crops (t); Yj is the carbon conversion coefficient (%); K; is the yield of the i-type crops (t); F;
is the moisture coefficient of i-type crops; and Wj is the economic coefficient of i-type crops.
The carbon conversion, economic, and water coefficients of different crops are shown in
Table S5.
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2.5. Agricultural Carbon Emissions Intensity

Agricultural carbon intensity is a measure of the level of agrarian carbon emissions
obtained from the ratio of regional agricultural carbon emissions to the gross agricultural
product of the region [51]; the calculation formula is as follows.

~ GDP;

th (3)
where Cg; is the carbon intensity of agricultural emissions in period t, C; is the carbon emis-
sions from agriculture in period t, and GDP is the gross domestic product of agriculture
and livestock in period t.

2.6. Factors Influencing Agricultural Carbon Emissions and Decomposition Models

Index decomposition analysis (IDA) has been extensively utilized to investigate better
the trends in the driving factors of CO; emissions and energy consumption [52]. Since
there are no residual variables in the Divisia index method, it has become the predominant
empirical research method in the research field. Moreover, the logarithmic mean Divisia
index (LMDI) is a typical way of calculating the Divisia index that is compelling in both
practice and theory [53]. Subsequently, the well-known LMDI decomposition analysis
approach was proposed. The LMDI model was derived from further research on the basis
of Kaya’s constant equation and this approach can be decomposed in both additive and
multiplicative ways. The additive decomposition analysis determines absolute change,
while the multiplicative decomposition analysis assesses relative change [53,54].

In this paper, we use addition decomposition to decompose CO, emissions levels
between a reference year and an end year into additive components, called factors, from
the YRB’s carbon emissions. Equations (4) and (5), through the use of an analysis of LMDI
and an explanation of six decomposed factors, are summarized as follows:

i Z P
C:;Ci:;(CN‘xgxcz‘)xPZxIfo):;((xxﬁxyx(sXEXp) @)

aG_N_,Q_ _Z _ P

N_a,Q—B,Z—V,PZ—é,P_e (5)

In Equation (3), C is total agricultural carbon emissions, C; is the i-th category of
agricultural carbon emissions, N is the total output value of farming and animal husbandry,
Q is the total output value of agriculture, forestry, animal husbandry, and fishery, Z is GDP,
P, is the total regional population, and P is the size of the agricultural labor force. « is
agricultural production efficiency, 3 is the structure of the agricultural industry, v is the
regional industrial structure, 8 is the level of regional economic development, and ¢ is the
level of urbanization.

The above equation was further decomposed using LMDI summation decomposition
to quantify the magnitude of the effect of each factor on carbon emissions.

C=axBxyxdxexP (6)

Taking the logarithm of Equation (6) yields
InC = Inax + Inp + Iny + Ind + Ine + InP 7)
A summation decomposition of Equation (7) yields that the difference is decomposed as

ACr =Ci =G ®)
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The contribution values of the different decomposition factors are

Ax = Z ln lnC (Inog — Inog) 9)
AR = ZlnCt _1 C (InB¢ — InBy) (10)
87 =L e (1, Inyo) (1)
AS =) ﬁ(lnét —Indy) (12)
Ae =) ﬁ(lmet —Ingyp) (13)
AP=) — " ln ln Co (InP; — InPy) (14)

T represents the total change; t is the target year and 0 is the base year; depending on
the actual situation, C; — Cy # 0, and the individual parameters introduced are not 0. The
total effect is then

ACT = Ao+ AB + Ay + AS + Ae + AP (15)

This study has extended the LMDI model and decomposed total agricultural carbon
emissions into six factors. Ax, AP, Ay, Ab, Ae, and AP, respectively, stand for the con-
tribution values of the agricultural production efficiency, agricultural industry structure,
regional industry structure, regional economic development level, urbanization rate, and
agricultural labor force to carbon emission variation. The LMDI model, through the afore-
mentioned decomposition, allows for the quantification of the impacts and interactions of
each factor on changes in agricultural carbon emissions.

2.7. Economic Models

Decoupling, which describes the connection between forces that influence the economy
and those that put pressure on the environment [55], was first proposed by the Organisa-
tion for Economic Co-operation and Development (OECD, Paris, France) and was further
divided by OECD into absolute decoupling and relative decoupling [56]. Carbon decou-
pling presents the ideal process whereby the relationship between economic growth and
GHGs emission will weaken until it vanishes [57]. Since the OECD decoupling model has
shortcomings, such as that the results are easily affected by time and the general classifica-
tion of decoupling types, Tapio integrates relative and absolute quantities and redefines
decoupling indicators by the ratio of the growth change rate, which can compensate for
these shortcomings [58]. In line with the Tapio framework, the relationship between CO,
emissions and economic growth can be classified into eight decoupling states following the
decoupling index and the growth direction of CO, emissions and economic growth (for
details, see Table 1) [59]. Therefore, the Tapio decoupling model is used in this paper to
study the agricultural carbon emissions in the YRB from 2002 to 2020, and to explore the
relationship between them and the economy. It is calculated as follows:

AC/Cy St
t1 t—1
1= AG/Gy T GG (16

t—1

where T denotes the decoupling elasticity of agricultural economic growth and carbon
emissions; AC is the change in carbon emissions in the current year relative to the base
year, million/t; Cy; is the base year agricultural carbon emissions; AG is the change in
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regional gross agricultural and livestock product in the current year relative to the base
year, t denotes the current period, and t — 1 denotes the previous period.

Table 1. Classification criteria for decoupling status of Tapio decoupling model.

Sources of carbon emissions

Type of Decoupling Decoupling Status AC/C AG/G T
Weak decoupling >0 >0 0<T<0.8
Decoupling Strong decoupling <0 >0 T<0
Declining decoupling <0 <0 T>12
Weak negative decoupling <0 <0 0<T<038
Negative decoupling Strong negative decoupling >0 <0 T<0
Expansive negative decoupling >0 >0 T>12
Connect Expansion conne.ction >0 >0 08<T<12
Decay connection <0 <0 08<T<12
Based on the specific values of T, AC, and AG, the decoupling resilience was classified
into eight Tapio decoupling types, as shown in Table 1, namely, weak decoupling, strong
decoupling, declining decoupling, weak negative decoupling, strong negative decoupling,
expansive negative decoupling, growth connection, and recessional connection [59].
3. Results and Discussion
3.1. Characteristics of Agricultural Carbon Emissions
3.1.1. Time-Series Changes in Agricultural Carbon Emissions
The results of the study show that carbon emissions from animal husbandry in
the urban agglomeration of the YRB are the top source of agricultural carbon emissions
(Figure 2), with livestock and poultry breeding, agricultural material inputs, and farmland
soil accounting for 56.8%, 30.5%, and 12.7% of the total. The total agricultural carbon emis-
sions of the urban agglomeration in the YRB showed an overall decreasing trend from 2002
to 2020. The total agricultural carbon emissions of the YRB urban agglomeration in 2002
were 85.498 million tons, and reached 82.51 million tons in 2020. Total agricultural carbon
emissions decreased by 2.982 million tons, with an overall negative trend and an average
annual growth rate of —0.134%. Peak emissions for the past 18 years of 95.163 million tons
occurred in 2006.
—a— Total agricultural carbon emissions
[l Farmland utilization
[ Agricultural material input
41%° I Livestock farming
3 o5 —
e \ —
£ % V e ° 12.7%
E 85 " s \o
E e
St

from agriculture
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1 ! ! L 1 1 1 ! L i L

L 1
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Figure 2. Trends and share of carbon emissions from agriculture.
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During the study period, the urban agglomeration of the YRB showed two trends
of growth followed by decline. The first growth phase was from 58.498 million tons in
2002 to 95.163 million tons in 2006, with an average annual growth rate of 2.721%. Then,
carbon emissions in the YRB dropped to 85.51 million tons in 2007, with a growth rate of
—10.143%, showing the first significant downward trend. This is the same as the trend in
livestock and poultry breeding emissions. In the second growth phase, emissions grew
from 85.51 million tons in 2007 to 91.465 million tons in 2015, with an annual growth
rate of 0.846%. China was in a phase of dual transition, with its economy maintaining
a steady momentum of relatively rapid development, and regional economies were also
developing rapidly. This led to an expansion in the overall size of the population and an
increase in the frequency of economic activities, which in turn led to a sustained increase
in agricultural carbon emissions. However, from the beginning of 2015 to 2019, carbon
emissions from agriculture showed a significant decline, from 79.577 million tons to a
lower level. This indicates that under the guidance of national environmental protection
policies and green development policies, agricultural production in the urban agglomera-
tion of the YRB has gradually shifted to low-carbon agriculture and has achieved initial
results. This shift means that more environmentally friendly and sustainable practices
have been adopted in the agricultural production process, resulting in a reduction in green-
house gas emissions, including more efficient agricultural management, energy-saving
and emission reduction measures, promotion of green planting techniques, and scientific
fertilization. This trend shows that the YRB urban agglomeration has made important
progress in reducing carbon emissions and reflects China’s concern and efforts for en-
vironmental protection and sustainable development. However, continued efforts are
still needed to sustainably promote the green transformation of agriculture in order to
further reduce agricultural carbon emissions and achieve more sustainable and low-carbon
agricultural development.

With the improving standard of living of the people, the demand for livestock and
poultry farming products has been gradually increasing, and thus, the scale of farming has
been expanding, resulting in relatively high carbon emissions from livestock and poultry
breeding in the urban agglomeration of the YRB, which mainly come from the intestinal
fermentation of pigs, cows, and sheep, as well as from fecal emissions. According to
Figure 3, it can be observed that among the seven livestock species, camels have the small-
est scale of breeding, but their carbon emissions show an upward trend, while the overall
trends of the other six species are decreasing. This situation may be influenced by multiple
factors. Firstly, the increasing demand for camel products has led to the expansion of camel
breeding. Secondly, climate change and drought in some regions may have prompted
people to choose camels as a relatively adaptable option for livestock breeding. Addition-
ally, improvements in feed technology and management practices may have enhanced
the efficiency and sustainability of camel breeding, thereby encouraging more farmers
to participate. The carbon emissions from population-based animal husbandry in the
urban agglomeration of the YRB declined significantly during the period from 2002 to 2020
(Figure 3), with a total decline of 7.92 million tons. The average annual decline was about
0.044 million tons, with an average annual growth rate of —0.813%. This downward trend
can be attributed to a series of policy measures formulated by the China government for
the development of the livestock industry. In 2006, China issued a policy document entitled
“China’s Livestock Husbandry is Transforming from Traditional Livestock Husbandry
to Modern Livestock Husbandry”, with the aim of improving the level and quality of
livestock production and promoting the development of modernized livestock husbandry.
The growth rate of carbon emissions during this period was —0.906%, and even reached
—18.01% in 2007, with a total decline of 11.34 million tons in two years. Since then, the State
Council of China issued the “Opinions of the State Council on Promoting the Sustainable
and Healthy Development of the Animal Husbandry Industry” in 2007. The construction
of a modern animal husbandry industry and the promotion of the healthy development
of animal husbandry are clearly stated as the main objectives. From 2007 to 2020, carbon
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emissions from animal husbandry in the urban agglomeration of the YRB further decreased
by 4.813 million tons, with an average annual growth rate of —9.8%. The implementation
of this series of animal husbandry policies has had a positive impact on reducing carbon
emissions from animal husbandry. The main goal of the policy is to build a modernized
animal husbandry industry and promote the healthy development of animal husbandry.
By improving the production level and quality of animal husbandry, optimizing breeding
methods and management, and strengthening environmental protection measures, carbon
emissions from livestock and poultry farming can be effectively controlled. The implemen-
tation of these policies can reduce carbon emissions by reducing the number of livestock
and poultry raised, improving feeding management and manure treatment, and promoting
the efficient use of feed and energy-saving and emission reduction technologies. In addition,
the government encourages farmers to adopt green and environmentally friendly livestock
and poultry farming methods, such as organic farming and grassland grazing, in order to
minimize negative impacts on the environment. The implementation of these measures has
resulted in a gradual reduction in carbon emissions from animal husbandry in the urban
agglomerations of the YRB, making a positive contribution to the realization of low-carbon
animal husbandry development and the reduction in carbon emissions. In conclusion,
persistently strengthening policy measures is crucial for further reducing carbon emissions
from livestock farming. Firstly, improving feed quality is key. Selecting more efficient
and sustainable feed options can minimize greenhouse gas emissions during the farming
process. Simultaneously, enhancing livestock management practices and implementing
scientific management measures can make the farming process more efficient and sustain-
able. Additionally, optimizing the farming environment is an important aspect. Providing
comfortable temperatures, humidity, and ventilation conditions not only helps reduce
animals’ energy consumption and stress responses but also significantly decreases carbon
emissions. Furthermore, effectively utilizing livestock manure for organic fertilizer produc-
tion can reduce the use of chemical fertilizers in farmland, further lowering greenhouse
gas emissions. These initiatives not only contribute to environmental conservation but also
promote the development of a circular economy. Implementing this series of measures
will drive the livestock farming industry towards a more environmentally friendly and
sustainable direction, making a continuous and positive contribution to carbon emissions
reductions.

The structure of farmland carbon emissions in the YRB urban agglomeration (Figure 4)
shows that farmland contributed 30.5% of total emissions between 2002 and 2020. Fur-
thermore, fertilizer application was identified as the main source, accounting for 61.25%
of farmland carbon emissions. In the carbon emissions from agricultural land within the
urban agglomeration of the YRB, fertilizers heavily dominate. The total carbon emissions
from agricultural land in 2020 reached 26.428 million tons, an increase of 5.128 million tons
compared to 2002, representing a growth rate of 24% according to the scientific standard.
The carbon emissions from agricultural land showed an increasing trend from 2002 to 2015,
which was consistent with the trend in fertilizer application emissions. The issuance of
the Central Document No. 1 in 2004 and the cancellation of traditional agricultural taxes
by the state in 2006, along with the implementation of the “reducing taxes, increasing
incentives, and giving farmers more freedom” policy, significantly boosted the enthusiasm
of farmers and led to the revival of the agricultural industry. These policies resulted in a
substantial increase in the production scale of major crops such as wheat, corn, cotton, and
peanuts in the YRB (Figure 5), which is a significant agricultural production base in China.
Consequently, the carbon emissions from agricultural land continued to rise. In 2020, the
carbon emissions from agricultural land decreased by 3.982 million tons compared to 2015,
representing a decrease of 13.1% according to the scientific standard. In 2015, the Ministry
of Agriculture of the country released the “Action Plan for Zero Growth in Fertilizer Use
by 2020” and the “Action Plan for Zero Growth in Pesticide Use by 2020”. These policies
not only enhanced the low-carbon awareness of farmers, actively responding to the call
for green development in agriculture, but also optimized and adjusted the agricultural
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industry’s structure. The rationalization of the agricultural input structure effectively
addressed issues such as the excessive use of fertilizers and pesticides, resulting in reduced
usage of fertilizers and pesticides with a focus on green and efficient practices. This, in
turn, indirectly contributed to the declining trend in carbon emissions.
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Figure 3. Trends and proportions of emissions from various types of poultry in the livestock industry.

We analyzed the carbon emissions structure of methane from rice cultivation during
the growth cycle in the YRB urban agglomeration (Table S8). A comparison revealed
that Sichuan Province is the major source of carbon emissions from rice cultivation in the
region. Sichuan Province was among the first provinces in China to promote hybrid rice
cultivation. Compared to the base period, carbon emissions in Sichuan Province decreased
by 0.255 million tons, with a peak of 2.419 million tons in 2005. Carbon emissions from
rice cultivation during the growth and development cycle show a stable increase, but
generally declining trend. At the varietal level, it is possible to establish dedicated funds
to support the cultivation of high-yield and low-emission rice varieties. Additionally,
efforts can be made to strengthen the promotion and application of these new varieties.
At the policy level, government departments can collaborate with research institutions
and businesses to develop and improve industry standards and technical regulations
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related to methane reduction and carbon sequestration in rice fields. Furthermore, the
monitoring and evaluation methods and systems can be enhanced, and innovative incentive
measures and special initiatives can be established to promote methane reduction actions in

rice fields.
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Figure 5. Trends in crop carbon emissions.

3.1.2. Regional Characteristics of Agricultural Carbon Emissions

The cumulative total agricultural carbon emissions in various provinces of the YRB
urban agglomeration from 2002 to 2020 are shown in Table 510 and Figure 6. According to
the results, Henan Province, Sichuan Province, and Shandong Province have accumulated
over 30 million tons of carbon emissions, specifically 39.791 million tons, 33.046 million
tons, and 31.903 million tons, respectively. The cumulative agricultural carbon emissions
in Inner Mongolia Autonomous Region, Gansu Province, and Shaanxi Province range
from 100 to 220 million tons. The cumulative agricultural carbon emissions in Qinghai
Province, Shanxi Province, and Ningxia Hui Autonomous Region range from 30 to 80 mil-
lion tons. Agricultural carbon emissions intensity is not influenced by the total resource
base and can intuitively reflect the differences in the level of low-carbon agricultural de-
velopment between regions. The carbon emission intensity in the urban agglomeration of
the YRB from 2002 to 2020 ranged from 0.294 to 1.76 tons per ten thousand yuan (Table S9,
Figure 7). Among them, Henan Province, Sichuan Province, Shandong Province, Shaanxi
Province, and Shanxi Province were below 0.4 tons per ten thousand yuan. Inner Mongolia
Autonomous Region and Ningxia Hui Autonomous Region were between 0.4 and 0.6 tons
per ten thousand yuan. Gansu Province and Qinghai Province were above 0.6 tons per ten
thousand yuan. The average carbon emissions intensity in the YRB urban agglomeration
from 2002 to 2020 was 0.59 tons per ten thousand yuan. Inner Mongolia Autonomous
Region, Gansu Province, and Qinghai Province had a higher carbon emissions intensity
than the basin’s average level, while the other seven provinces had a lower intensity than
the basin’s average level.

In general, provinces with large areas of grain crop cultivation and underdeveloped
agricultural economies have a higher carbon emissions intensity. Provinces with a higher
proportion of cash crop cultivation and relatively developed economies have a lower
agricultural carbon emissions intensity. The average carbon emissions intensity in Qinghai
Province is 1.76 tons per ten thousand yuan, which is 66.3% higher than the provincial
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average. With a relatively low proportion of agricultural carbon emissions, the high carbon
emissions intensity in Qinghai Province indicates a significant disparity between input and
output, as well as prominent issues of high pollution and unsustainable development.
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Figure 6. Regional concentration distribution map of agricultural carbon emissions in the YRB in
2002, 2008, 2014, and 2020.
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3.2. Temporal-Spatial Changes in Agricultural Carbon Sequestration

There were significant differences in carbon sequestration in the urban agglomeration
of the YRB from 2002 to 2020 (Table S11, Figure 8). The high-carbon-sink areas in the
southeast and southwest regions of the YRB, including Henan Province, Shandong Province,
and Sichuan Province, accounted for 34.1%, 29.5%, and 14.3%, respectively, of the total
carbon sequestration in the urban agglomeration of the YRB. The low-carbon-sink areas are
mainly concentrated in the northwest region, including Qinghai Province, Inner Mongolia
Autonomous Region, and Ningxia Hui Autonomous Region. During the period from 2002
to 2020, there was a significant increase in carbon sequestration in agriculture. Within
this timeframe, the total agricultural carbon sink increased from 147.24 million tons to
226.92 million tons, with a growth rate of approximately 54.1%. The urban agglomeration of
the YRB covers a vast area and has diverse climatic conditions, leading to variations in the
predominant crops across different regions. In this study, crops accounting for more than
90% of the total were selected, and carbon sequestration was assessed for eight specific types
of crop: rice, wheat, corn, soybean, cotton, peanuts, vegetables, and tubers. The results
are shown in Figure 8. With the exception of cotton and potatoes, all carbon sequestration
values for the selected crops increased. Corn and soybean showed the fastest growth,
with average annual growth rates of 4.31% and 3.32%, respectively. In terms of carbon
sequestration, wheat and corn are the main sources of agricultural carbon sequestration,
accounting for 73% of the total carbon sequestration. Wheat and corn are the crops with
the largest carbon sequestration in the urban agglomeration of the YRB, accounting for 37%
and 36%, respectively. The carbon sequestration per unit has shown an increasing trend
from 2002 to 2020, but slight decreases were observed in 2008, 2012, and 2020. However, the
carbon emissions per unit area increased in 2008 and 2012, indicating a potentially higher
level of agricultural inputs.

—— Carbon sink per unit area

B vegetable tubers [ corn [ |peanut
250 [ ]cotton soybean|[__ ] wheat [0 rice 5

[
(=3
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—_
i
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Carbon sequestration per unit area t-hm

Agricultural carbon sinks Units:million tons

Figure 8. Estimation of carbon sinks for different crops.

The carbon sink capacity of crops does vary in different regions (Table S12, Figure 9).
In Qinghai Province, the cultivation of wheat (4.27 t/ hm?) and corn (7.16 t/hm?) can better
reduce carbon emissions; in Inner Mongolia, cotton (8.61 t/ hm?) and rice (5.7 t/hm?) have
higher crop carbon sink yields per unit of arable land, and the adjustment of the cultivation
structure can help to increase the amount of carbon sinks. In Gansu Province, the carbon
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sink capacities of cotton (6.9 t/ hm?), rice (5.58 t/hm?), and corn (5.61 t/hm?) are higher,
while soybeans (1.9 t/hm?) and tubers (0.61 t/hm?) are lower. In the Ningxia region,
corn (7.5 t/hm?) and rice (6.65 t/hm?) also have higher carbon sink yields, while tubers
(0.47 t/hm?) and soybean (0.88 t/ hm?) have lower carbon sink capacities. Sichuan Province
has higher crop carbon sink yields per unit of arable land for rice (6.04 t/hm?) and corn
(5.4 t/hm?). Shaanxi’s rice (5.47 t/hm?) has a high carbon sink capacity. In Henan province,
rice (6.08 t/hm?), wheat (6.42 t/hm?), and corn (5.45 t/hm?) are the three crops with
higher crop carbon sinks per unit of arable land, whereas tubers (0.02 t/hm?) and soybeans
(1.94 t/hm?) have a lower capacity for carbon sinks. Shandong Province has a higher
carbon sink for rice (6.62 t/hm?), wheat (6.37 t/hm?), and corn (6.58 t/hm?).
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Figure 9. Carbon-sink-crop production per central unit of arable land in different regions of the YRB.

Based on these results, measures can be considered to adapt the carbon sink capacity
of crops in different regions. For crops with a higher carbon sink capacity, their planting
area can be appropriately increased to enhance carbon sequestration and reduce carbon
emissions. On the other hand, for crops with a lower carbon sink capacity, reducing their
planting area can help decrease their contribution to carbon emissions. Such adjustments
would contribute to improving the carbon sink capacity of crops and effectively reducing
carbon emissions. Additionally, corresponding technological and management measures
should be taken into account to enhance crop productivity and carbon sink capacity, thereby
achieving sustainable agricultural development.

There are significant regional differences in carbon sequestration in the urban ag-
glomeration of the YRB from 2002 to 2020 (Figure 10). High-carbon-sink areas are mainly
distributed in the southeastern region of the YRB, including Henan Province, Shandong
Province, and Sichuan Province, accounting for 34.1%, 29.5%, and 14.3% of the total carbon
sequestration in the urban agglomeration of the YRB, respectively. In contrast, low-carbon-
sink areas are primarily concentrated in the northwestern region of the YRB, such as
Qinghai Province, Inner Mongolia Autonomous Region, and Ningxia Hui Autonomous
Region, which have a lower carbon sequestration capacity. To enhance the carbon sequestra-
tion capacity in low-carbon-sink areas, the following measures can be implemented. Firstly,
it is important to encourage the cultivation of crops with a high carbon sink capacity, such
as trees and other vegetation. These crops have stronger carbon absorption and storage
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capabilities. Secondly, the cultivation area of low-carbon-sink crops can be appropriately
reduced to avoid excessive land utilization. Additionally, promoting agroforestry systems
can be beneficial by combining the cultivation of crops with trees to enhance carbon seques-
tration effectiveness. At the same time, in high-carbon-sink areas, further encouragement
and support can be provided for carbon fixation measures in agricultural production, such
as increasing soil organic matter and protecting aquatic wetlands. These measures con-
tribute to increasing carbon sequestration and reducing carbon emissions. By implementing
these measures, a balance of carbon sequestration can be achieved among different regions
in the urban agglomeration of the YRB, thus enhancing the overall carbon sink capacity
and making contributions to climate change mitigation and sustainable development.

Figure 10. Regional concentration distribution map of agricultural carbon sinks in the YRB in 2002,
2008, 2014, and 2020.

3.3. Analysis of Agricultural Carbon Emissions Factors in the YRB

We decomposed the change in carbon emissions from agriculture and livestock into
the contribution of the changes in agricultural production efficiency, agrarian structure,
regional industry structure, regional economic development level, urbanization rate, and
rural population. The size of their carbon emissions reduction contribution is in the
order of agricultural production efficiency > agricultural labor force > regional industry
structure > agrarian structure, and the growth of regional economic development level and
urbanization rate indirectly promotes the increase in agricultural carbon emissions.

The agricultural economic level in the urban agglomeration of the YRB had a positive
impact on agricultural carbon emissions from 2002 to 2020 (Table 2, Figure 11), resulting in
an accumulated increase of 188.061 million tons of carbon emissions. The average annual
carbon emissions amounted to 10.448 million tons, serving as the main driving factor
behind carbon emissions in the urban agglomeration of the YRB. Agricultural productivity
efficiency is the primary inhibiting factor, with a cumulative reduction of 145.297 million
tons of carbon compared to the base period. The contribution of agricultural carbon
reduction to the YRB urban agglomeration accounts for 58.59%, with an average annual



Sustainability 2024, 16, 468

18 of 26

carbon reduction of 8.07 million tons. The agricultural industry structure has the least
inhibiting effect on agricultural carbon emissions in the YRB urban agglomeration, with
a cumulative reduction of 4.06 million tons of carbon compared to the base period. The
contribution of agricultural industry structure to agricultural carbon reduction in the YRB
urban agglomeration is 1.64%, with an average annual carbon reduction of 0.226 million
tons. Overall, the agricultural industry structure has played a certain inhibiting role, but its
inhibiting effect fluctuates greatly annually. The overall trend has gradually stabilized after
2018, possibly due to the deep implementation of the spirit of the 19th National Congress,
vigorous implementation of the rural revitalization strategy, and accelerated agricultural
transformation and upgrading. This was mainly achieved by promoting structural reforms
on the supply side of agriculture, fostering the integrated development of the “production,
processing, and technology” sectors in agriculture. As a result, an indirect reduction in
agricultural carbon emissions was accomplished. The agricultural labor force is the second
major inhibiting factor that suppresses agricultural carbon emissions in the YRB urban
agglomeration. Compared to the base period, YRB has achieved a cumulative carbon
reduction of 2.982 million tons. The contribution of agricultural labor factors to agricultural
carbon reduction in the YRB urban agglomeration accounts for 21.2%, with an average
annual carbon reduction of 2.92 million tons. Before 2005, cumulative carbon emissions
contributed to 0.436 million tons. From 2005 onwards, carbon reduction in agricultural labor
began. The main reason for this can be attributed to the issuance of the “Central Document
No.1” in 2005, which introduced policies such as “encouraging less harvesting and more
restraints” and increased “two reductions and three subsidies”, including the reduction
or exemption of agricultural taxes. These policies further mobilized the enthusiasm of
farmers and cultivated a large number of highly skilled farmers. The farmers became
leaders in the adoption of new technologies and equipment, which subsequently reduced
the use of traditional agricultural production resources and promoted the development of
agricultural carbon reduction.

Table 2. Results of the LMDI decomposition of agricultural carbon emissions in the YRB, 2002-2020.

Contribution Value (Million Tons)

Year
Ax AB Ay AS Ae AP AC

2003 —2.604 —3.020 —3.425 10.816 0.426 0.044 2.238
2004 —17.942 1.277 3.340 16.466 —0.076 0.249 3.315
2005 —5.608 0.203 —6.693 15.762 —0.400 0.143 3.407
2006 —2.519 —4.247 —8.174 15.430 7.804 —7.590 0.705
2007 —27.195 3.219 —4.411 18.653 6.536 —6.454 —9.652
2008 —14.495 0.461 —0.856 15.601 9.886 —9.480 1.117
2009 —1.448 —1.501 —3.959 7.216 1.909 —1.443 0.775
2010 —13.187 0.879 —2.090 15.104 2.219 —2.213 0.712
2011 —11.780 —0.153 —2.846 14.582 3.155 —2.783 0.175
2012 —6.984 —0.581 —1.400 9.165 2.694 —2.384 0.510
2013 —6.478 —0.269 —0.890 8.254 2.066 —1.908 0.774
2014 —2.713 —0.313 —2.536 6.528 2.293 —1.918 1.341
2015 —2.040 —0.204 —2.310 4.791 2.518 —2.204 0.551
2016 —2.980 —0.587 —4.140 5.955 2.840 —2.310 —1.222
2017 —4.168 0.021 —10.114 8.560 2.687 —2.330 —5.344
2018 —5.569 —0.038 —4.415 7911 1.923 —1.758 —1.946
2019 —8.923 3.328 —3.377 5.435 1.758 —1.597 —3.376
2020 —8.664 —2.538 12.169 1.832 6.710 —6.570 2.939
Total —145.297 —4.062 —46.128 188.061 56.949 —52.505 —2.982

Ax, AB, Ay, Ad, Ae, and AP, respectively, stand for the contribution values of agricultural production efficiency,
agricultural industry structure, regional industry structure, regional economic development level, urbanization
rate, and agricultural labor force to carbon emission variation. AC stands for carbon emission variation during the
study period.
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Figure 11. Trends in various decomposition factors in the LMDI decomposition model. (a) Agri-
cultural production efficiency; (b) Agricultural industry structure; (c¢) Regional industry structure;
(d) Regional economic development level; (e) Urbanization rate; (f) Agricultural labor force.

3.4. Decoupling Analysis of Carbon Emissions and Economic Growth

The level of agricultural economic development is one of the important influencing
factors of carbon emissions in the YRB urban agglomeration. Further analysis of the de-
coupling relationship between carbon emissions and economic growth can assess whether
economic growth is achieved at the expense of excessive carbon dioxide emissions [60].
From 2002 to 2016, the agricultural economy in the YRB urban agglomeration maintained
continuous growth. The decoupling relationship between carbon emissions and economic
growth can be characterized as weak decoupling and strong decoupling (Figure 12). This
is attributed to the intensified implementation of sustainable development during the
12th Five-Year Plan in China, with proactive efforts in energy conservation and emission
reduction across different regions. As a result, the YRB urban agglomeration achieved
certain emission reduction outcomes. From 2016 to 2017, the economy of the YRB urban
agglomeration experienced a decline, and the decoupling relationship exhibited a declining
decoupling. Simultaneously, carbon emissions showed a downward trend during the same
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period. The declining decoupling indicates that carbon emissions tended to decrease along
with the economic downturn. After 2018, the region exhibited a decoupling relationship
that fluctuated between strong decoupling and weak decoupling. The relationship between
the agricultural economy level and carbon emissions in the YRB urban agglomeration
shows different patterns during different periods. This reflects the adjustment of the
region’s economic growth mode and the improvement of environmental awareness. How-
ever, further measures are still needed to achieve genuine decoupling between economic
growth and carbon emissions.

—&— Decoupling index

Recessive decoupling

Decoupling index

Figure 12. The diagram for decoupling coefficients.

4. Discussion
4.1. The Spatio-Temporal Patterns of Agricultural Carbon Emissions in the YRB

During the research period, the livestock industry was identified as the primary source
of carbon emissions in agriculture, which is consistent with the findings of Huang [61]. The
urban agglomeration in the Yellow River basin has exhibited a trend of initially increasing
and then decreasing, resembling an ‘M’ shape. The first phase of growth occurred from
2002 to 2006. The introduction of the No. 1 Central Document in 2004 [62] and the imple-
mentation of the “Two Reductions and Three Subsidies” policy in China [3] significantly
boosted the motivation of farmers, leading to a revival in the agricultural sector. These
policies stimulated the production of key agricultural crops such as wheat, corn, cotton,
and peanuts in the Yellow River basin, which is an important agricultural production base
for the country. As a result, there was a substantial increase in the scale of agricultural land
carbon emissions. The first decline phase occurred from 2006 to 2007, consistent with the
emission trend in the livestock industry. At that time, the State Council of China issued the
“Opinions of the State Council on Promoting the Sustainable and Healthy Development
of Animal Husbandry” in 2007, which explicitly outlined the main goal of promoting
the healthy development of animal husbandry through the construction of modern ani-
mal husbandry. The second phase of growth occurred from 2007 to 2015, during which
China was undergoing a dual transition phase, maintaining a steady and rapid economic
development momentum, leading to rapid regional economic growth. This resulted in
an overall expansion of the population and increased frequency of economic activities,
thereby causing a continuous increase in agricultural carbon emissions. The second sig-
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nificant decline phase took place from 2015 to 2019, indicating that under the guidance
of national environmental protection and green development policies, the agricultural
production in the urban agglomeration of the Yellow River basin gradually transitioned
towards low-carbon agriculture, achieving initial success.

Provinces in the YRB with large areas of grain crop cultivation and relatively underde-
veloped agricultural economies exhibit higher carbon emission intensity, while regions with
a higher proportion of economic crop cultivation and relatively developed economies show
lower agricultural carbon emission intensity. Additionally, there is an increasing trend of
carbon-emission-intensity disparity among different regions, highlighting the gradually
emerging levels of sustainable agricultural development.

4.2. The Regional Differences in Agricultural Carbon Sinks in the YRB

From 2002 to 2020, there were evident disparities in the carbon sink within the urban
agglomeration of the YRB. The southeastern and southwestern regions of the YRB were
identified as high-carbon-sink areas, while the northwestern region was predominantly
characterized as a low-carbon-sink area. Throughout the research period, the agricultural
carbon sink demonstrated a notable upward trend. Wheat and corn emerged as the primary
sources of the agricultural carbon sink, contributing 73% to the total sink.

The carbon sequestration capacity of the same crops varies across different regions of
the YRB. For example, in Qinghai Province, the cultivation of wheat and corn demonstrates
a relatively effective reduction in carbon emissions. Conversely, in the Inner Mongolia
region, cotton and rice exhibit a higher carbon sink yield per unit cultivated land, leading
to a more substantial reduction in carbon emissions. Based on these results, considerations
can be made to adapt to the carbon sink capacity of different crops in distinct regions. For
crops with a higher carbon sink capacity, increasing their planting area appropriately can
elevate the carbon sink and reduce carbon emissions. Conversely, for crops with lower
carbon sequestration capacity, reducing their planting area can mitigate their contribution
to carbon emissions. This adjustment is expected to enhance the carbon sink capacity of
crops, leading to a more effective reduction in carbon emissions.

4.3. Advantages and Limitations of This Study and Future Research Directions

Compared with previous studies, the research vision of this study is further expanded.
We integrate the logarithmic mean Divisia index (LMDI) decomposition and Tapio decou-
pling model to conduct an in-depth investigation of the drivers of these emissions. This
paper combines agricultural carbon emissions and carbon sinks, considering agricultural
inputs, livestock farming, rice cultivation, and farmland soil as four dimensions to assess
the carbon sequestration capacity of crops in different regions.

However, there are also some limitations in this study. Factors such as population
growth, the industrialization rate, and other influencing factors also have an impact on the
carbon sequestration of food production. However, the existing methods for measuring car-
bon emissions and carbon sequestration of food crops mainly consider the internal factors
related to the growth of food crops and do not consider the external factors such as popula-
tion and industrialization rate. In future research we will conduct a more comprehensive
study on the reasons for the significant differences in carbon sequestration among crops,
and analyze in more detail the influencing factors of the carbon sequestration capacity of
different crops in different regions. This will enhance the accuracy and comprehensiveness
of our analysis and provide strong evidence for the development of more precise emission
reduction measures.

5. Conclusions and Policy Implications
5.1. Conclusions

This study measures and analyzes carbon emissions and carbon sequestration in
agriculture and livestock within the YRB urban agglomeration from 2002 to 2020. The
study further employs the LMDI model and the Tapio decoupling model to analyze the
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drivers and economic relationships of carbon emissions from agriculture and livestock,
while exploring the underlying causes and suggesting policy implications. Based on the
analysis, the following fundamental conclusions can be drawn:

@

@)

®)

4)

The order of their contribution to agricultural carbon emissions in the YRB urban
agglomeration is livestock farming > agricultural material input > farmland utilization.
Livestock farming is the major source of carbon emissions from agriculture but its
emissions tend to be declining. Agricultural material input and emissions from
farmland utilization show an increasing trend. In general, total agricultural carbon
emissions showed a negative trend, with an overall decrease of 2.982 million tons.
Fertilizer has the highest share of carbon emissions among agricultural material input
at 61.25%. Sichuan Province is the main province for carbon emissions during the
rice growing cycle, reaching a peak of 2.42 million tons in 2005. In addition, there is a
noticeable spatial imbalance in the intensity of agricultural carbon emissions across
different regions. Provinces with a larger area dedicated to grain crop cultivation
and relatively underdeveloped economies exhibit a higher carbon emission intensity,
while regions with a larger area dedicated to cash crop cultivation and relatively
developed economies show a lower carbon emission intensity.

Agricultural carbon sinks in the urban agglomerations of the YRB show a clear
growth trend. During this period, the total agricultural carbon sink increased from
147.24 to 226.92 million tons. With the exception of cotton and potatoes, the carbon
sink of other crops has increased. In terms of carbon sink, wheat and corn are the
main sources of the agricultural carbon sink, accounting for 73% of the total carbon
sink. Furthermore, the carbon sink capacity of the same crop varies markedly in
different regions.

The LMDI factor decomposition analysis reveals that several factors contribute to
agrarian carbon emissions reduction in the YRB urban agglomeration, including
agricultural production efficiency, industry structure, regional industry structure, and
labor force size. Among these factors, agricultural production efficiency plays a crucial
role, resulting in an average annual carbon reduction of 8.07 million tons. On the other
hand, the level of regional economic development and urbanization contribute to the
increase in agricultural carbon emissions. Specifically, regional economic development
is the primary driver; cumulative carbon emissions amounted to 188.061 million tons.
From the data analysis of the decoupling model, there are three decoupling states of
agricultural carbon emissions in the YRB urban agglomeration: strong decoupling,
weak decoupling, and declining decoupling. There were four strong decouplings,
three of which occurred after 2015, indicating that the YRB urban agglomeration has
achieved significant carbon emissions reductions.

5.2. Policy Implications

Based on the findings of this study, the following recommendations are proposed for the

sustainable development of agriculture and animal husbandry in the YRB urban agglomeration:

@

@)

We will promote low-carbon and sustainable agriculture and improve the efficiency
of agricultural materials used to reduce carbon emissions from agricultural inputs.
In this study;, fertilizer is the primary source of carbon emissions from agricultural
land. We must develop clean agrarian production technologies, improve fertilizer
application efficiency, reduce fertilizer use frequency, and achieve rational and efficient
fertilizer application. We are improving agricultural production techniques to develop
efficient and clean agrarian production patterns.

Improving crop cultivation systems or patterns to increase the stability of crop pro-
duction, restructuring the agricultural industry to reduce farmland depletion, and
enhancing soil management. Selecting some high-yielding crops, such as wheat and
corn, as growing crops with a high carbon sequestration capacity can enhance carbon
sequestration. The internal structure of the farming industry should be adjusted to
meet basic food needs, expand the area planted with cash crops, increase the compre-
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hensive production capacity of agriculture, make preferential selection of crop species,
and improve planting techniques to increase the productivity of crops and enhance
their carbon sequestration capacity.

(3) To reform livestock farming technology and management and improve livestock
farming. The aim is to effectively control methane emissions from the intestinal tract
of ruminant animals. Local governments can make appropriate adjustments to the
structure of the livestock industry according to market conditions, optimize the breeds
of livestock, improve the scientific degree of breeding techniques, and increase the
advanced degree of livestock manure treatment, thereby reducing carbon emissions.

(4) Increase publicity and training for farmers on low-carbon development and raise
their awareness. A wide range of channels and methods should be fully utilized
to publicize low-carbon agriculture and raise farmers’ awareness of the safety and
superiority of low-carbon agricultural products so that low-carbon production and
low-carbon living become the consensus of farmers and promote the transformation
of agricultural production methods and the reduction of agricultural carbon emissions.
Through technical training, farmers can grasp advanced production techniques better,
thereby increasing farm productivity and reducing greenhouse gas emissions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sul6010468/s1, Table S1: Parameters of carbon sources and
emissions from agricultural inputs; Table S2: Parameters for crop N, O emissions; Table S3: Methane
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criteria for decoupling status of Tapio decoupling model; Table S7: Results of LMDI model decompo-
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