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Abstract: The balanced ecological protection and high-quality development of the Yellow River basin
(YRB) has become a major national strategy in China in which low-carbon agricultural development
in the region is crucial. In this context, studying the coupling and coordination between agricultural
carbon emissions efficiency and economic growth in the YRB is of great significance to promote
low-carbon, green, and sustainable agricultural development. Therefore, based on the data of
30 cities in the YRB from 2010 to 2020, the super-efficient slacks-based measure (SBM) model with
non-expected output was employed to effectively measure the agricultural carbon emissions efficiency
in the YRB. Subsequently, the coupling and coordination degree of agricultural carbon emissions
efficiency and economic growth in the YRB was further calculated. Finally, the Dagum Gini coefficient
and kernel density estimation methods were adopted in order to comprehensively examine the spatial
differences, as well as the dynamic evolution pattern of the coupled coordination in the YRB. The
results demonstrate that there is a significant spatial non-equilibrium in the coupling and coordination
degree of agricultural carbon emission efficiency and economic growth in the YRB, in addition to the
decreasing trend of coupling coordination during the sample observation period. As such, there is
still considerable room for improvement of the efficiency of agricultural carbon emissions and the
degree of coupling and coordination in the YRB. This study may serve as a reference for improving
the low-carbon development of agriculture and economy in the YRB, providing theoretical guidance
for solving the contradiction between ecological protection and economic development in this region.

Keywords: agricultural; environment; low-carbon; economic growth

1. Introduction

With the increase in carbon emissions, climate change has become one of the greatest
challenges facing the world at present [1]. Watersheds, as key areas where humanity and
nature interact, are also facing the impacts of climate change due to carbon emissions. In
October 2021, the ecological protection and high-quality development of the YRB became
a significant national strategy in China, successfully emphasizing the YRB's strategic
position [2]. As such, the introduction of this remarkable national strategy is of vital
relevance to the promotion of coordinated regional development and high quality of life
for the population [3]. Therefore, the YRB has also made certain achievements in green
and sustainable development; however, when viewed from a dual perspective of spatial
patterns and historical laws, the YRB is not an axial development model comparable
to the Yangtze River Economic Belt [4], as large disparities in economic development
may be observed within the basin, along with more prominent ecological and water
resource problems, as well as more acute contradictions of unbalanced and insufficient
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development [2]. The provinces and regions along the YRB have been severely affected by
regional endowments and various other factors, including the degree of economic linkages,
the quality of the division of labour, and the level of coordinated development all remain to
be enhanced [5]. The YRB is an important ecological barrier and economic zone in China [6],
and strengthening the ecological protection and green development of cities along the YRB
is very important for the achievement of sustainable watershed management.

In September 2019, a seminar on ecological protection and high-quality development
of the YRB held in Henan proposed “to make new and greater strides in ecological pro-
tection and high-quality development of the YRB by focusing on innovative institutional
mechanisms, promoting ecological protection as well as high-quality development of the
YRB” [7]. According to the FAQO, the greenhouse gases emitted from agricultural land
account for more than 30% of global anthropogenic greenhouse gas emissions [8]. In 2018,
the total coal consumption in the YRB amounted to 2.057 billion tonnes, accounting for
45.69% of the total coal consumption in China [9]. Therefore, it is important to study
the efficiency and characteristics of agricultural carbon emissions in the YRB, analyse the
degree of coupling and coordination between agricultural carbon emissions efficiency and
economic growth in the YRB, and clarify the regional differences and their change trends in
the upper, middle, and lower reaches of the YRB. Most scholars have examined the YRB
at the provincial level, where cities—as carriers of economic development and ecological
management and protection—are the core drivers of green and coordinated development in
the YRB [10]. Therefore, in this paper, we adopt the cities along the YRB as the entry point
of the study in order to effectively measure the efficiency of agricultural carbon emissions in
the YRB, and to analyse the degree of coupling and coordination with economic growth, as
well as regional differences. In this way, we can better reflect the coupling and coordination
of carbon emission efficiency and economic growth in the YRB. This study has important
theoretical and practical significance for the strengthening of ecological protection and
high-quality development of the YRB, along with the promotion of China’s economic and
social development and ecological security.

Through a literature review, it was found that research on agricultural carbon emis-
sions typically begins with the determination of agricultural carbon sources. In the early
days, researchers measured the agricultural carbon emissions based on four different dimen-
sions: fertilizers, pesticides, agricultural irrigation, and seed cultivation [11]. Subsequently,
scholars began to examine agricultural carbon sources in the areas of livestock farming
and rice cultivation [12], fertilizers and pesticides [13], energy consumption [14], enteric
fermentation of livestock and manure management [15], and so on. In contrast, others have
measured CHy, N,O, and CO, emissions from agricultural production [16], as well as that
from four different dimensions, including agricultural energy use, agricultural material
inputs, rice cultivation, and livestock farming [17], and so on. Then, the second step is
the measurement of carbon emissions efficiency. Scholars have focused on measuring the
efficiency and reduction potential of carbon emissions by utilizing the SBM-Undesirable
model [18] and the DEA-Global Malmquist model [19], where agricultural carbon emissions
are treated as an undesired output factor. Comprehensive studies have revealed that there is
no stochastic convergence at the national level as the east, central, and west regions exhibit
different characteristics [20,21]. Similarly, it has been observed that the scale of agricultural
carbon reduction potential is the largest in the central region, especially in provinces, such
as Henan, Anhui, and Hebei [22]. As the ecological protection of the YRB has become
a major national strategy, many scholars have paid attention to solving many problems
faced by the high-quality development of the YRB, especially research on the relationship
between carbon emissions and economic growth. Scholars have analysed the relationship
between economic growth and agricultural carbon emissions in China by utilizing the
environmental Kuznets curve (EKC) model [23] and the Tapio decoupling indicator [24].
The relationship between them has been found to be inverted U-shaped [25], N-shaped [26],
or two-way causal [27]. Moreover, other scholars have examined the relationship between
them at the provincial [28] and regional [29] levels and concluded that China’s current
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economic growth is highly dependent on carbon emissions. Hence, these studies indicate
that it will be extremely challenging to implement a low-carbon economic development
model in the short term [30]. As far as the YRB is concerned, scholars have found that the
overall pattern of carbon emissions in the YRB is “high in the east and low in the west”, the
carbon sink pattern is “high in the west and low in the east” [31], and the intensity of carbon
emissions presents a spatial distribution pattern with coexistence of “agglomeration” and
“differentiation” [32]. The carbon emissions efficiency gap presents a W-shaped evolution
trend, as well as a stepped distribution pattern of “upstream-midstream-downstream” [33].

Although many scholars have studied the relationship between agricultural carbon
emissions efficiency and economic growth, it is evident that there is still considerable room
for improvement. First, most of the existing literature has been based on the research
of carbon emission efficiency, lacking relevant analysis of carbon emissions efficiency
specifically for agriculture, and mostly at the provincial level, thus lacking relevant analysis
in the YRB, especially at the urban level. Second, most existing studies have employed
the common SBM model to measure the efficiency of agricultural carbon emissions, which
fails to overcome the limitation of an efficiency value of one. Hence, there are limitations
in understanding the spatial differences in the efficiency of agricultural carbon emissions.
Third, the relevant literature has been predominantly focused on analysis of the influencing
factors, while quantitative research on the spatial differences and dynamic evolution
patterns of the coupling and coordination of agricultural carbon emissions efficiency and
economic growth has been relatively insufficient.

Given the above, in this paper, we primarily focus on investigating the spatial dif-
ferences and dynamic evolution of the coupling and coordination between agricultural
carbon emissions efficiency and economic growth in the YRB. First, a super-efficient SBM
model based on non-expected output is adopted in order to effectively measure the effi-
ciency of agricultural carbon emissions in the YRB. Second, the degree of coupling and
coordination between agricultural carbon emissions efficiency and economic growth in the
YRB is successfully measured by applying the coupling and coordination model. Third,
the Dagum Gini coefficient and decomposition method are utilized to effectively examine
the magnitude of spatial differences in the degree of coupling and coordination between
agricultural carbon emissions efficiency and economic growth in the YRB, along with their
sources. Finally, the kernel density estimation method is utilized to depict the dynamic
evolution of the degree of coupling and coordination between agricultural carbon emissions
efficiency and economic growth in the YRB.

2. Materials and Methods

In this section, first, the distribution of sample cities in the Yellow River basin is
briefly described. Then, we provide an overview of the construction of the index system
and data sources. The research ideas guiding this paper are as follows: First, the super-
efficiency SBM model is used to measure the efficiency of agricultural carbon emissions.
Second, based on the efficiency of agricultural carbon emissions and the level of economic
development, the coupling coordination degree model is further used to measure the
coupling and coordination level of agricultural carbon emissions efficiency and economic
growth in cities along the Yellow River basin. Third, as the Yellow River basin spans
the eastern, central, and western parts of China, there are great differences in resource
endowment, geographical location, and economic foundation. In order to explore the
relative differences in the degree of coupling and coordination, we use the Dagum Gini
coefficient to comprehensively investigate the size and sources of the differences. Kernel
density estimation is utilized to describe the absolute difference, distribution pattern, and
location of coupling coordination degree in the Yellow River basin.

2.1. Research Area

The YRB crosses three major segments in the east, middle, and west of China. It flows
through nine provinces, including Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia,
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Shanxi, Shaanxi, Henan, and Shandong (Figure 1). As the carriers of economic development,
as well as ecological governance and protection, cities are the fundamental driving forces
in promoting the green and coordinated development of the river basin. As such, we
selected 30 cities in the region as the research object. Simultaneously, with reference to
existing research [11], we categorized these 30 sample cities into upstream, middle, and
downstream regions (see Table 1).
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Figure 1. Overview of the distribution of cities along the YRB.

Table 1. Distribution of cities in the upper, middle, and lower reaches of the YRB.

Regions Number Cities

Upstream 1-6 Yinchuan, Bayannur, Baotou, Erdos, Hohhot, and Wuhai
. . Jiaozuo, Linfen, Luoyang, Sanmenxia, Jiyuan, Weinan,
Midstream 718 Yuncheng, Xinzhou, Yan’an, Yulin, Zhengzhou, and Luliang
Puyang, Xinxiang, Kaifeng, Liaocheng, Binzhou, Dezhou,

Downstream 19-30 Dongying, Heze, Jinan, Jining, Tai’an, and Zibo

2.2. Index System Construction and Data Source

To provide a comprehensive and objective representation of the level of agricultural
carbons emission efficiency in the YRB, we integrated the techniques used in existing
studies [28,34]. We selected the corresponding input indicators from four dimensions:
labour, land, agricultural resources, and water resources. Simultaneously, the outputs
included desired outputs and undesired outputs, and the specific indicators are presented
in Table 2.
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Table 2. The YRB agricultural carbon emission efficiency evaluation index system.
Category Dimensions Specific Indicators Units
Labour input Primary sector workers Ten thousand people
Land input Crop sown area Hectares
Acriculture Fertilizer application rate Million tons
Input Variables grict Pesticide used Million tons
capital Aericul il
input griculture film usage Tons
P Total power of agricultural machinery Million kW
Water input Effective irrigated area Hectares
Expected outputs Gross output value of agr1cultgre, forestry, Billions of CNY
Output variables animal husbandry, and fishery

Non-desired outputs Agricultural carbon emissions Million tons

Among the raw data required for the YRB agricultural carbon emissions efficiency
evaluation index system, the number of people employed in the primary industry was
successfully obtained from the China Statistical Yearbook or the statistical yearbooks of each
province (city). Similarly, the raw data required for crop sowing area, fertilizer application,
pesticide use, agricultural film use, gross agricultural machinery power, total output value
of agriculture, forestry, animal husbandry, and fishery and agricultural carbon emissions
measurement were obtained from the China Rural Statistical Yearbook and the yearbooks
of each province (city). Some of the missing values were assigned to fill in gaps using the
neighbourhood linear interpolation method. Indicators of agricultural economic growth
in cities were measured by the value added per capita of agriculture, calculated as: per
capita agricultural value added = agricultural value added / number of primary industry
employees (in CNY/person).

2.3. Super-Efficient SBM Model Based on Undesired Outputs

Tone proposed a non-radial and non-angular SBM [35], which effectively enhances
the accuracy of the estimation of the efficiency of the decision unit and can incorporate
undesired outputs into the efficiency evaluation system, thereby significantly enhancing
its practical applicability. In addition, to further distinguish and rank the efficiency dif-
ferences between relatively efficient (i.e., efficiency value of 1) decision units, Tone [36]
proposed a super-efficient SBM model in 2002, which assumes the existence of n deci-
sion units. Simultaneously, for a decision unit DMUy, for every input indicator m, it
produces r; desired output indicators and rp non-desired output indicators. The vector
forms are denoted as x € R™, yd € R y" € R2. X, Y%, and Y" are matrices, where
X = (x1,...,x,) € R, Y4 = (yﬁi,...,yﬁ) € R, and Y* = (y§,..,y4) € R2"". Subse-
quently, the super-efficient SBM model is constructed as follows:

1 % b
) "= ik
mlnp = " - 2 — ’
%(szly qghy )
1172 yfk Yok

j=1,#k
_— n
<y y‘jj)xj s=12,.,n
B J:}{#k
y 2j:§#ky;’j i 9=12,..,1 (1)
s.t. )\j>0 j=12,.,n s
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2.4. The Coupling Coordination Degree Model

With reference to existing studies [28], the formula for the coupling and coordination
of carbon emissions efficiency and economic growth in urban agriculture in the YRB is
defined as:

T = ally + Uy, 2)

¢ = {(u < ) /[ + w)y/2p) G)
=+vCXxT, 4)

where T represents the coupled and coordinated development index; « and f are equally
weighted, both taking a value of 1/2; C represents the coupling degree between the two
systems; U is the level of the agricultural carbon emissions system in the YRB (i.e., the
agricultural carbon emission efficiency); Uy represents the level of the economic system,
measured by the agricultural value added per capita (which is standardized in the specific
calculations); and D denotes the coupling and coordination, with values in the range of
[0,1]. The larger the value, the better the coupling coordination development. At the
same time, with respect to the existing research [35], the coupling coordination degree of
agricultural carbon emissions efficiency and economic growth was graded and classified,
as detailed in Table 3.

Table 3. Classification of coupling coordination levels.

Type Numerical Value Level of Coordination
Coordinated Development 07<D«<1 Advanced Coordination
Transformational development 06<D<07 Intermediate Coordination
05<D<06 Primary Coordination
Dysfunctional decline 03<D«<0.5 Near Disorder
0<D<0.3 Mild Disorder

2.5. The Dagum Gini Coefficient

In this paper, the Dagum Gini coefficient and its decomposition method were adopted
to examine the regional differences and sources of the coupled coordination between
agricultural carbon emissions efficiency and economic growth in the three major regions
of the upper, middle, and lower YRB. On the basis of sub-sample decomposition analysis,
the overall source of variation, G, can be decomposed into the intra-regional variation
contribution Gy, the inter-regional variation contribution G,;, and the super-variable
density contribution G; [36]. The specific definitions are as follows:

k k Hom
G=Y Y Y Y lvi—uwl|/2n’7, ®)
j=1h=1i=1r=1
k
Guw =} Gjipjsj, ©6)
=
k —
= 2 Z in(Pjsn + pnsj)D; ?)
Kk oj—1
G = Z Z Gin(pjsn + pnsj) (1 - Djh>/ (8)
j=2h=1

where k represents the number of regions, n represents the number of all cities, n;(n,)
represents the number of cities in region j(%), y;i(yn,) is the coupled coordination of
agricultural carbon emission efficiency and economic growth for the city i(r) in region j(h),
¥ is the average of the coupled coordination of all the cities, G;; denotes the Gini coefficient
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for region j, Gjj, is the Gini coefficient between region j and region 11, and Dj; denotes the
interaction of coupling coordination between region j and region h. The specific definitions

are as follows:

nj

-
j

LZ Y lyi — v

b Yii—Yjr

zyfi:lR:l’ ] ]|

G" =
i 2 , )
j
njony
121 21’]/]‘1‘ — Ynr|
Gy ===l (10)
(Y + )
dip — pjn
jh — Pj
o , 11
= A+ pin 1

where p; = n;j/n;s; = % ; Fi(Fy) is the cumulative density distribution functions of the
coupling coordination in region j(h); dj is defined as the difference between the coupling
coordination between regions, which is the mathematical expectation of the sum of all the
sample values of yj; — y;, > 0 in regions j and /; and pjy, is the super-variable first order
moment, which can be interpreted as the mathematical expectation of the sum of all the
sample values of y;; — yj,, < 0 in regions j and h. The specific definitions are as follows:

gy = [ dE) [ - 0af ), (12)

pin= | dRw) [ (- x)dF ). (13)

2.6. The Kernel Density Estimation Method

The kernel density estimation method that was used to investigate the non-equilibrium
problem of spatial distribution is a non-parametric estimation method, which predomi-
nantly aims to estimate the probability density of a random variable and to describe its
dynamic evolution utilizing a smooth continuous density profile [37]. The density function
of the random variable, X, is assumed to be:

&= [ aB) [ (v - 0k, (14)

where X; represents the independent identically distributed observations, X is the mean,
h is the bandwidth, and K(x) is the kernel function. In this paper, the kernel density was
selected as the Gaussian kernel function for estimation, expressed as:

2

1 X
mexp<_?)'

K(x) = (15)

3. Results and Analysis

3.1. Analysis of the Status Quo Characteristics of Agricultural Carbon Emissions Efficiency
Based on Formula (1), the agricultural carbon emissions efficiency of 30 prefecture-

level cities in the YRB from 2010 to 2020 was measured using the MATLAB software. Then,

analysis of the characteristics of carbon emissions efficiency at the regional and urban levels
has been performed; the results are presented in Table 4.
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Table 4. The efficiency of agricultural carbon emission in the YRB from 2010 to 2020.
Regions Cities 2010 2013 2016 2020
Yinchuan 0.466 1.049 0.246 0.248
Bayannur 0.494 0.317 0.314 0.319
Baotou 1.108 1.005 1.017 0.366
Upstream Erdos 1.122 0.429 0.465 0.258
Hohhot 1.266 1.081 1.047 0.365
Wuhai 1.193 1.379 1.312 1.308
Mean 0.941 0.877 0.733 0.477
Jiaozuo 1.191 0.455 1.024 1.043
Linfen 0.442 0.253 0.197 0.245
Luoyang 1.048 1.129 0.638 1.052
Sanmenxia 1.076 1.023 1.049 1.050
Jiyuan 0.466 0.225 1.164 1.512
Weinan 0.294 0.258 0.370 0.354
Midstream Yuncheng 0.430 0.284 0.340 1.003
Xinzhou 0.430 0.262 0.186 0.254
Yan’an 1.263 1.303 1.254 1.220
Yulin 1.145 1.096 1.142 1.283
Zhengzhou 0.692 0.342 0.414 1.764
Luliang 0.277 0.219 0.477 0.426
Mean 0.729 0.571 0.688 0.934
Heze 0.216 0.14 0.197 0.107
Kaifeng 0.512 0.541 0.942 1.301
Jinan 0.496 0.315 0.411 0.258
Xinxiang 0.642 0.332 0.626 1.017
Binzhou 0.32 0.19 0.269 0.116
Puyang 0.638 0.332 0.327 0.27
Downstream Zibo 0.391 0.234 0.294 0.197
Jining 0.418 0.29 1.025 0.194
Liaocheng 0.153 0.115 0.152 0.113
Tai’an 0.423 0.249 0.292 0.186
Dezhou 0.235 0.177 0.257 0.102
Dongying 0.237 0.135 0.17 0.105
Mean 0.39 0.254 0.413 0.331

When viewing the YRB as a whole, the overall agricultural carbon emissions eftfi-
ciency value in the YRB during the observation interval of 2010-2020 was 0.593, which
implies that, with the existing resource input, there is still considerable room for improve-
ment in agricultural carbon emissions efficiency. Subsequently, when comprehensively
analysed at the regional level, the three major regions in the YRB’s upper, middle, and
lower sections exhibited a significant stepwise imbalance. Simultaneously, during the
sample observation period, regional agricultural carbon emissions efficiency was ranked as
upstream > midstream > downstream in the YRB. In particular, the efficiency of agricultural
carbon emissions in the upstream and midstream areas of the YRB was consistently higher
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than the overall average, except for the year 2020, in which the efficiency of agricultural
carbon emissions in the upstream area was relatively lower than the overall average. On
the contrary, the efficiency of agricultural carbon emissions in the downstream region
was consistently lower than the overall average value over the observation period. Subse-
quently, when analysed at the city level, there were substantial differences in the efficiency
of agricultural carbon emissions within the same region or between cities in different re-
gions. Concurrently, further observations portrayed that the agricultural carbon emissions
efficiency values of four cities—namely, Wuhai, Sanmenxia, Yan’an, and Yulin—were con-
sistently greater than 1. Hence, this indicates that they were in an effective state, accounting
for 13.33%. In addition, further analysis also revealed that Hohhot and Baotou gradu-
ally transformed from an effective state to an ineffective state during the measurement
period; while Yuncheng, Zhengzhou, Luoyang, Jiyuan, Kaifeng, and Xinxiang gradually
transformed from an ineffective state to an effective state during the measurement period.

3.2. Analysis of the Coupling and Coordination between Agricultural Carbon Emission Efficiency
and Economic Growth

Based on Formula (4), the coupling coordination degree of agricultural carbon emis-
sions efficiency and economic growth in the YRB from 2010 to 2020 was successfully
measured, and the coupling coordination level was also further classified. The specific
results are presented in Table 5.

Table 5. The coupling and coordination degree of agricultural carbon emissions efficiency and
economic growth in the YRB between 2010 and 2020.

Cities 2010 2013 2016 2020
Primary . . .
Yuncheng 0.566 L 0.386 Near disorder 0.366 Near disorder 0.397 Near disorder
coordination
Xinzhou 0.553 Prlrpary 0.342 Near disorder 0.460 Near disorder 0.409 Near disorder
coordination
Linfen 0.545 Pr1mary 0.610 Intern.ledi.ate 0.427 Near disorder 0.411 Near disorder
coordination coordination
. Primary . Intermediate Primary
Lvliang 0.540 coordination 0.335 Near disorder 0.617 coordination 0.571 coordination
Huhehaote 0.804 Advanced 0.841 Advanced 0.567 Primary 0.565 Primary
coordination coordination coordination coordination
Baotou  0.692 Intermediate 0.849 Advanced 0.568 Primary 0.527 Primary
coordination coordination coordination coordination
Wuhai 0890 Advanced 0529 Primary 0726 ~ Advanced g5 Intermediate
coordination coordination coordination coordination
Primary Intermediate Primary Primary
Erdos 0.560 coordination 0.639 coordination 0.521 coordination 0.517 coordination
Primary Intermediate : Primary
Bayannur 0.548 coordination 0.618 coordination 0.407 Near disorder 0.509 coordination
Jinan 0.662 Internjedi'ate 0.673 Interrr'ledivate 0.462 Near disorder 0.374 Near disorder
coordination coordination
Zibo 0.574 Primary 0.353 Near disorder  0.529 Primary 0418  Near disorder
coordination coordination
Dongying 0.476 Near disorder 0.478 Near disorder 0.371 Near disorder 0.401 Near disorder
Jining 0.649 Intern}edi'ate 0.487 Near disorder 0.600 Inter H.‘edi.ate 0.346 Near disorder
coordination coordination
. Intermediate Intermediate . .
Tai’an 0.658 coordination 0.616 coordination 0.466 Near disorder 0.363 Near disorder
. Primary . .
Dezhou 0.481 Near disorder 0.509 0.392 Near disorder 0.397 Near disorder

coordination




Sustainability 2023, 15, 971 10 of 20
Table 5. Cont.

Cities 2010 2013 2016 2020
Liaocheng 0.392 Near disorder 0.493 Near disorder 0.402 Near disorder 0.294 Mild disorder
Binzhou  0.508 Primary 0.512 Primary 0412  Neardisorder ~ 0412  Near disorder

coordination coordination

Heze 0.369 Near disorder 0.470 Near disorder 0.504 Prlmary 0.402 Near disorder

coordination
Intermediate . Primary Advanced

Zhengzhou 0.655 coordination 0.393 Near disorder 0.573 coordination 0.718 coordination

. Primary Advanced Intermediate Primary
Kaifeng 0.523 coordination 0.782 coordination 0.630 coordination 0.578 coordination
Advanced Advanced Primary Intermediate
Luoyang ~ 0.855 coordination 0.882 coordination 0.580 coordination 0.601 coordination

L. Primary . Intermediate Primary
Xinxiang  0.536 coordination 0.383 Near disorder 0.629 coordination 0.594 coordination

. Intermediate Advanced Intermediate Primary
Jiaozuo 0.626 coordination 0.742 coordination 0.633 coordination 0.539 coordination
Puyang 0763 Advanced 0.648 Intermediate ) 519 Primary 0375  Near disorder

coordination coordination coordination
Sanmenxia 0.834 Advanced 0.867 Advanced 0.782 Advanced 0.533 Primary
coordination Coordination coordination coordination
Weinan 0615 Intermediate 0.713 Advanced 0.520 Primary 0448  Near disorder
coordination Coordination coordination

Yan’an 0.735 Advgnch 0.554 Prlmary 0.748 Advgnch 0.631 Intern}edi.ate

coordination coordination coordination coordination

Yulin 0.723 Advgnce;d 0,529 Prlmary 0.734 Advgnce;d 0.649 Intern.ledi.ate

coordination coordination coordination coordination

. Intermediate . Primary .
Yinchuan 0.605 coordination 0.485 Near disorder 0.518 coordination 0.489 Near disorder
Jiyuan 0.685 Intermediate 0.603 Intermediate 0.630 Intermediate 0.566 Primary

coordination coordination coordination coordination

The evolution of the coupling and coordination degree of agricultural carbon emissions
efficiency and economic growth in the YRB is depicted in Figure 2. At the overall level of the
YRB, the coupling and coordination degree of agricultural carbon emission efficiency and
economic growth in the YRB exhibited a fluctuating downward trend, with a significant
decrease from 2010 to 2011, an annual increase from 2011 to 2013, an annual decrease
from 2013 to 2015, a rebound increase in 2016, and a steady decline thereafter, until the
lowest point of 0.489 in the sample observation in 2020. During the observation period, the
coupling coordination declined from 0.621 in 2010 to 0.489 in 2020, a decrease of 0.132 (or
about 21.26%), with an average annual decrease rate of about 2.13%.

From the regional perspective, the spatial distribution pattern of the coupling and
coordination of agricultural carbon emissions efficiency and economic growth in the YRB
exhibited a “high in the west and low in the east” trend. In the upper reaches of the
YRB, the coupling and coordination degree of agricultural carbon emission efficiency and
economic growth presented an overall W-shaped trend, which can be broadly divided
into four stages: “declining year by year, rebounding and rising, declining year by year,
rebounding and rising”. The trend was characterized by these four stages of change. At
the same time, during the observation period, the degree of coupling coordination was
generally decreasing, with a decrease of about 0.141 in 2020, as compared to 0.683 in 2010 (or
approximately 20.64%), with an average annual decrease rate of about 2.06%. Overall, the
coupling and coordination degree of agricultural carbon emissions efficiency and economic
growth in the midstream region presented a fluctuating downward trend, with a significant
decline from 2010 to 2011, a steady increase from 2011 to 2013, and a yearly decline to
the minimum value of 0.504 from 2013 to 2015. This was followed by an overall “M”-
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shaped evolution trend from 2015 to 2016, whereby the trend rebounded upwards in 2016,
declined slightly from 20162017, rose slightly from 2017-2018, and then declined thereafter.
During the observation period, the degree of coupling coordination decreased from 0.661 in
2010 to 0.539 in 2020 (a decrease of about 18.47%), with an average annual decrease rate of
about 1.85%. Simultaneously, the coupling coordination of agricultural carbon emissions
efficiency and economic growth in the downstream region also decreased slightly from
2010 to 2011, increased gradually from 2011 to 2013, decreased gradually to 0.455 from
2013 to 2015, then rebounded and increased to 0.554 in 2017, reaching a maximum value.
From 2017 to 2020, the coupling coordination decreased to 0.413—the lowest point of the
sample observations. At the same time, over the observation period, the degree of coupling
coordination fluctuated from 0.549 in 2010 to 0.413 in 2020, a decline of about 0.136 (or
about 24.77%), with an average annual rate of decline of about 2.48%.

0.70

0.65 } N N

couplingand coordination degree

040 1 1 1 1 1 1 1 1 1 1 - J
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Overall G |

I — —-Upper —&— Middle ------- Lower

Figure 2. Evolution of the coupling and coordination of agricultural carbon emissions efficiency and
economic growth in the YRB.

3.3. Analysis of Regional Differences and Sources of Coupled Coordination between Agricultural
Carbon Emission Efficiency and Economic Growth

In order to further analyse the regional differences in the degree of coupled coordina-
tion between agricultural carbon emissions efficiency and economic growth in the YRB,
as well as their sources, we adopted the Dagum Gini coefficient and its decomposition
method to thoroughly calculate the results, as presented in Table 6.

3.3.1. Overall Regional Differences in the Degree of Coordination of Coupled Agricultural
Carbon Emission Efficiency and Economic Growth in the YRB

Figure 3a depicts the evolution of the overall and intra-regional variation in the
coupling and coordination degree of agricultural carbon emissions efficiency and economic
growth in the YRB. The mean value of the overall Gini coefficient for the coupling and
coordination of agricultural carbon emissions efficiency and economic growth in the YRB
was 0.3814, with a significant spatial non-equilibrium in the coupling and coordination.
The overall Gini coefficient increased from 0.3128 in 2010 to 0.4485 in 2020 (or an increase
of 43.38%), with an average annual increase of 4.34%. Hence, the spatial variation in the
degree of coordination between agricultural carbon emissions efficiency and economic
growth in the YRB has been increasing. From the viewpoint of the dynamic evolution
process, the overall Gini coefficient of the coupling and coordination degree evolved in a
fluctuating process of “small increase-slight decrease-rebound and increase—year by year
decrease-rebound and increase-slight decrease—year by year increase”. At the same time,
when comparing the three major regions, the differences in coupling and coordination of
agricultural carbon emissions efficiency and economic growth in the YRB were evident,
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whereby the largest difference was in the downstream region, with an average value of the
intra-regional Gini coefficient of 0.3377. Simultaneously, the unevenness of the coupling
and coordination within the middle and upstream regions decreased, with their average
intra-regional Gini coefficients being 0.3273 and 0.2732, respectively. During the sample
period, the upstream and downstream regions exhibited a fluctuating upward trend, with
average annual increases of about 8.29% and 11.78%, respectively. These results indicate
that the spatial differences in coupling coordination within the upstream and downstream
regions have deepened to varying degrees. To the contrary, the Gini coefficient in the
midstream region fluctuated considerably, with a roughly “M”-shaped curve from 2010 to
2018, followed by a slight increase in 2019 and a slight decrease in 2020.

Table 6. The regional differences in the degree of coupling between the efficiency of agricultural
carbon emissions and economic growth, as well as their respective contributions.

Intra-Regional Inter-Regional Contribution Rate
Year Overall . Upper-  Upper- Middle-  Intra- Inter- Su.per
G Upper Middle Lower MIi)gdle Lgtll)ver Lower  Regional Regional Varlal?le
Density
2010 0.3128 0.1803 0.2780 0.2270 0.2540 0.4295 0.3676 26.84% 57.99% 15.17%
2011 0.3715 0.2865 0.3457 0.2098 0.3362 0.4864 0.4177 27.32% 55.77% 16.91%
2012 0.3604 0.2512 0.3236 0.2453 0.3109 0.4749 0.4164 27.33% 55.91% 16.76%
2013 0.4007 0.2317 0.3704 0.2408 0.3555 0.5595 0.4466 25.55% 61.71% 12.73%
2014 0.3939 0.3049 0.3937 0.2397 0.3678 0.4756 0.4362 28.97% 48.33% 22.70%
2015 0.3726 0.2961 0.3579 0.3514 0.3351 0.4029 0.4110 32.45% 32.51% 35.05%
2016 0.3578 0.3061 0.3174 0.3443 0.3175 0.4049 0.3982 31.74% 34.82% 33.44%
2017 0.3902 0.3010 0.3017 0.4779 0.3070 0.4360 0.4413 33.51% 18.39% 48.10%
2018 0.3734 0.2243 0.2865 0.4515 0.2722 0.4296 0.4668 30.86% 42.92% 26.22%
2019 0.4133 0.2938 0.3375 0.4326 0.3336 0.4608 0.5081 30.60% 44.11% 25.28%
2020 0.4485 0.3297 0.2875 0.4943 0.4374 0.4749 0.5644 27.96% 53.69% 18.35%
Average 0.3814 0.2732 0.3273 0.3377 0.3297 0.4577 0.4431 29.37% 46.01% 24.61%

3.3.2. Inter-Regional Variation in the Degree of Coordination between the Coupling of
Agricultural Carbon Emissions Efficiency and Economic Growth in the YRB

Figure 3b illustrates the evolution of inter-regional differences in the degree of coupling
and coordination between agricultural carbon emissions efficiency and economic growth in
the YRB. In terms of the magnitude of the numerical differences, the inter-regional variation
in the coupling coordination degree between the upstream and downstream was the largest,
with the mean value of the inter-regional Gini coefficient being 0.4577. Concurrently, the
degree of difference between the midstream and downstream, as well as between the
upstream and midstream regions, was lower, with the mean values of their inter-regional
Gini coefficients being 0.4431 and 0.3297, respectively. From the perspective of the evolution
process, the inter-regional differences in the coupling coordination between upstream and
midstream, upstream and downstream, and midstream and downstream all exhibited a
fluctuating upward trend during the observation period, with average annual increase rates
of about 7.22%, 1.06%, and 5.35%, respectively. Meanwhile, the Gini coefficient between
the upstream and midstream regions presented an M-shaped trend from 2010 to 2018.
Subsequently, it rebounded and increased to the maximum value during the observation
period of 0.4374 in 2020. The Gini coefficient between the upstream and downstream regions
followed the general trend of “fluctuating upwards—declining downwards-rising steadily”.
The evolution of the Gini coefficient curve between the midstream and downstream regions
was similar to that between the upstream and midstream regions.
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Figure 3. The magnitude of spatial variation and contribution of the degree of coordination between
agricultural carbon emission efficiency and economic growth coupling in the YRB: (a) Overall and
intra-regional Gini coefficients; (b) inter-regional Gini coefficients; and (c) sources of spatial variation
and their contributions.

3.3.3. The Contribution of Sources to the Spatial Variation in the Degree of Coupled
Coordination between Agricultural Carbon Emissions Efficiency and Economic Growth in
the YRB

The trend of the contribution of various sources to the spatial variation in the degree
of coordination between agricultural carbon emissions efficiency and economic growth in
the YRB is illustrated in Figure 3c. From the perspective of the evolution process, the intra-
regional contribution rate varied relatively smoothly, while the inter-regional contribution
rate roughly underwent a “W”-shaped evolution process, whereby it fluctuated slightly
from 2010 to 2013, decreased steadily from 2013 to 2015, increased slightly from 2015 to
2016, and then dropped to the minimum value during the observation period in 2017.
After that, it increased continuously. In contrast to the inter-regional contribution rate, the
super variable density contribution rate curve presented an opposite trend. In terms of
magnitude, the mean inter-regional contribution rate was as high as 46.01%, and the mean
intra-regional contribution rate was 29.37%, slightly higher than the mean contribution
rate of 24.61% for super-variable density. As a result, the predominant source of spatial
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variation in the degree of coordination of coupled agricultural carbon emissions efficiency
and economic growth in the YRB was inter-regional variation, while the second source was
intra-regional variation, and the third source was super-variable density.

3.4. Dynamic Evolution of the Degree of Coupled Coordination between Agricultural Carbon
Emissions Efficiency and Economic Growth

Next, the Kernel density method was utilized to thoroughly examine the location,
shape, and extensibility of the distribution of the coupling between agricultural carbon
emissions efficiency and economic growth in the YRB in order to further analyse the
evolution of the absolute differences in the degree of coupling between agricultural carbon
emissions efficiency and economic growth in the YRB.

3.4.1. Kernel Density Estimate Based on the Overall Level of the YRB

In Figure 4, the dynamic trends in the distribution of the degree of coupling and
coordination between agricultural carbon emissions efficiency and economic growth in the
30 prefectures of the YRB are depicted. It can be observed that the main peak position of
the coupling coordination degree in the YRB generally tended to shift to the left during the
sample observation period. At the same time, the coupling coordination degree decreased,
to a certain extent, consistently with the objective results in the previous section. More
specifically, the peak of the estimated Kernel density curve shifted to the left in 2013 when
compared to 2010, with little change in 2016 when compared to 2013, and presented a slight
shift to the left in 2020. In terms of the distribution pattern of the main peaks, the peak
of the Kernel density estimation curve presented a “rising—declining-rising” evolution,
while the width tended to increase. This indicates that the absolute difference in the overall
degree of coupling coordination in the YRB further expanded. Concurrently, from the
perspective of distribution extension, the kernel density estimation curves of the sample
observation period all exhibited a rightward trailing-phenomenon, which was the most
significant in 2020, caused by the presence of more and more cities with a higher degree
of coupling coordination within the YRB. Finally, in terms of the polarisation trend, the
coupling coordination level in all years exhibited a multipolar distribution.

3.4.2. Kernel Density Estimate Based on the Local Level of the YRB

Figure 5 details the evolution of the distribution trend of the degree of coupling and
coordination between agricultural carbon emissions efficiency and economic growth in
the upstream region. Overall, the height of the main peak of the distribution curve in the
upstream region exhibited a trend of “ apparent decrease-small increase-large increase”
during the observation period, while the width of the main peak presented a trend of
“widening-converging—widening”. This implies that the internal variation in the coupling
coordination in the upstream region has undergone a “widening—narrowing-widening”
evolution process. At the same time, further observation revealed that the position of the
main peak generally exhibited a leftward trend over the observation period, and the degree
of coupling coordination level demonstrated a decreasing trend. Finally, in terms of the
polarization trend, the degree of coupling coordination was polarized in 2010 and 2020,
while the distribution of coupling coordination was multi-polar in 2013 and 2016.
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Figure 4. Dynamic evolution of the degree of coupling and coordination between agricultural carbon
emissions efficiency and economic growth in the YRB.
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Figure 5. Dynamic evolution of the degree of coupling and coordination between upstream agricul-
tural carbon efficiency and economic growth.

In Figure 6, the evolution of the distribution of the degree of coupling and coordination
between agricultural carbon emissions efficiency and economic growth in the midstream
region is depicted. From an overall perspective, the main peak of the density function curve
in the midstream region fluctuated significantly, and the centre of the main peak changed
significantly, while the width of the density function did not exhibit significant changes.
First, from the perspective of the distribution position, the central portion of the distribution
curve and the interval of change in the midstream region exhibited a leftward and then
rightward shift, indicating that the coupling coordination degree in the midstream region
generally presented an upward trend after 2013. Second, in terms of the distribution pattern,
the peak height of the distribution curve in the midstream region generally exhibited a
trend of “significant increase—significant decrease—slight increase” over the observation
period, implying that the absolute differences in the midstream region were generally
more volatile. Furthermore, in terms of the extension of the distribution, there was an
obvious tailing phenomenon in 2020, implying that the level of coupling coordination in
the midstream region exhibited obvious gradient differences with time. Finally, in terms of
polarisation trends, all measurement years presented multi-polar characteristics.
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Figure 6. Dynamic evolution of the degree of coordination between the efficiency of agricultural
carbon emissions and economic growth in the midstream.

In Figure 7, the evolution of the distribution of the degree of coupling and coordination
between agricultural carbon emissions efficiency and economic growth in the downstream
region is depicted. In terms of evolution, the centre of the density function shifted to the
left when compared to 2010, providing a clear indication of the overall decreasing trend of
coupling coordination in the downstream region. Subsequently, in 2016, the centre of the
density function shifted to the right while, in 2020, it shifted to the left again, indicating that
the level of coupling and coordination in the downstream region has generally undergone a
process of “decline-rise-decline”. Simultaneously, in terms of the polarisation trend, except
for 2010—when there was a clear multi-polarisation trend—the rest of the measurement
years did not exhibit a clear multi-polarisation feature. Finally, in terms of the extension of
the distribution, there is an evident rightward-trailing phenomenon in 2020 when compared
to other years. This implies that, as time goes by, the cities with a higher degree of coupling
and coordination in the downstream region are further promoted and the gap with the
average level in the region is further widened. This provides evidence for the presence of a
“rich get richer” effect.
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Figure 7. The dynamics of the degree of coordination between downstream agricultural carbon
emission efficiency and economic growth.

4. Discussion and Conclusions

First, we compare and discuss the results of this paper with the existing literature on
the basis of empirical research. Then, in order to promote the sustainable development
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of green and low-carbon agriculture in the YRB, it is essential to promote the coordinated
development of the ecological environment and the economy, for which we drew the
following conclusions to make relevant policy recommendations.

4.1. Results and Discussion

Since the ecological protection and high-quality development of the YRB has become
a major national strategy, many scholars have paid extensive attention to the sustainable
development of agriculture about this region [38—40]. The goal of an agricultural low-carbon
economy is to achieve the coordinated development of ecological environmental protection
and economic growth—this is the inherent requirement of ecological protection and high-
quality development in the YRB. The degree of economic connection, the quality of division
of labour and cooperation, and the level of coordinated development of agriculture in
cities along the YRB urgently need to be improved. Therefore, the core objective of this
study was to reveal the spatial differences and dynamic evolution laws of the coupling and
coordination between agricultural carbon emissions efficiency and economic growth in
the YRB.

The coupling coordination level of most cities in the YRB showed a decline, to varying
degrees, during the sample observation period, consistent with existing studies [41]. In
contrast, we also used the Dagum Gini coefficient and kernel density estimation methods
to investigate the spatial differences and dynamic evolution of their coupling coordination,
thus enriching the research results. However, some scholars have reached inconsistent
conclusions in research on the ecological environment and economic growth of the YRB.
For example, Li et al. [42] found the carbon emission efficiency of the tourism industry
in the YRB increased slightly from 2010 to 2019, the possible reason for this is that these
scholars have not used sub-division in agricultural aspects, especially agricultural carbon
emission efficiency, and most of them have been conducted at the provincial level, failing
to pay attention to the urban scale [43-45].

4.2. Conclusions and Policy Suggestions
Our main findings are as follows:

(1) In terms of typical facts, there is still considerable room for improvement in the
efficiency of agricultural carbon emissions in the YRB. In the upper, middle, and lower
reaches of the YRB, a significant stepwise imbalance was observed. In addition, there
were also significant differences in the degree of coupling and coordination between
agricultural carbon emissions efficiency and economic growth in the YRB. At the
same time, the degree of coupling and coordination exhibited a spatial distribution
pattern of “high in the west and low in the east,” and the degree of coupling and
coordination in most cities demonstrated varying degrees of decline over the sample
observation period.

(2) In terms of regional differences, there was a significant spatial non-equilibrium in
the coupling and coordination degree of agricultural carbon emissions efficiency
and economic growth in the YRB. When comparing the three major regions, the
differences in the coupling and coordination of agricultural carbon emissions efficiency
and economic growth in the YRB were noticed significantly, with the spatial non-
equilibrium decreasing in the downstream, midstream, and upstream regions on a
sequential basis.

(3) In terms of dynamic evolution, the main peak of the kernel density estimation curve
for the YRB exhibited a leftward shift, further indicating the decreasing trend of
coupling coordination during the sample observation period.

Under the guidance of the national strategy for ecological protection and quality
development of the YRB, based on the above findings, we propose the following policy
recommendations to promote the efficiency of agricultural carbon emissions, economic
growth, and synergistic regional development in the YRB:
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(1) To enhance the coupling and coordination of agricultural carbon emissions efficiency
and economic growth in the YRB, it is essential to take into account both the overall
perspective of the YRB and the differences in geographical location, resource endow-
ment, and ecological and environmental conditions of the three major regions in the
YRB. At the same time, it is necessary to follow the principles of local adaptation
and coordinated development in order to improve the overall layout of ecological
protection along with high-quality economic development in the YRB, based on the
perspective of coordinated regional development.

(2) We should fully understand the importance and urgency of the coupled and coordi-
nated development of agricultural carbon emissions efficiency and economic growth
in the YRB. Similarly, we should recognize that there is still considerable room for
improvement in the efficiency of agricultural carbon emissions, as well as the degree
of coupling and coordination in the YRB. At the same time, we should be aware that
inter-regional differences are the predominant source of spatial differences in the
degree of coupling and coordination in the YRB and that the spatial differences are
most severe between the upstream and downstream. According to this characteristic,
we should establish a solid idea by taking into account the overall interest of the whole
country; establish a comprehensive mechanism for coordinated development in the
upper, middle, and lower streams of the YRB; and develop a cooperation mechanism
whereby the wise seek common interest. At the same time, it is also immensely crucial
to accelerate the coordinated development of the whole basin in essential areas, such
as ecology and environment, infrastructure, and technological research, in order to
form a pattern of coordinated development in the three regions.

4.3. Limitations and Future Prospects

The short period of relevant public data for many cities along the YRB led to a lack of
the data that was needed for this study to measure agricultural carbon emissions. With
the global concern for climate change in recent years and the policy guidance of ecological
priority, green, and low-carbon development, the low-carbon development of agriculture
in cities along the YRB should be further improved. In the future, further measurements
can be made after the supplementation of the data.
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