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Abstract

:

Modern agriculture contributes significantly to greenhouse gas emissions. How to reduce such emissions without sacrificing agricultural development is a common issue concerning most developing countries. In China, a rural revitalization strategy proposed in 2018 aims to achieve agricultural modernization by 2050, while reaching a carbon emission peak by 2030 and neutrality by 2060. However, China’s progress towards these goals is largely unknown. This study evaluates the coupling coordination and spatiotemporal dynamic evolution between agricultural carbon emissions and agricultural modernization in China from 2010 to 2020 through a joint employment of spatial autocorrelation and coupling coordination degree modeling. The results show that from 2010 to 2020, the agricultural modernization level increased from 0.155 to 0.272, and the agricultural carbon emission intensity decreased from 4.9 tons per 10 thousand CNY to 2.43 tons. Agricultural carbon emissions and the agricultural modernization level manifest significant spatially agglomerative patterns with noticeable discrepancies across different regions. Moreover, the coupling coordination degree between agricultural carbon emissions and agricultural modernization has increased every year, but disparities among provinces continued to widen. Specifically, coupling coordination in northern China is significantly higher than that in the south, and its spatial distribution exhibits a positive correlation and increasing levels of clustering. These results point to the continued need for sustainable agricultural development efforts, such as strengthening rural infrastructure and diffusing green technologies in achieving China’s dual carbon emission and agricultural modernization goals. This study also examines the sustainable agricultural development issue from a new perspective, and the findings can provide policy references for sustainable agricultural development policies in China.
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1. Introduction


Agricultural modernization refers to the transformation from traditional agriculture to modern agriculture, which critically relies on the adoption of both advanced agricultural machinery and improved farm management practices. However, carbon emissions may consequently grow, which could adversely affect agricultural production [1,2]. For example, agricultural intensification as part of the modernization process has led to biodiversity losses and worsening agroecological conditions [3]. Large emissions of carbon dioxide are also an important cause of climate change [4], as manifested in both global warming and climate extremes, which have a negative impact on agricultural production [5]. Thus, sustainable agriculture is the best pathway for modernizing the sector [6], which looks to not only improve agricultural productivity but also to reduce agricultural carbon emissions. In other words, agricultural modernization must be coordinated with agricultural carbon emissions to minimize the environmental impacts.



Agriculture in China has grown rapidly since its reform and opening-up in 1978, with a gross domestic product (GDP) contribution valued at USD 1.13 trillion in 2020. The rapid agricultural growth has benefited from the ongoing process of agricultural modernization. On the one hand, the introduction of the household responsibility system that holds farm households responsible for the agricultural profits and losses has greatly stimulated enthusiasm toward the adoption of new technologies. On the other hand, rising off-farm employment opportunities with industrialization and associated urbanization has increased the opportunity cost of farm labor and consequently promoted land transfers and farm expansion [7], encouraging agricultural machinery utilization. Consequently, rapid agricultural growth has been underpinned by large amounts of chemical input use and energy consumption, which are key drivers of carbon emissions [8]. Over time, there has been increasing pressure to reduce carbon emissions, and it is necessary to switch focus from purely stimulating the adoption of advanced agricultural technologies toward promoting sustainable agricultural production.



At present, the proportion of carbon emissions in China’s agricultural sector is higher than the world average, while the proportion of carbon sinks is lower [9]. Despite its fast growth, the agricultural sector is relatively underdeveloped. China’s current level of agricultural modernization is on par with that of India and Brazil and comparable to that of the United Kingdom and the United States from the late 1960s to the early 1980s or that of Japan in the early 1990s [10]. In face of this, a rural revitalization strategy was proposed in the 19th National People’s Congress of China in 2017, establishing a timeline to achieve basic agricultural modernization by 2035 and complete modernization and rural revitalization by 2050. On the other hand, at the 75th United Nations General Assembly in 2020, China formally proposed the goal of carbon peaking by 2030 and carbon neutrality by 2060. To achieve these goals, agricultural modernization needs to be coordinated with carbon emissions. The dual task to promote agricultural modernization and reduce agricultural carbon emissions at the same time can be challenging and clearly demands a better scholarly understanding that may feed back into the processes.



The coupled and coordinated development of agricultural modernization and agricultural carbon reduction, meaning that agricultural carbon reduction is achieved at the same time as agricultural modernization is promoted, is conducive to the realization of the Sustainable Development Goals (SDGs). The interaction between these two is shown in Figure 1. Specifically, the dual carbon target puts forward higher requirements for agricultural carbon emission reduction. It can promote the development of agricultural modernization while constraining agricultural carbon emissions. On the one hand, the reduction of carbon emissions from agriculture can mitigate climate change, reduce environmental risks, and provide a better environment for agricultural production, which is conducive to the stability and growth in agriculture [11]. On the other hand, in order to reduce agricultural carbon emissions, policies, such as green finance and environmental regulations in agricultural production, will guide the flow of social capital, encourage green technological innovation, and force the green transformation of enterprises to promote the optimization and upgrading of the agricultural industry [12,13]. All of these are the manifestations of the advancement of the agricultural modernization process. Conversely, agricultural modernization can also promote agricultural carbon emission reduction. Agricultural modernization means more advanced equipment and technologies, the improvement of management in agricultural business, and the promotion of large-scale production in agriculture. These can increase the efficiency of the agricultural resources used and thus reduce the carbon emission intensity of agriculture. They will also help to update the production mindset of agricultural producers, which will facilitate the development of green and low-carbon agriculture and promote the sustainable development of agriculture.



In practice, China has undertaken extensive carbon reduction measures in the agricultural sector since 2010. To reduce carbon emissions in cropland ecosystems, the Chinese government has endeavored for zero growth in chemical fertilizers and pesticides from 2015 to 2020, implemented arable land conservation programs, promoted crop residual reuse, and stimulated organic fertilizer adoption in the hopes of reducing carbon emissions from land use [8]. Moreover, the promotion of energy-efficient agricultural machinery, improved varieties, and sustainable farming practices have been implemented to decrease carbon emissions from crop farming [9]. In the livestock sector, measures, such as improved feeding practices, have also been designed to reduce carbon emissions [14]. However, it remains to be scientifically assessed whether these measures have collectively led to a reduction in agricultural carbon emissions as agricultural modernization progresses. While China has made great achievements in agricultural production in the past decades, whether continued agricultural modernization can be approached in a carbon-neutral manner remains a concern for policy makers and the rest of the world. Hence, a comprehensive understanding of agricultural modernization and carbon emissions in the current period, as well as their spatial and temporal characteristics, will be of great value in helping policy makers to scientifically formulate agriculture development and carbon reduction policies.



The aims of this paper include analyzing the basic status of the coordinated development of agricultural modernization and agricultural carbon emissions in China, exploring whether the two can be developed in a coordinated manner, and whether there are problems of unbalanced and insufficient regional development associated with the coordinated development. In general, this paper explores the question of how to make China’s agricultural production develop in a coordinated manner in a more environmentally friendly, modern, adequate, and balanced direction. This paper has important research significance and application value for the comprehensive promotion of rural revitalisation, agriculture modernisation, green agriculture transformation, and achievement of sustainable agriculture development goals in China and countries at a similar stage of development.



Using province-level panel data from China covering the period from 2010 to 2020, this article seeks to narrow the abovementioned knowledge gaps. It first measures the relationship between agricultural carbon emissions and agricultural modernization in 30 province-level administrative divisions (provinces and municipalities directly under the central government’s control and autonomous regions, all termed as ‘provinces’ hereafter). It then explores the dynamic relationship between agricultural carbon emissions and agricultural modernization through the estimation of coupling and coordination degrees. The study seeks to answer the following questions: (1) What characterizes the current status as well as the recent dynamics of agricultural carbon emissions and agricultural modernization in China? (2) What is the coupling coordination between the two? It specifically looks to clarify the spatial and temporal characteristics of regional agricultural carbon emissions, agricultural modernization, and their relationship.



The rest of this article proceeds as follows. Section 2 describes data sources and empirical methods. Section 3 reports results. Section 4 provides a further in-depth discussion interpreting the findings. Section 5 finally concludes the manuscript.




2. Data and Methods


2.1. Data Sources


The study focuses on 30 inland province-level administrative divisions in China, excluding the Tibet autonomous region, which has significant missing data issues. Given that China’s economic and environmental regulatory policies have experienced significant changes since 2010, when agricultural modernization and carbon reduction have been receiving increasing attention, this research specifically focuses on the period of 2010–2020. Data used in the following analysis are obtained from the main statistical yearbooks of China published each year. Among them, data related to the measurement of agricultural carbon emissions were obtained from The China Statistical Yearbook and The China Rural Statistical Yearbook. Data used to construct the comprehensive evaluation index system of agricultural modernization level were obtained from The China Statistical Yearbook, The China Rural Statistical Yearbook, The China Rural Management Statistical Annual Report, The China Agricultural Machinery Industry Yearbook, and The China Insurance Statistical Yearbook. All data used in this paper were sourced from The Statistical Yearbook of the Chinese Government or published studies and are publicly available.




2.2. Index System of Agricultural Carbon Emissions and Agriculture Modernization


2.2.1. Indicator System of Agricultural Carbon Emissions


This study used two indicators to measure agricultural carbon emissions, namely the total amount and intensity. Total carbon emissions are calculated by multiplying the consumption of each type of carbon emission source with the carbon emission factor (kilograms (C) per unit, detail factors see Section 2.3), and the carbon emission intensity is the ratio of total agricultural carbon emissions to agricultural GDP. Based on the findings of existing studies, total carbon emissions are measured in terms of land-use carbon emissions, crop farming carbon emissions, and livestock carbon emissions [9]. In addition, it is important to note that this paper also added nitrous oxide and methane emissions to the treatment of agricultural carbon emissions, considering that they are important sources of greenhouse gas emissions [15]. In addition, in the specific calculation process, methane (CH4) and nitrous oxide (N2O) emissions were converted to an equivalent amount of carbon dioxide (CO2) emissions using the global warming potential (GWP) method (GWP(CO2) = 1, GWP(CH4) = 28, GWP(N2O) = 265) [16].To ensure the accuracy of the carbon emission measurement, this study took into account the N2O emissions of major crops in China, such as wheat, maize, and cotton; carbon emissions from straw burning and livestock manure disposal N2O emissions in addition to the agricultural carbon emission measurement system developed by Wang et al. [17]. As shown in Figure 2, carbon emissions from land use were measured from six major sources: fertilizers, pesticides, agricultural plastic films, agricultural diesel oil, irrigation, and sowing. Carbon emissions from crop farming were measured in terms of N2O and CH4 from the cultivation of major crops, such as rice, wheat, soybeans, and burning of various types of crop residues. Finally, N2O and CH4 emissions from livestock were measured from the intestinal regurgitation and manure disposal of various types of livestock.




2.2.2. Indicator System of Agriculture Modernization


This study constructs an index system to measure the agricultural modernization in five dimensions: production equipment and technology, managerial practices, agriculture-related social services, production efficiency, and sustainability. Following the existing literature [18,19], 17 indicators were finally selected to reflect the agricultural modernization level in these five dimensions, as shown in Table 1. All indicators were standardized to facilitate empirical computation below.





2.3. Carbon Emission Factor Accounting


Carbon emission accounting was exercised in the following analysis. The Intergovernmental Panel on Climate Change (IPCC) is the United Nations body for assessing the science related to climate change, which provides a methodology for carbon emission calculating widely used today. The IPCC carbon emission factor accounting sums up total carbon emissions based on the multiplication of the use of each source and the corresponding carbon emission factors. These carbon emission factors are based on published reports from major research institutes and findings from relevant studies. Specifically, the carbon emission factors for land use were obtained from the Oak Ridge National Laboratory (ORNL), Institute of Resources, Ecosystem and Environment of Agriculture (IREEA), and Nanjing Agricultural University [8,17,21]. Emission factors for crop farming were adopted from Wang, Liao, and Jiang [17] and Min and Hu [22]. The carbon emission factors for livestock came from the IPCC report. Specific carbon emission factors are shown in Supplementary Materials Tables S1 and S2.




2.4. Entropy Method


The entropy method was used to determine the weight of indicators for the agriculture modernization index system. The entropy method determines the weights of indicators based on the magnitudes of data discrepancy [23]. A higher entropy of an indicator implies greater data variation (more chaotic) and, by assigning heavier weights, it will have a greater impact on the overall evaluation. Conversely, a lower entropy means a more ordered system with more homogeneous data and a smaller weight share. In the calculation of weights, the indicators were first standardized. Then, an objective weighting was calculated to obtain the agricultural modernization level score [20]. The results of the weight of indicators are shown in column 5 of Table 1.




2.5. Spatial Autocorrelation


Spatial autocorrelation is commonly used to describe the presence of systematic linkages of variables across adjacent geographical units. Moran’s I index is one of the most popular measures of such a spatial correlation [24]. Moran’s I index can take two forms, namely the global Moran’s I index (   I g   ) and the local Moran’s I index (   I l   ). Moran’s I index is mathematically defined as follows:


   I g  =   n   ∑   i = 1  n    ∑   j = 1  n   W  i j   (  x i  −  x ¯  ) (  x j  −  x ¯  )     ∑   i = 1  n    ∑   j = 1  n   W  i j     ∑   i = 1  n  (  x i  −  x ¯   ) 2     



(1)






   I l  =   (  x i  −  x ¯  )   ∑   j = 1  n   W  i j   (  x j  −  x ¯  )    1 n    ∑   i = 1  n    (  x i  −  x ¯  )  2     



(2)







In Equations (1) and (2),    x i    and    x j    are the  x  attribute observations for regions  i  and  j , respectively.  n  is the total number of regions observed.    x ¯    is the average of the observations, and    W  i j     is the spatial weight matrix. If province  i  is adjacent to province  j , the spatial weight is 1; otherwise the spatial weight is 0. The spatial weight matrix was further normalized in this study, where the sum of elements    W  i j     in each subset equals 1.



The global Moran’s I index reflects the overall spatial distribution of an attribute in the study area. It takes values between −1 and 1. If the global Moran’s I index is greater than 0, it represents a positive spatial correlation (agglomerative distribution); less than 0 represents a negative spatial correlation (disperse distribution), and equal to 0 represents a spatially uncorrelated (random) distribution.



The local Moran’s I index reflects the correlation of a certain attribute between a specific region and its neighboring regions. Moran’s scatterplot can be used to illustrate the characteristics of spatial agglomeration or dispersion. The horizontal axis of the scatterplot represents an indicator in each province, while the vertical axis is the corresponding spatial lag. The first and third quadrants show positive spatial autocorrelation, while the second and fourth quadrants show negative spatial autocorrelation. Specifically, the first and third quadrants represent H-H and L-L, respectively, indicating that high-value provinces are surrounded by neighboring high-value provinces and low-value provinces are surrounded by neighboring low-value provinces. The second and fourth quadrants represent L-H and H-L, respectively, indicating that low-value provinces are surrounded by neighboring high-value provinces and high-value provinces are surrounded by neighboring low-values provinces.




2.6. Coupling Coordination Degree


The coupling coordination degree is commonly used to measure the relationship between agricultural carbon emissions and agricultural modernization in terms of their mutual influence and interaction. Coupling is a physical concept and refers to the phenomenon whereby two or more systems interact with each other, and it has been widely adopted to study the relationship among multiple systems [25]. In this study, the coupling degree between agricultural carbon emissions and modernization could be computed as follows:


  C =      U 1  ×  U 2     ∏  (  U 1  +  U 2  )      



(3)




where  C  represents the coupling degree between agricultural carbon emissions and agricultural modernization;    U 1    is the agricultural carbon emission reduction index obtained through the negative standardization of total agricultural carbon emissions, and    U 2    is the value of the agriculture modernization level obtained by the entropy method. In order to simplify the analysis and to better compare the differences in coupling degrees among provinces, the values and levels of coupling degrees were divided into four stages in this article, namely the low-level coupling stage, the basic coupling stage, the moderate coupling stage, and the high-level coupling stage [20], as shown in Table 2.



Since the coupling degree mainly captures the magnitude of the mutual influence of two systems, but not the direction of the advantages and disadvantages of the action, the coupling coordination degree is often used to analyze the strength of coupling coordination between agricultural carbon emissions and agricultural modernization, which can reflect the coordinated development stage and type. The coupling coordination degree model was computed as follows:


  D =   C × T    



(4)






  T = a  u 1  + b  u 2   



(5)




where  D  indicates the degree of coupling and coordination between agricultural carbon emissions and agricultural modernization;  T  is the comprehensive evaluation index of the coupling coordination level between agricultural carbon emissions and agricultural modernization.  a  and  b  indicate the contribution of agricultural modernization of agricultural carbon emissions to the comprehensive system, respectively. Referring to the study by Xu et al. [26], we assumed that both are of equal importance, and therefore they were given the same weight of 0.5. In this study, the degree of coupling coordination of agricultural carbon emissions and agricultural modernization was divided into 10 levels [27]. Then, the coordination development stages were divided into 5 stages [26]. The values and rankings of the coupling and coordination degrees are shown in Table 3.





3. Results


3.1. Temporal Characteristics of Agricultural Carbon Emissions and Agricultural Modernization


Figure 3 shows the annual average changes of carbon emission intensity and agricultural modernization level of 30 provinces in inland China from 2010 to 2020. As shown in Figure 3, the development level of agriculture modernization at the national level was steadily rising over the study period, and the agriculture carbon emission intensity continued to decline. The agricultural modernization level at the national average changed from 0.155 in 2010 to 0.272 in 2020, exhibiting a rapid annual growth rate of 7.55%. At the same time, the national average value of the agricultural carbon emission intensity decreased from 4.9 tons per 10 thousand CNY (Average exchange rate between the US dollar and the Chinese yuan for the period 2010–2020 was USD 1 = CNY 6.54.) in 2010 to 2.43 tons in 2020, a more than half reduction. The negative change in the agricultural carbon emission intensity in the past decade clearly indicates that the agricultural economy is growing much faster than agricultural carbon emissions.



Figure 4 further shows the annual average changes of total agricultural carbon emissions and the carbon emission structure of 30 provinces in inland China from 2010 to 2020. As shown in Figure 4, the total agricultural carbon emissions of China showed a trend of growth followed by decline. During the decade from 2010 to 2020, the total agricultural carbon emissions generally fluctuated around 330,000,000 tons, reaching a maximum of 356,421,400 tons in 2015. There was an obvious upward trend from 2010 to 2015 and a noticeable downward trend from 2015 to 2019, with a slight rebound in 2020. In addition, the source structure of agricultural carbon emissions was basically stable, with a small fluctuating share of total carbon emissions from crop farming, livestock, and land use. According to Figure 4, the largest share of carbon emissions came from crop farming, followed by land use and livestock. Although the overall structure was relatively stable, the share of crop farming showed a clear growth trend, while that of carbon emissions from livestock and land use decreased.




3.2. Spatial Variability Characteristics of Agricultural Carbon Emissions and Agricultural Modernization


Table 4 presents the descriptive statistics on the total agricultural carbon emissions, the intensity of agricultural carbon emissions, and the level of agricultural modernization for 30 Chinese provinces in 2010, 2015, and 2020. There was a wide disparity among provinces in terms of both agricultural modernization and agricultural carbon emissions. The total agricultural carbon emissions of the highest province were 43 times that of the lowest one in 2010, which increased to 60 times in 2015, reaching 113 times in 2020. On the other hand, the gap in carbon emission intensity between the highest and lowest provinces remained at around 57 times over the decade. Additionally, provincial disparities in agricultural modernization were evident. Disparities in agricultural modernization levels were first widening and then narrowing, yet until 2020, the gap between the maximum and minimum across the provinces was still as much as twice that of the minimum.



Figure 5 reports the global Moran’s I value for total agricultural carbon emissions, carbon emission intensity, and agricultural modernization from 2010 to 2020. The Moran’s I indices were all greater than 0 and significant at the 10% level, which suggest an obvious positive autocorrelation in the spatial distribution of total agricultural carbon emissions, carbon emission intensity, and agricultural modernization levels. It also further shows that the agricultural carbon emissions and agricultural modernization manifested significant spatial agglomeration.




3.3. The Coupled and Coordinated Relationship between Agricultural Carbon Emissions and Agricultural Modernization


3.3.1. Temporal Characteristics of Coupling and Coupling Coordination


Figure 6 shows changes in the annual average values for coupling degree and coupling coordination degree between agricultural carbon emissions and agricultural modernization across 30 Chinese provinces from 2010 to 2020. Detailed data are reported in Table S3 in the Supplementary Materials in three representative years: 2010, 2015, and 2020.



The coupling degree between agricultural carbon emissions and agricultural modernization in China steadily increased and reached a high level of coupling from 2010 to 2020. Specifically, the coupling degree between total agricultural carbon emissions and agricultural modernization (C1) increased from 0.780 to 0.956 in the decade of 2010–2020, while the coupling degree between agricultural carbon emission intensity and agricultural modernization (C2) increased from 0.827 to 0.933. These findings indicate an increased interaction between agricultural carbon emissions and agricultural modernization in China, a close correlation, as well as an increasingly optimized coupling relationship.



Figure 6 also shows that the coupling coordination degree between agricultural carbon emissions and agricultural modernization in China again increased from 2010 to 2020, and the coordination level improved year by year. According to the coupling coordination level classification criteria in Table 3, the coupling coordination degree between total agricultural carbon emissions and agricultural modernization (D1) in China increased from 0.56 (near coordination) in 2010 to 0.74 (moderate coordination) in 2020, with the coordination level improving year by year in terms of magnitude. D1 improved the fastest from 2016 to 2019. On the other hand, the coupling coordination degree of agricultural carbon emission intensity and agricultural modernization (D2) increased from 0.53 (near coordination) to 0.66 (primary coordination) from 2010 to 2020. However, both D1 and D2 fell short of the coordination level required to achieve the dual goals of carbon emission reduction.



Figure 6 also shows a gradually widening gap in the coupling coordination among different provinces. Take D1 as an example, a backstage check (as reported in Table S3 in Supplementary Materials) showed the lowest coupling coordination degree among provinces in 2010 was in Qinghai, with a coupling coordination degree of 0.31 (mild imbalance), which was in the slightly dissonant stage. In contrast, Beijing, the highest province, had a coupling coordination of 0.76 (moderate coordination), exceeding Qinghai Province by four coordination levels. Although D1 increased year by year, the lowest coupling coordination level in 2020 was 0.49 in Henan province, which is still in the slightly dissonant stage. In contrast, Beijing, which had the highest coupling coordination, was already on a superiorly coordinated stage, with a gap of five coordination levels to Henan.




3.3.2. Temporal Characteristics of Coupling and Coupling Coordination


Figure 7 presents the geographical distributions of the total coupling coordination (D1) and intensity of coupling coordination (D2) for 30 provinces in 2010 and 2020. The degree of coupling coordination between agricultural carbon emissions and agricultural modernization increased from 2010 to 2020, with greater changes from the central and western provinces. Specifically, Ningxia, Sichuan, Chongqing, Hubei, and Hunan improved their coupling coordination levels by one or two levels, and many other provinces in those regions improved by at least one level. Most provinces moved up from the basic coordination stage of coupling coordination in 2010 to the moderately coordinated stage in 2020.



There are noticeable spatial discrepancies in the coupling coordination among provinces, which is generally high in the north and low in the south. As shown in Figure 7, the coupling coordination degree in 2010 in Xinjiang, Inner Mongolia, Heilongjiang, Jilin, and Liaoning in the north of China stepped up to a higher stage of basic coordination in both D1 and D2, and Inner Mongolia achieved the highly coordinated stage in terms of D2. In addition, in 2020, in terms of D1, Jilin in the northeast and Xinjiang in the northwest were the first to enter the superiorly coordinated stage, with the best coupling coordination. In terms of D2, Inner Mongolia and Xinjiang in the north entered the superiorly coordinated stage. In contrast, most central and southern provinces were in the moderately coordinated stage, while a few provinces were still in the basic coordination stage. Provinces such as Jiangxi were still in the slightly dissonant stage in terms of D2.




3.3.3. Spatial Autocorrelation of Coupling Coordination


Table 5 shows the global Moran’s I indices for the coupling coordination between agricultural carbon emissions and agricultural modernization in China from 2010 to 2020. The global Moran’s I of D1 and D2 in 2010 was significant at a 5% significance level, and in 2015 and 2020, the indices were significant at a 1% significance level, indicating a strong spatial autocorrelation between agricultural carbon emissions and agricultural modernization as measured by coupling coordination. In addition, the Moran’s I indices increased by year, demonstrating a statistically significant increase in a spatial clustering trend.



The Moran scatterplot of the coupling coordination degree is visualized in Figure 8. The slopes of the fitted lines in all the four scatterplots are positive, which show positive spatial autocorrelation with both D1 and D2 in the years 2010 and 2020. Most scattered points are distributed in the first and third quadrants, with only a few in the second and fourth quadrants, which jointly evidence clustering effects at the province level. Looking into the dynamics of the local Moran’s I for D1, there are 22 provinces in the first and third quadrants in 2010 and 2020, while the mean value of the local Moran’s I decreased from 0.439 to 0.391. For D2, the number of provinces distributed in the first and third quadrants is also 22, but the mean value of the local Moran’s I increased from 0.512 to 0.601. The number of provinces distributed in the first and third quadrants did not change, but the value of the local Moran’s I and the quadrant position of most provinces changed. This suggests that the spatial characteristics of each province changed slightly, but still showed agglomeration overall. For provinces in the first and third quadrants, the spatial agglomeration degree of D1 decreased, while D2 increased. In addition, Figure 8 further illustrates that the “H-H” areas are mainly located in northwest, north, and northeast of China, while the “L-L” patterns are mainly seen in central, east, and south China.



Local indicators of spatial association (LISA) may be interpreted as indicators of local pockets of nonstationary or hot spots and may be used to assess the influence of individual locations on the magnitude of the global statistic and to identify “outliers,” as in the Moran scatterplot [28]. LISA are generally divided into local Moran’s I and Geary‘s C indices. In this paper, the LISA cluster map was adopted to explain the spatial dependence and spatial differentiation characteristics according the local Moran’s I. The LISA cluster map and the Moran scatterplot work in a similar way. However, the Moran scatterplot does not reveal the statistical significance of agglomeration, whereas the LISA map captures this and visualizes the areas with significant agglomerations in the map [29]. The LISA cluster map of the coupling coordination (Figure 9) shows the “H-H” areas in the northeast and northwest regions and the “L-L” areas in the central region. According to the normal distribution approximation test, the spatial distribution was not significant beyond a 10% significance level in most provinces in 2010 and 2020, but in the provinces where it was significant beyond 10%, there were only the “H-H” and “L-L” clustering patterns but no “H-L” or “L-H” ones. Therefore, these nonsignificant provinces are not presented in Figure 9. On the one hand, the spatial clustering of carbon emission intensity of the coupling coordination in 2020 was the strongest, with “H-H” clustering in Inner Mongolia, Gansu, Qinghai, and Xinjiang in the northwest region and “L-L” clustering mainly in Guangdong and Hubei, Hunan, Anhui, and Jiangxi in the central region. On the other hand, the spatial clustering of total carbon emission coupling coordination was the weakest in 2020, with Beijing and Tianjin observing the “H-H” pattern and many central provinces still within the “L-L” category.






4. Discussion


4.1. Coupling Coordination Relationship between Agricultural Carbon Emissions and Agricultural Modernization in China


The coupling coordination relationship between agricultural carbon emissions and agricultural modernization have not yet reached a highly coordinated stage in China, but they are not contradictory in nature and can be achieved in coordination. In the past decade of 2010–2020, China’s agricultural modernization increased rapidly, whereas the total agricultural carbon emissions in 2020 increased by only 0.57% compared to 2010. These numbers lend confidence that agricultural carbon reduction goals can be achieved with the ongoing agricultural modernization. Modern agriculture is likely to result in lower carbon emissions due to the greater scale of operation, more efficient and intensive technology adoption, and reduced agricultural inputs per unit area [30]. The modernization of agriculture also features ecological and circular agriculture [31,32], which is an important dimension to reduce carbon emissions. In addition, agricultural modernization inevitably requires financial support, and green financial system can force agricultural enterprises to improve energy efficiency, reduce the use of pesticides and fertilizers, and strengthen the conservation of arable land [33,34], thereby reducing agricultural carbon emissions. Furthermore, the environmental Kuznets curve shows an inverted U-shaped relationship between the level of environmental pollution and economic development, and this relationship also exists in the agricultural sector [11]. As China’s agricultural modernization continues to improve, total agricultural carbon emissions are growing slowly with decreasing intensity, and the level of coupling and coordination continues to improve. Thus, China seems to be approaching the turning point of its inverted “U” curve, as agricultural modernization is becoming increasingly green and sustainable. Of course, these may also be the results of the gradual improvement of carbon emission reduction policies, related legal and regulatory systems, accelerated green transformation of agricultural production, and significant increases in investments in environmental protection and energy saving [35].




4.2. Factors Influencing Spatial Differences of the Coupling and Coordination of Agricultural Carbon Emissions and Agricultural Modernization


Multiple factors may lead to significant spatial differences among the provinces of China in terms of the agricultural carbon emissions, agricultural modernization, and their coupling relations. Firstly, the different product portfolios and production scales in each province have resulted in diversified agricultural modernization and carbon emission levels. As seen above, most provinces with low agricultural carbon emission intensity are mainly located in the northwest and northeast regions, where the level of agricultural modernization is higher and the coupling coordination stage is among the highest in the country. In these areas, the advantageous land resources facilitate the implementation of large-scale agricultural production and modern technology adoption, resulting in more efficient and higher-quality agricultural production [36] and a reduction in the intensity of agricultural carbon emissions. Secondly, the development of ecoagriculture and green finance helps to promote the modernization of agriculture and at the same time reduce agricultural carbon emissions. Modernizing agriculture while focusing on protecting agricultural resources and the environment is key to achieving sustainable agricultural development [37]. Over the past decade, China has launched a number of policies to support the development of ecoagriculture and circular agriculture [31,32] and vigorously promoted the green financial system [38], which has strongly contributed to the agricultural modernization. One example is the Zero-Growth Action Plan for Fertilizer Use by 2020, which has been in place since 2015 and constituted a strong contribution to the reduction of chemical input use in the agricultural sector [8]. In addition, China has been restructuring its livestock industry over the past decade and has launched several ecological and environmental policies to restrain pollution in the production process, which help to reduce carbon emissions from livestock farming [16]. Finally, varying climate, landscape, and soil conditions, as well as different socioeconomic conditions, such as infrastructure, market size, and transportation, may result in spatial differences in the level of coordination between agricultural carbon emissions and agricultural modernization [39].




4.3. Policy Recommendations


Agricultural carbon reduction in the process of agricultural modernization deserves increased attention from policy makers. Firstly, resources are continually needed in the research and development of green and clean agricultural technologies, green financial systems, and agricultural environmental regulation [40]. Specific attention is required in infrastructure development, such as high-quality farmland, rural roads, electricity, and irrigation in rural areas, which are facilitators in achieving carbon reductions in agriculture. Secondly, synergistic cooperation among regions is essential to break down barriers of agricultural carbon emission reduction in the process of agricultural modernization. Based on the resource endowment of different regions [41], governmental or nongovernmental organizations can establish inter-regional carbon market trading mechanisms and carry out inter-regional cooperation through market mechanisms in achieving agricultural carbon emission reduction [42]. Thirdly, encouraging agricultural producers and consumers to participate in green emission reduction programs cannot be overemphasized. On the one hand, encouraging farmers to use clean energy in their production and daily lives thereby reducing their use of traditional fossil fuels and improving the efficiency of agricultural energy use are needed changes from farmers, which can upgrade the energy consumption structure in agriculture and reduce carbon emissions [43,44]. On the other hand, support to farmers is needed in using organic fertilizers, reducing the use of pesticides and chemical fertilizers, and adopting green and circular ecological agriculture [8].



At one time, China’s rapid agricultural development came at the expense of environmental degradation through large amounts of carbon emissions. For this reason, the Chinese government has initiated a new development strategy toward a highly technological, green, open, and shared development model. As a result, the Chinese government is pushing forward with the modernization of agriculture, while at the same time placing more strict regulation standards on green and sustainable development. This study clarifies the relationship between agricultural modernization and agricultural carbon emissions by exploring the spatial evolutionary characteristics from 2010 to 2020 in China. This study examined the unbalanced and insufficient problems in agricultural development and further discussed the factors that are affecting coordinated development, which are conducive to the green development of Chinese agriculture. The above findings and discussions generally suggest that agriculture modernization and agricultural carbon emissions can be developed in a coupled and coordinated way. Although there is still a high level of carbon emissions in China’s agricultural sector, agriculture modernization and agricultural carbon emissions can achieve a win-win situation if a green and sustainable approach to modern agriculture is adopted and continually adhered to. This study is meaningful as a reference for China to become a modern and environmentally friendly agricultural powerhouse and could also potentially provide some lessons for other developing countries around the world.





5. Conclusions


This study developed index systems to measure agricultural carbon emissions and the agricultural modernization level and then employed coupling coordination and spatial autocorrelation methods to analyze their coupled coordination relationship in China from 2010 to 2020. The agricultural carbon emission intensity at the national average decreased from 4.9 tons per 10 thousand CNY in 2010 to 2.43 tons in 2020, a reduction of more than half. At the same time, the agricultural modernization level at the national average changed from 0.155 in 2010 to 0.272 in 2020. China experienced a continuous decline in agricultural carbon emission intensity and an increase in the level of agricultural modernization during the decade from 2010 to 2020. Yet, both agricultural carbon emissions and the level of agricultural modernization manifested obvious clustering characteristics, with significant spatial disparities among provinces although the degree of coupling and coordination among provinces increased year by year and the degree of coordinated development gradually strengthened. In 2020, D1 was 0.74, and D2 was only 0.66, and neither was at a high-level coordination stage. The gap among provinces is still widening year by year. The results of the study reflect the uneven and insufficient development of Chinese agriculture. There is thus a need to consider measures, especially in the central and western regions of China, to introduce and stimulate the take-up of a green modernization pathway and intensify carbon reduction in agriculture.



In this study, we summarized and analyzed the spatial and temporal characteristics of regional agricultural carbon emissions and agricultural modernization in 30 Chinese provinces, as well as the coupling coordination between the two. The evidence shows that agricultural carbon reduction and agricultural modernization can be coupled and coordinated and that the two are not necessarily substituting but possibly complementing each other. The findings of this study attest to China’s achievements over the last decade in terms of the SDGs for agriculture. Furthermore, the exploration of the relationship between agricultural modernization and agricultural carbon emissions provides coordinated development directions for agriculture to better achieve the SDGs.



The research confirms the coordinated relationship between agricultural carbon emissions and agricultural modernization, identifies the unbalanced development among the provinces in China. The research provides a theoretical basis for the high-speed, high-quality and balanced sustainable development of Chinese agriculture. However, there are some limitations to this study given its explorative nature. Due to the limited availability of data, this study only focused on the coupling coordination analysis from 2010 to 2020 at the province level in China. There is a lack of further empirical research exploring the factors affecting the coordination of agricultural modernization and agricultural carbon emissions. Furthermore, the indicators of agricultural modernization and agricultural carbon emissions can be improved when finer-scale data become available. In a word, with the further implementation of the Chinese government’s policy on dual carbon and rural revitalization, more in-depth microscopic research will be needed in the future.
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Figure 1. Coupling framework of agricultural carbon emissions and agricultural modernization. 






Figure 1. Coupling framework of agricultural carbon emissions and agricultural modernization.



[image: Agriculture 12 01809 g001]







[image: Agriculture 12 01809 g002 550] 





Figure 2. Evaluation index system of agricultural carbon emissions. Note: Only methane emissions from rice were considered in this paper, as rice is the most significant source of methane emissions from crop cultivation, while other crops are largely negligible [17]. 






Figure 2. Evaluation index system of agricultural carbon emissions. Note: Only methane emissions from rice were considered in this paper, as rice is the most significant source of methane emissions from crop cultivation, while other crops are largely negligible [17].



[image: Agriculture 12 01809 g002]







[image: Agriculture 12 01809 g003 550] 





Figure 3. Temporal characteristics of agricultural carbon emission intensity and agricultural modernization level. Source: Authors’ calculations. Same below. 
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Figure 4. Temporal characteristics of total agricultural carbon emissions and structural proportions. 
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Figure 5. Global Moran’s I of agricultural carbon emission and modern agricultural levels. 
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Figure 6. Coupling degree and coupling coordination degree of agricultural carbon emission reduction and agricultural modernization. 
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Figure 7. Distribution of coupling coordination degree between agricultural carbon emissions and agricultural modernization. Note: (a) Total coupling coordination (D1) in 2010. (b) Intensity of coupling coordination (D2) in 2010. (c) Total coupling coordination (D1) in 2020. (d) Intensity of coupling coordination (D2) in 2020. 
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Figure 8. Moran scatterplot of coupling coordination degree. Note: 1–30 represent: 1 Beijing, 2 Tianjin, 3 Hebei, 4 Shanxi, 5 Inner Mongolia, 6 Liaoning, 7 Jilin, 8 Heilongjiang, 9 Shanghai, 10 Jiangsu, 11 Zhejiang, 12 Anhui, 13 Fujian, 14 Jiangxi, 15 Shandong, 16 Henan, 17 Hubei, 18 Hunan, 19 Guangdong, 20 Guangxi, 21 Hainan, 22 Chongqing, 23 Sichuan, 24 Guizhou, 25 Yunnan, 26 Shaanxi, 27 Gansu, 28 Qinghai, 29 Ningxia, and 30 Xinjiang. 
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Figure 9. Local indicators of spatial association (LISA) cluster maps of coupling coordination degree in 2010 and 2020. Note: (a) Total coupling coordination (D1) in 2010. (b) Intensity of coupling coordination (D2) in 2010. (c) Total coupling coordination (D1) in 2020. (d) Intensity of coupling coordination (D2) in 2020. 
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Table 1. Evaluation index system of agricultural modernization level.
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Target Layer

	
Indicators

	
Indicator Calculations

	
Direction

	
Weight






	
Agricultural equipment and technology

	
Level of agricultural mechanization

	
Total agricultural machinery power (10 thousand kilowatts)

	
+

	
0.0910




	
Level of agricultural irrigation

	
Effective irrigated farmland/total cultivated area (%)

	
+

	
0.0288




	
Level of agricultural informatization

	
Rural broadband access users/total rural households (%)

	
+

	
0.0828




	
Agricultural business management

	
Moderate-scale operations

	
Number of households with cultivated land area of 2 hectares or above/total number of households (%)

	
+

	
0.1996




	
Farm land scaling and land transfer

	
Proportion of households with more than 0.67 hectares cultivated land × 0.5 + Proportion of total transferred land of total cultivated land × 0.5 (%)

	
+

	
0.0876




	
Agricultural disaster prevention rate

	
1 − (Disaster area of crops/sown area of crops) (%)

	
+

	
0.0980




	
Disposable income per rural residents

	
Per capita disposable income of rural residents (Chinese yuan/person)

	
+

	
0.0540




	
Agricultural Social Service

	
Farmer organization level

	
Number of rural cooperative members/total number of peasant households (%)

	
+

	
0.0687




	
Agricultural socialization service level

	
Number of specialized agricultural machinery service institutions/number of peasant households (%)

	
+

	
0.0832




	
Depth of agricultural insurance

	
Total agricultural insurance premiums/GDP from agriculture sector (%)

	
+

	
0.1130




	
Agricultural output efficiency

	
Agricultural labor productivity

	
Average value added of each agricultural employee (Chinese yuan/person)

	
+

	
0.0521




	
Land productivity

	
Output value of plantation per unit area (Chinese yuan/ha)

	
+

	
0.0700




	
Grain productivity

	
Grain yield (kg/ha)

	
+

	
0.0251




	
Green agricultural production

	
Water usage per unit of agricultural added value

	
Water usage/GDP from agriculture sector (kg/CNY 10,000)

	
−

	
0.0068




	
Energy consumption per unit of agricultural added value

	
Total diesel usage in agriculture/GDP from agriculture sector (kg/CNY 10,000)

	
−

	
0.0147




	
Fertilizer reduction

	
Annual sequential reduce rate in fertilizer (%)

	
−

	
0.0099




	
Pesticide reduction

	
Annual sequential reduce rate in pesticides (%)

	
−

	
0.0029








Note: Weight of indicators in column 5 were calculated by the entropy method [20]. The average exchange rate between the US dollar and the Chinese yuan for the period 2010–2020 was USD 1 = CNY 6.54.
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Table 2. Classification standard of coupling types.
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	Coupling Degree
	Coupling Stage





	(0.0~0.3)
	Low-level coupling stage



	[0.3~0.5)
	Basic coupling stage



	[0.5~0.8)
	Moderate coupling stage



	[0.8~1.0)
	High-level coupling stage







Note: According to the existing research of Liu, Pan, Ren, Wen, and Zhang [20], the coupling degree was classified into four stages in this paper.
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Table 3. Classification standard of coupling coordination types.






Table 3. Classification standard of coupling coordination types.





	
Coordination Stage

	
Coupling Coordination Degree

	
Coordination Level






	
Seriously dissonant stage

	
(0.0, 0.1)

	
Extreme imbalance




	
[0.1, 0.2)

	
Serious imbalance




	
Slightly dissonant stage

	
[0.2, 0.3)

	
Moderate imbalance




	
[0.3, 0.4)

	
Mild imbalance




	
Basic coordination stage

	
[0.4, 0.5)

	
On the verge of imbalance




	
[0.5, 0.6)

	
Near coordination




	
Moderately coordinated stage

	
[0.6, 0.7)

	
Primary coordination




	
[0.7, 0.8)

	
Moderate coordination




	
Superiorly coordinated stage

	
[0.8, 0.9)

	
Good coordination




	
[0.9, 1.0)

	
Extreme coordination








Note: According to the existing research of Li, Zhang, and Gao [27] and Xu, Zuo, Law, Zhang, Han, Li, and Meng [26], the degree of coupling coordination of agricultural carbon emissions and agricultural modernization was divided into 10 levels, and development stage was divided into 5 stages.
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Table 4. Descriptive statistics on agricultural carbon emissions and the level of agricultural modernization in 30 provinces.






Table 4. Descriptive statistics on agricultural carbon emissions and the level of agricultural modernization in 30 provinces.





	

	
Total Carbon Emissions

	
Carbon Emission Intensity

	
Agricultural Modernization




	

	
2010

	
2015

	
2020

	
2010

	
2015

	
2020

	
2010

	
2015

	
2020






	
Max

	
2880.9

	
3045.9

	
2714.4

	
0.742

	
0.738

	
0.761

	
0.307

	
0.379

	
0.404




	
Min

	
66.8

	
50.8

	
24.9

	
0.013

	
0.013

	
0.013

	
0.081

	
0.130

	
0.188




	
Mean

	
1105.6

	
1188.1

	
1111.9

	
0.366

	
0.373

	
0.397

	
0.155

	
0.210

	
0.272




	
S.D.

	
765.0

	
822.9

	
761.8

	
0.182

	
0.182

	
0.188

	
0.054

	
0.061

	
0.057




	
Median

	
910.8

	
1146.5

	
1119.3

	
0.353

	
0.376

	
0.415

	
0.142

	
0.199

	
0.264
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Table 5. Global Moran’s I of coupling coordination degree.
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	Total Moran’s I (D1)
	E (I)
	Sd (I)
	Z
	p-Value



	2010
	0.192
	−0.034
	0.120
	1.879
	0.030



	2015
	0.229
	−0.034
	0.113
	2.336
	0.010



	2020
	0.262
	−0.034
	0.118
	2.516
	0.006



	
	Intensity Moran’s I (D2)
	E (I)
	Sd (I)
	Z
	p-Value



	2010
	0.214
	−0.034
	0.120
	2.069
	0.019



	2015
	0.346
	−0.034
	0.117
	3.255
	0.001



	2020
	0.397
	−0.034
	0.115
	3.758
	0.000







Note: Significance test conducted by normal distribution approximation test (Z-test).
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