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Abstract

:

Analysis of spatiotemporal heterogeneity and evolutionary characteristics of agricultural land eco-efficiency is of great significance for achieving a rational use of natural resources and coordinated development of the agricultural economy as well as the ecological environment. In this study, we construct the “ecological space–agricultural production–carbon emission” framework, incorporate carbon emission intensity as an undesired output into the evaluation index system of agricultural land eco-efficiency, calculate the eco-efficiency of agricultural land in 128 cities in the Yangtze River basin from 2009 to 2018 by adopting the super-efficiency SBM model, and discuss the spatial and temporal changes using methodology such as hotspot analysis and kernel density estimation by ArcGIS. The results show the following. The overall trend of agricultural land eco-efficiency in the Yangtze River basin is increasing year by year and still has potential for improvement. However, there are significant discrepancies among cities, with the eco-efficiency of the downstream being much higher than that of the midstream and upstream regions, and demonstrating the pattern of “big dispersion–small agglomeration”. Some cities are still facing pressure to improve the eco-efficiency of agricultural land. Correspondingly, this paper puts forward optimization recommendations: Firstly, the downstream cities should give full play to their geographical advantages, actively introduce advanced production technologies, and reasonably allocate agricultural resources. Secondly, the upstream and midstream regions should formulate reasonable regional strategies in accordance with their natural resource endowments to improve the ecological benefits of agricultural land and narrow the regional disparities. This paper gives targeted policy recommendations at the levels of paying attention to education of farmers, providing incentives for ecological planting, strengthening agricultural infrastructure construction, reasonably controlling the use of agricultural materials, and increasing investment in agricultural pollutant emission management.
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1. Introduction


The rational use of land resources relying solely on agricultural land efficiency indicators that characterize the output capacity per unit area of land can no longer meet the requirements of environmental sustainability, which is a matter of public concern today [1,2]. In agricultural production activities, people harvest agricultural resource outputs. However, agriculture is an unignorable and important source of greenhouse gas emissions, which means that they are also suffering from ecological pressures, such as global warming, caused by agricultural land use [3]. Following this logic, agricultural land is the major input element of China’s agricultural production activities [4], and its eco-efficiency is not only related to China’s agricultural economy and food security, but also closely related to national ecological security.



Eco-efficiency promotes the ecological development paradigm of sustainable utilization, which is an essential indicator for evaluating high-quality development. Scholars have also discussed this key topic from various research scales, such as enterprises or industries, yet research on the eco-efficiency of agricultural land needs to be enriched and improved, especially in the Yangtze River basin, where agricultural ecological conservation and high-quality development have been elevated to the level of national strategy. According to the extant literature, research on agricultural land eco-efficiency has focused on the following aspects. (1) In terms of efficiency measurement, decision units that analyze multiple inputs and outputs are widely employed by data envelopment analysis (DEA) and slacks-based measurement (SBM) [5], but traditional DEA does not consider the influence of slack variables, resulting in errors in the measurement results, and traditional SBM has the defect of not being able to calculate the efficiency values of all decision units. (2) In terms of influential factors, scholars have focused on the influence of external factors on the agricultural land eco-efficiency, such as urbanization [6], while few studies have conducted an in-depth analysis of agricultural land eco-efficiency from the perspective of agricultural land input and output factors. (3) In terms of research scales, studies have mostly evaluated and analyzed from the perspectives of national scale or individual provinces, etc., resulting in insufficient research on policy implications related to regional development strategies [7,8].



The contribution of this study can be divided into the following four aspects. Firstly, we attach importance to the role of regional ecological resource background in agricultural production and construct the system of “ecological space–agricultural production–carbon emission”. Secondly, this paper emphasizes the role of government management as an input indicator in agricultural production, and incorporates agricultural carbon sources caused by the massive application of agricultural machinery and equipment, fertilizers, pesticides, agricultural films, and other agricultural materials into the eco-efficiency measurement system as an indicator of negative environmental effects to scientifically and accurately evaluate eco-efficiency. Thirdly, this paper tightly grasps the essential characteristics of agricultural land eco-efficiency, and proposes targeted improvement measures for improving basin agricultural land eco-efficiency from the evaluation and measurement system; Fourthly, we used data from prefecture-level cities instead of provincial-level data from previous studies, to explore regional agricultural production conditions in more detail and depth.



Based on a spatiotemporal perspective, this study constructs a super-efficient SBM model with an undesired output to comprehensively and intuitively explore the inner mechanism of “ecological space–agricultural production–carbon emission”, with 128 prefecture-level cities in the Yangtze River basin as evaluation objects from 2009–2018. On the one hand, this paper can enrich the quantitative study of agricultural land eco-efficiency and contribute to the construction of regional ecological civilization, and on the other hand, it also provides evidence for the study of eco-efficiency of other industries from the perspective of index selection and overall conceptualization. The remainder of this paper is organized as follows. Section 2 describes our study area and data sources. The research framework and methods are provided in Section 3. Section 4 gives a detailed analysis of our results. We summarize the findings and provide some practical guidelines in Section 5. Furthermore, Section 6 discusses the limitations of the article and proposes future research proposals. To achieve a win–win situation for both agricultural economy and ecological environment, the high-quality development of agriculture should receive more attention. This paper incorporates agricultural carbon emissions as an indicator affecting the agricultural production environment in the study of agricultural land resource efficiency to help measure the eco-efficiency of agricultural land in a rational way, which is of great practical significance in promoting the low-carbon transformation of basin agriculture and achieving China’s carbon-reduction commitment.




2. Regional and Research Data


2.1. Study Area


The Yangtze River basin is the main production area for agricultural products in China, with an agricultural output that accounts for about 40% of the national output, and occupies a significant position in the spatial pattern of agricultural development in China [9]. The Yangtze River basin spans the central part of China from west to east. The upstream region contains Chongqing, Sichuan, Guizhou, and Yunnan; the midstream region includes Hubei, Jiangxi, and Hunan; and the downstream region contains Shanghai, Jiangsu, Zhejiang, and Anhui [10]. There are six plains sites in the region, including Chengdu, Jianghan, Dongting Lake, Poyang Lake, Jianghuai, and Taihu Lake, which are rich in agricultural resources such as water resources and cultivated land. In recent years, the agricultural production model of the Yangtze River basin has had difficulty meeting the need for regional high-quality agricultural development, and the increasing deterioration of the agricultural production environment is constantly eroding the comprehensive benefits of agriculture [11,12]. In light of this, this paper takes 128 cities in the Yangtze River basin as examples to quantitatively measure the eco-efficiency of agricultural land and reveal its spatial and temporal differences, so as to provide a theoretical basis and decision reference for policy formulation related to agricultural land use in the Yangtze River basin. The spatial distribution of the Yangtze River basin, based on DEM, is shown in Figure 1.




2.2. Data and Preprocessing


The basic geographic data of this study, including administrative boundaries, administrative units, etc., is obtained from the National Geomatics Center of China (http://www.ngcc.cn/ngcc/, accessed on 5 July 2021). The social and economic data, i.e., grain acreage, grain yield, primary industry population, fiscal expenditure on agriculture, forestry and water, farmers’ disposable income, road network density, agricultural machinery power, chemical fertilizer application, and agricultural electricity, comes from the Annual Statistical Yearbook of the Yangtze River basin during 2009 to 2018, the Statistical Bulletin of National Economic and Social Development, and the policy documents issued by the regional government. The remote-sensing data, including the ecological soil conservation values, normalized difference vegetation index (NDVI) and DEM raster data, is derived from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/, accessed on 10 October 2021). To reduce statistical errors caused by inconsistent size of raster pixels, the spatial resolution of the above raster data is resampled to 1 km. We then partition the resampled raster data and calculate the average value of each prefecture-level city.





3. Theoretical Framework


3.1. Theoretical Framework of “Ecological Space–Agricultural Production–Carbon Emission”


Against the background of the greenhouse effect, how to quantify the impact of the resource base of agricultural land on agricultural production? Referring to the human-activity–geographical–environmental regional system [13], this paper extends that the factors that affect the agricultural land eco-efficiency are rooted in the interrelated and feedback processes of the various factors that constitute the system, and that the interaction of various factors in different dimensions and levels forms the hierarchical structure of the key factors of agricultural land efficiency. Among all the links, agricultural land eco-efficiency plays a central role, accompanying agricultural development, agricultural land use, and low-carbon agricultural development, and can directly interact with ecological space, agricultural production, and carbon emission. Moreover, the relationships among ecological space, agricultural production, and agricultural carbon emission are interconnected and influence each other in both directions, i.e., ecological space–agricultural production, ecological space–carbon emission, and agricultural production–carbon emission. The positive interaction of resource–economy–environment development presents the process of “strengthening–restriction–promotion”, and its reverse interaction shows the process of “weakening–promoting–consuming”. As can be seen, there is also an interaction level and a dual relationship between each factor and every other factor in an internal city. The interaction of different factors and the dual relationship between them are the main factors that affect the agricultural land eco-efficiency.



It is a meaningful breakthrough in this paper to measure the ecological efficiency of farmland by linking the relationship among ecological space, agricultural production, and carbon emission. Therefore, this study attempts to construct a conceptual framework diagram as shown in Figure 2 based on “ecological space–agricultural production–carbon emission”, and explore a more beneficial way to achieve the sustainable and balanced development of regional agriculture.




3.2. Establishment of Evaluation System


Based on the basic implication of sustainable development, the construction of agricultural ecological resource efficiency index system should comprehensively consider the coordinated development of land resources, ecological environment, and economic growth [14]. In this paper, with reference to the findings of existing research and the availability of data [15,16,17], we select the following input, desired output, and undesired output variables and explain them in detail—please refer to Figure 3.



(1) The selection of input indicators is mainly based on three dimensions: direct input in agricultural production, natural background, and government management in the 128 prefecture-level cities of the Yangtze River basin. Among them, direct agricultural inputs are denoted by the number of employees in the primary sector. The natural background includes agricultural land inputs characterized by: total crop sown area; agricultural land production potential of the region estimated by the Global Agro-Ecological Zone (GAEZ) model [18]; soil ecological conservation values obtained by mask extraction; projection and zoning statistics based on spatial distribution data of national net primary productivity (NPP), precipitation, and soil conservation; and DEM that reflects the slope, slope surface, and intercell relationships of regional grid cells. Government management indicators refer to the fiscal expenditures invested by local governments in agriculture, forestry, and water conservation for the purpose of supporting local agricultural development.



(2) The output indicators in this paper are selected from four dimensions: economy, ecological environment, population well-being, and social development, which are more associated with equilibrium and rationality than in previous studies, to explore the impact of farmland use on the region [19,20]. Concretely, the agricultural economy in each region is characterized by the added value of the primary industry. The ecological environment of the region is represented by NDVI as a proxy, which reflects the degree of plant coverage in the region. The disposable income of farmers can be used to represent the well-being of the regional farming households brought by agricultural production. The density of road networks, which reflects the supporting capacity of regional development as well as traffic supply capacity, is the embodiment of social development [21].



(3) Undesired output, in our paper, refers to agricultural carbon emission. Based on the methods in relevant research, combined with the availability of data, we take chemical fertilizer, agricultural electricity, agricultural machinery, and agricultural ploughing as the main carbon sources of agricultural carbon emission in the Yangtze River basin, and use the estimated data of those carbon sources multiplied by the corresponding carbon emission coefficient. The agricultural carbon emission is obtained by summing up [22].




3.3. Research Methods


3.3.1. Calculation of Agricultural Carbon Emission


Carbon emission from agricultural sources selected in this paper include chemical fertilizers, agricultural electricity, agricultural machinery, and agricultural ploughing, with reference to the existing research results at home and abroad, and their carbon emission coefficients are 0.8956 kg·kg−1 [23], 0.785 kg·kwh−1 [24], 0.18 kg·kw−1 [25], and 312.6 kg·hm−2 [26], respectively. Agricultural carbon emission intensity is the ratio of total agricultural carbon emission to the total area of cultivated land. In view of the fact that agricultural carbon emission intensity can more intuitively and truly reflect the regional situation, this study takes agricultural carbon emission intensity as an undesired output. In this paper, the result is added up using the multiplication of various types of carbon sources and their corresponding carbon emission coefficients to measure agricultural carbon emissions, which is calculated by [27]:


  C E =   ∑      C  i t   =   ∑      T  i t   ×  ∂ i   



(1)




where CE is the total agricultural carbon emission, Cit is the agricultural carbon emission of category I carbon source in year t, Tit is the amount of category i carbon source in year t, and  ∂ i represent the carbon emission coefficients for category i carbon source (i.e., chemical fertilizer, agricultural electricity, agricultural machinery power, and agricultural ploughing) [28].



As the progress of agricultural technology is accompanied by the growth of the agricultural economy, it is of more practical significance to consider the intensity of agricultural carbon emission per unit of agricultural output [29]. Therefore, the formula for calculating the agricultural carbon emission intensity is as follows:


  A C E  I  i t   =   C  E  i t     G D  P  i t      



(2)




where ACEIit is the agricultural carbon emission intensity of the i city in year t, CEit is the total agricultural carbon emission, and GDPit is the total output value of the primary industry with the same price as in year t.




3.3.2. Super-Efficiency SBM Model


This paper measures the spatiotemporal heterogeneity of agricultural land eco-efficiency in the Yangtze River basin by the SBM directed distance function that includes undesired outputs, which is given by:


   ρ *  = min   1 −  [   1 N    ∑   n = 1  N   s n x  /  x n k   ]    1 +  1  M + I    [    ∑   m = 1  M   s m y  /  y m k  +   ∑   i = 1  I   s i b  /  b i k   ]     



(3)






  s . t .  {            ∑   k = 1  K   λ k t   x  k n  t  +  s n x  =  x  k n  t          ∑   k = 1  K   λ k t   y  k m  t  −  s m y  =  y  k m  t                  ∑   k = 1  K   λ k t   b  k i  t  +  s i b  =  b  k i  t         s n x  ≥ 0 ,  s m y  ≥ 0 ,  s i b  ≥ 0 ,  λ k t  ≥ 0            



(4)




where N, M, and I represent the number of factors influencing inputs, desired outputs and undesired outputs, respectively. Also,    s n x   ,    s m y  ,   and    s i b    correspondingly represent the slack variables [30,31,32], denotes the decision unit, and    λ k t    is the weight vector. The symbol ρ* represents the eco-efficiency value of the agricultural land and takes values from 0 to 1. When ρ* = 1 (i.e.,    s n x    =    s m y    =    s i b    = 0), it indicates that the decision unit is fully efficient, while ρ* < 1 indicates losses in eco-efficiency, which implies that there is room for optimizing the structure of inputs and outputs on the agricultural land [33,34].



Based on the above research we use the Malmquist–Luenberger index (ML), which contains undesired outputs, as an in-depth analysis of the spatial and temporal heterogeneity of the agricultural land eco-efficiency. ML is composed by technical progress (TC) and technical efficiency (EC), where EC can be further decomposed into pure technical efficiency (PE) and scale efficiency (SE) with the following equation [35]:


      M L =    [     D t   (   x  t + 1   ,  y  t + 1   ,  b  t + 1    )     D t   (   x t  ,  y t  ,  b t   )    ×    D  t + 1    (   x  t + 1   ,  y  t + 1   ,  b  t + 1    )     D  t + 1    (   x t  ,  y t  ,  b t   )     ]    1 / 2               =    [     D t   (   x  t + 1   ,  y  t + 1   ,  b  t + 1    )     D  t + 1    (   x  t + 1   ,  y  t + 1   ,  b  t + 1    )    ×    D t   (   x t  ,  y t  ,  b t   )     D  t + 1    (   x t  ,  y t  ,  b t   )     ]    1 / 2   ×    D  t + 1    (   x  t + 1   ,  y  t + 1   ,  b  t + 1    )     D t   (   x t  ,  y t  ,  b t   )          = T C × E C = T C × P E × S E      



(5)




where ML is the index of change in eco-efficiency; Dt(xt, yt, bt) shows the distance function from the production point to the production frontier surface in the corresponding period. The TC index depends on autonomous innovation or the introduction of advanced technology. The EC index is influenced by the efficiency of resource allocation, such as policy reforms [36,37]. For a municipality, ML, TC, and EC respectively larger than 1 signify an improvement in the eco-efficiency of agricultural land, technological progress, and efficiency; otherwise, a decrease.




3.3.3. Kernel-Density Estimation Analysis


This paper adopts the kernel-density estimation method to estimate and fit the kernel-density curve for the agricultural land eco-efficiency in the Yangtze River basin, and reveals the dynamic evolution characteristics of the agricultural land eco-efficiency in the Yangtze River basin by analyzing the changes in the distribution pattern, kurtosis, and location of the curve [38]. The kernel-density estimation equation is as follows.


     f h   ^   ( x )  =  1 n    ∑   i = 1  n   K h   (  x −  x i   )  =  1  n h     ∑   i = 1  n  K  (    x −  x i   h   )   



(6)




where n represents the number of observed samples, and the magnitude of the bandwidth h value affects the smoothness of the kernel-density curve distribution. The kernel function K(x) has various types, including Gaussian kernel, linear kernel, polynomial kernel and sigmoid kernel. In this paper, the Gaussian kernel function is used because it has good resistance to data noise and is widely used. According to the bandwidth method set by Silverman, the bandwidth was set to 1 h, which is expressed in the form of h = 0.9SeN−1/5, where Se is the standard deviation of the observed values of random variables [39].




3.3.4. Hotspot Analysis


Hotspot analysis uses the z-value of the Getis-Ord Gi statistic (the higher the z-value, the redder the color, indicating that the attribute is a spatial hotspot; the lower the z-value, the bluer the color, indicating that the attribute is a spatial coldspot) to identify the aggregation effect of high and low values of spatial location, i.e., to explore the spatial distribution characteristics of hotspot and coldspot areas of agricultural land eco-efficiency in the Yangtze River basin [40,41,42]. Compared to the global Moran’I statistic, the hotspot analysis method can correctly reveal spatial independence.






4. Research Results


4.1. Carbon Emission from Agricultural Production


As shown in Figure 4a, the total agricultural carbon emissions in the Yangtze River basin increased from 245 million tons of CO2 in 2009 to 321 million tons of CO2 in 2018, with an increase of 31.17%. Specifically, the annual growth rates from 2009 to 2013 and from 2013 to 2018 were 20.42% and 8.93%, respectively. This indicates that though the total agricultural carbon emissions in the Yangtze River basin are generally increasing, their growth rate is slowing down. As shown in Figure 4b, from 2009 to 2018, the agricultural carbon emission intensity in the Yangtze River basin decreased from 167 t CO2/million to 124 t CO2/million, with a decrease of 25.89%. The decrease in agricultural carbon emission intensity can be seen as an increase in agricultural carbon emission efficiency. Among them, the annual decline rates from 2009 to 2013 and from 2013 to 2018 were 30.73% and 4.03%, respectively.



In addition, the total carbon emissions and the carbon emission intensity in the Yangtze River basin vary greatly. The river basin with the largest carbon emission is near the upstream cities (Figure 4a); simultaneously, the cities in this basin have the largest decrease in carbon emission intensity of 26.35% (Figure 4b). This could be attributed to the rapid development of the agricultural economy but backward agricultural production technology in these provinces, which failed to realize the effective development of low-carbon agriculture [43,44,45,46].




4.2. Spatiotemporal Deductive Characteristics of Agricultural Land Eco-Efficiency


The super-efficiency SBM model was selected, the input–output data including undesired output were analyzed by using MaxDEA, and the eco-efficiency of agricultural land of the Yangtze River basin from 2009 to 2018 was calculated as shown in Figure 5, Figure 6 and Figure 7.



Figure 5 illustrates the temporal trends of comprehensive technical efficiency, pure technical efficiency, and scale efficiency of agricultural production in each region of the Yangtze River basin. Overall, the agricultural land eco-efficiency of the 11 provinces (cities) in the Yangtze River basin showed a fluctuating upward trend from 2009 to 2018, and the average carbon emission performance in each year is basically more than 0.5, which shows that great achievements have been made in the development of economic and agricultural production in the Yangtze River basin. However, there is still much room for improvement. From the perspective of timescale, the improvement of agricultural land efficiency in the Yangtze River basin is most obvious from 2013 to 2018, reaching a peak of 0.83 in 2018. This could indicate that the governments of the prefecture-level cities in the Yangtze River basin attach importance to modern agricultural production and are determined to save energy and reduce emissions, through a series of measures to significantly improve the eco-efficiency of agricultural land. From the spatial scale, the downstream cities are in the leading position with higher agricultural land eco-efficiency. This may be attributed to the superior geographical location, higher level of economic development, and stronger environmental awareness of the downstream basin cities, which have improved the efficiency of agricultural resource use through the introduction of advanced technologies. However, the cities in the midstream and upstream basins are under great pressure to maintain the coordinated regional development of low-carbon agriculture, despite the abundant natural resources [47,48].



By further decomposing the comprehensive efficiency of the system, the results show that the average pure technical efficiency and scale efficiency of agricultural production in the Yangtze River basin are 0.89 and 0.91, respectively. The pure technical efficiency still has greater potential for improvement compared to the scale efficiency, which implies that the continuous promotion of agricultural technological progress is an overwhelmingly significant pathway to improve the eco-efficiency of agricultural production [49].



Figure 6 illustrates the agricultural land eco-efficiency of cities in nine provinces located in the upstream, midstream, and downstream of the Yangtze River. On the temporal scale, the eco-efficiency of agricultural land in most cities in the Yangtze River basin is increasing, but in some cities it still has a decreasing trend, mainly concentrated in the midstream and upstream regions, which may be due to the fact that these regions still rely on the crude agricultural production model in exchange for agricultural economic development, and in addition, the large number of laborers moving to cities for employment also directly leads to the decrease of agricultural land utilization efficiency. On the spatial scale, the urban areas with the highest eco-efficiency of agricultural land are mainly distributed in Zhejiang and Jiangsu, while the low eco-efficiency of agricultural land is mainly distributed in Guizhou, Yunnan, and other cities. In each city area of the Yangtze River basin, the highest value of agricultural land efficiency is Zhoushan City, which reaches 1.48; the lowest value of agricultural land efficiency is Zunyi City, which is only 0.176. The difference of agricultural land efficiency between the two cities is 1.3. The imbalance of agricultural production development between cities is prominent. Combined with the evaluation system in this paper, such a phenomenon may be attributed to upstream cities’ transportation limits, ecological fragility, and backward agricultural technology, while downstream cities have sufficient capital and technology capacity as support.



In view of the fact that Shanghai and Chongqing are municipalities directly under the Central Government of China, Shanghai has a special status compared with other cities (Figure 7). From 2009 to 2018, the utilization of agricultural land ecological resources in Shanghai and Chongqing are very different. The efficiency of agricultural land resources in Shanghai is higher than that in Chongqing, but the evolution law of these two cities shows an obviously opposite trend. The efficiency of agricultural land resources in Shanghai shows an “inverted U” trend, while Chongqing shows a “U” shape. In addition, the eco-efficiency of agricultural land in Shanghai is always higher than the highest value in Chongqing.



The Getis-Ord Gi* index was applied to evaluate each element in the context of adjacent elements and then compare the local situation with the global situation. We used the index to identify the hot and cold regions of agricultural land eco-efficiency in the Yangtze River basin. It can be seen from Figure 8 that the spatial distribution of agricultural land eco-efficiency is uneven, consistent with our previous findings, showing the pattern of “big dispersion and small agglomeration”. On the whole, the hotspot distribution law of agricultural land efficiency in the Yangtze River basin is low in the west and high in the east. The local characteristics are obvious, mainly reflected in hotspots distributed in the northern areas of the lower reaches, followed by Jiangsu, Anhui, Hubei, and other urban areas. The distribution of coldspot cities is concentrated in the upper reaches of Yunnan Province, Guizhou Province, and other urban areas. The temporal and spatial distribution of agricultural land efficiency changed significantly from 2009 to 2018: the hot cities and cold cities in the Yangtze River basin showed an obvious decreasing trend. By 2018, the hotspots were mainly concentrated in the Nanjing sub-group and Suzhou-Xi Chang subgroup of the Yangtze River Delta urban agglomeration. There were only 9 coldspots left, mainly distributed in the southeast of Zhejiang and Ganzi Tibetan Autonomous Prefecture, Panzhihua City, Chuxiong Yi Autonomous Prefecture, and other places in Sichuan Province.




4.3. Kernel-Density Estimation of Agricultural Land Efficiency


STATA was used to estimate the kernel density of agricultural land eco-efficiency for the cities in the Yangtze River basin in 2009, 2013, and 2018, with the aim of revealing the evolutionary characteristics of the distribution of agricultural land eco-efficiency. The results are shown in Figure 9.



Overall, the evolution of the agricultural land eco-efficiency in the Yangtze River basin during the study period is characterized as follows. (1) In terms of shape, the kernel-density curve shows an obvious skewed “M”-shaped bimodal distribution with steep crests overall, which indicates that the agricultural land eco-efficiency in the Yangtze River basin is polarized and the regional disparity is intensified; (2) in terms of position, there is a slightly slowing trend in the extension of the double tail of the kernel-density curve from 2009 to 2018, which indicates that the agricultural eco-efficiency in the Yangtze River basin has shifted from a small decline to a large increase; (3) in terms of kurtosis, the kernel-density curve shows the trend of change from a broad peak to a sharp peak, which indicates that the gaps between the eco-efficiency of agricultural land in different cities are gradually narrowing.





5. Conclusions


5.1. Conclusions


Based on analyzing the carbon emission of 128 prefecture-level cities in the Yangtze River basin from 2009–2018, this study measures the regional variation in the eco-efficiency of agricultural land under the undesired output based on the super-efficient SBM model, explores the spatial relationships between regions by utilizing hotspot analysis and kernel-density estimation, and finally proposes targeted policy recommendations. The results show that: from 2009 to 2018, the agricultural land eco-efficiency of 11 provinces (cities) in the Yangtze River basin fluctuated and grew slowly, and there was still much room for improvement. The results of the hotspot analysis show a pattern characteristic of “big dispersion–small agglomeration”. Moreover, the cities with higher eco-efficiency are concentrated in the economically developed downstream cities, while the ecological efficiency of agricultural land in the midstream to upstream areas is not satisfactory. Additionally, according to the kernel-density curve, the distribution curve of agricultural land eco-efficiency in the Yangtze River basin shows obvious double-peaked and right-tailed characteristics, indicating that agricultural land eco-efficiency is featured by spatial polarization. This research highlights the role of land resources in agricultural production, and studies the difference between the carbon emission intensity of municipal administrative units and the eco-efficiency of agricultural land, which expands the research horizon in the field of agricultural production and enriches the research results.




5.2. Policy Recommendations


As shown in Figure 10. According to the previous calculation results, we have put forward reasonable suggestions for the agricultural development of the Yangtze River economic belt in the future. First of all, we have defined the orientation of agricultural development; that is, we have established the two major goals of agricultural development. One is to ensure the sustainable development of agriculture, and the other is to help China’s dual-carbon target (reaching a carbon peak in 2030 and carbon-neutral in 2060) [50,51]. To achieve the goal of coordinated development of agricultural economy and eco-environment, decision makers in each prefecture-level city in the Yangtze River basin should adopt a “site-specific” rather than a “one-size-fits-all” strategy for agricultural development [52]. Within the United Nations 2030 Sustainable Development Goals, a long-term strategy of agricultural production supported by “ecological space–agricultural production–carbon emission” should be explored and promoted to achieve high-quality development of regional agriculture [53].



On the one hand, downstream cities with higher agricultural land eco-efficiency should take advantage of their geographical location and actively introduce advanced production technologies to drive the transformation of agricultural production methods in the upstream and midstream regions and achieve the improvement of overall agricultural land eco-efficiency in the basin; moreover, the downstream cities should appropriately allocate agricultural resources to make up for the scarcity of agricultural land resources.



On the other hand, the midstream and upstream regions with lower eco-efficiency should narrow the gap between regions by formulating agricultural development plans that are in line with their own natural endowments. Specifically, this can be implemented in the following ways. First, local governments should pay attention to the quality education of agricultural labor, improve their environmental awareness, and advocate for the use of advanced agricultural production technologies. Second, local governments should not only improve agricultural infrastructure construction, but should also provide material incentives and other measures, such as ecological compensation according to the sown area, to farmers who insist on implementing low-carbon and efficient ecological cultivation of agricultural land. Third, in order to mitigate the intensity of agricultural carbon emissions, environmental regulators should both reasonably control the use of agricultural chemical materials and mechanical power, promote agroecological approaches, such as the substitution of organic fertilizers, advocate the use of agroecological technologies such as organic fertilizer substitution, as well as increase investment in the management of agricultural pollutant emissions.





6. Futures


Although this paper measures the eco-efficiency of agricultural land in the Yangtze River basin at the municipal level, capturing the differences in agricultural development and the unevenness of regional development among cities, it did not take the convergence of agricultural land eco-efficiency into account in each city. Meanwhile, due to the limitation of data, the scale of our analysis stopped at the prefecture city level and more detailed data (e.g., county-level units) were not collected, so we cannot explore the relationships in depth. In addition, agricultural cropping patterns and plantations were not considered in the construction of the index system, and the unavailability of data limits the collection of pollution-type data such as pesticides and agricultural films in the construction of the carbon source system in the Yangtze River basin. All these will be the focus of our next research in the future.
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Figure 1. Spatial distribution characteristics of DEM in the Yangtze River basin. Notes: Grain yield refers to the total amount of grain produced in the calendar year of agricultural producers and operators. Grain yield is categorized by harvest season, including summer harvest, early rice, and autumn harvest; and by crop variety, including cereals, potatoes, and legumes. 
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Figure 2. Theoretical framework of “ecological space–agricultural production–carbon emission”. 
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Figure 3. Calculation scheme of agricultural land eco-efficiency. 
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Figure 4. Agricultural carbon emission and carbon emission intensity in different regions. 
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Figure 5. Eco-efficiency of agricultural land in different regions. 
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Figure 6. Eco-efficiency of agricultural land in each province. 
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Figure 7. Comparison of agricultural land eco-efficiency between Shanghai and Chongqing. 
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Figure 8. Hotspot analysis of agricultural land eco-efficiency in the Yangtze River basin. 
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Figure 9. Kernel-density estimation of agricultural land eco-efficiency in the Yangtze River basin. 
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Figure 10. Paths to improve eco-efficiency of agricultural land. 
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