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Abstract

:

With the continuous development of China’s economy and the acceleration of urbanization, the phenomenon of high-quality cultivated land being converted to construction land is becoming increasingly prominent. In mountainous provinces such as Yunnan, the contradiction between cultivated land protection and blind expansion of construction land is becoming increasingly obvious. Based on the characteristic region of the mountainous province of Yunnan, this paper integrates remote sensing image interpretation of land use/land cover data in three phases (i.e., 2000, 2010, and 2020) with GIS technology and econometric methods. Through the interpretation of remote sensing images from 3 phases of Yunnan Province, a detailed calculation was conducted on the per capita cultivated land area (CULA) and per capita construction land area (COLA) and their changes in 129 counties in the province over the past 20 years (2000~2020). The spatiotemporal evolution laws and spatial pattern characteristics of CULA and COLA were analyzed, and then, the influencing factors in the quantitative characteristics of cultivated land and construction land in the province were studied further by using spatial econometric models. This study finds that the total and per capita CULA in Yunnan Province have significantly decreased over the past 20 years, which poses a threat to the national food security to a certain extent. At the same time, the total amounts of COLA and the per capita COLA have significantly increased, leading to the phenomenon of blind expansion and rough utilization of construction land. Compared with international research results, Yunnan can learn many lessons about controlling the reduction in CULA and the rapid expansion of COLA, among which the most important thing is to choose suitable urban and industrial development paths and adopt effective intensive land utilization methods. The research results of this study can provide a basic reference for mountainous provinces to formulate reasonable measures for cultivated land protection, prevent the disorderly expansion of construction land, and promote the coordinated development of urban and rural areas.
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1. Introduction


Industrialization and urbanization are the necessary path and trend in economic and social development of a country or region [1]. In the process of industrialization and urbanization, due to the increase in urban land, industrial land, and other infrastructure construction land, the cultivated land area (CULA) inevitably undergoes dynamic changes [2]. Therefore, theoretically speaking, there is a mechanism of mutual influence between industrialization, urbanization, and changes in CULA [3]. On the one hand, the development of industrialization and urbanization requires the occupation of a certain scale of cultivated land, which often leads to a decrease in CULA. On the other hand, the change in cultivated land also has a reverse impact on the development of industrialization and urbanization. The usual law is that after the conversion of cultivated land to urban land, industrial land, and other infrastructure construction land, the land provides development space for industrialization and urbanization, promoting the increase in construction land area (COLA). However, the final form of net increase or decrease in CULA depends on the comprehensive effect of various factors [4]. There are four main paths for the reduction in CULA: firstly, various types of construction occupying cultivated land; secondly, ecological restoration of cultivated land; thirdly, agricultural structural adjustment (i.e., conversion of cultivated land into forest land, grassland, fish ponds, etc.); and fourthly, natural disaster damage. The main ways to increase CULA include the development of suitable reserve land resources, the reclamation of various types of abandoned land, and land consolidation. Due to the national conditions and land resource endowments of different countries and regions being different, the degree of industrialization and urbanization development, agricultural policies, and the changes in CULA and COLA are also different. Overall, as a developing country and region, especially one with a large population and limited cultivated land resources, it is necessary to maintain a considerable scale of cultivated land resources, which is also the basis for ensuring national and regional food security. This is especially true in mountainous areas, such as Yunnan Province, a mountainous province located in the southwestern border region of China, where about 94% of the land belongs to mountainous areas. The topographic characteristics of high mountains and steep slopes determine that the entire ecological environment is fragile, with limited cultivated land resources and slow economic development. In the past decade, similar to the basic national conditions in China, the per capita CULA in Yunnan Province has significantly decreased, while the per capita COLA has increased significantly [5,6], which has had a certain impact on regional food security and economic development. What factors have caused such significant changes in the per capita CULA and per capita COLA? At present, there are few researchers conducting positive discussions on this issue, and there are also few researchers conducting in-depth analysis by constructing scientific models and reasonable indicator systems. In response to the current lack of in-depth exploration of the correlation between the changes in the quantity of cultivated land and construction land and various influencing factors, as well as the lack of in-depth exploration of the spatial correlation of various influencing factors, and compared with the existing research literature, the main feature and contribution of this article lies in the organic integration and metasynthesis of remote sensing (RS) image interpretation with GIS technology and econometric methods. Based on the characteristics of mountainous provinces and the interpretation of land use/land cover data from remote sensing images in Yunnan Province’s 3 phases (i.e., 2000, 2010, and 2020), a detailed calculation of the per capita CULA and per capita COLA and their changes in 129 counties in Yunnan Province over the past 20 years (2000~2020) was conducted by using the interpretation data from the 3 phases of remote sensing images, and the spatiotemporal evolution laws and spatial pattern characteristics of CULA and COLA were analyzed. Furthermore, the spatial econometric model is used to conduct in-depth research on the influencing factors in the quantity characteristics of cultivated land and construction land in Yunnan Province, aiming to provide a basic reference for the rational formulation of cultivated land protection measures, prevention of disorderly expansion of construction land, and promotion of urban–rural coordinated development in mountainous provinces.




2. Literature Review


The research on changes in cultivated land and construction land and their influencing factors can be roughly divided into two categories from the perspective of research content: firstly, the research on land use/land cover change (LUCC) and its driving forces is included, which has been the mainstream of international research over the past 30 years, including the analysis of dynamic changes in CULA and COLA, as well as the analysis of the driving forces of these changes. For example, Li Xiubin et al. [7] studied the driving forces of cultivated land conversion in China, and Liu Jiyuan et al. [8] analyzed the changes in and driving forces of land use in China. Secondly, the study of the interactive relationships or mechanisms among industrialization, urbanization, and cultivated land change is included. This research mainly explores the role of industrialization and urbanization in cultivated land change. For example, Wang Chengjun et al. [3,9] used data from 42 countries and regions to analyze the role of industrialization and urbanization in cultivated land change. Tan Minghong et al. [10], Zhu Lifen et al. [11], and Zhang Xiaobo et al. [12] studied the impact of industrialization and urbanization development on cultivated land change in China. Deller Steven [13] and Wang et al. [14] studied the relationship between industrialization, urbanization, and cultivated land change in the United States. Jia Shaofeng et al. [15], Hao Shouyi et al. [16], and Sun Qiang et al. [17] studied the changes in cultivated land and their driving factors during Japan’s industrialization and urbanization processes. Huang Daquan et al. [18] and Liu Xinwei [19] analyzed the cultivated land changes in Japan, the Republic of Korea, Taiwan, Europe, and the United States in the process of national industrialization and urbanization by means of multi-country comparison.



From the perspective of technical means for obtaining basic data on land dynamics, there are studies on land use/land cover change (LUCC) based on two or more periods of remote sensing image interpretation and GIS technology [8,20], as well as analysis of cultivated land change using conventional historical statistical data [21,22,23]. From the perspective of analysis methods for influencing factors in cultivated land changes, qualitative descriptions are the main driving force of analysis, mainly involving factors such as economic development level, population growth, transportation expansion, urbanization level, and cultivated land protection policies [22,23]. There are also a few scholars who apply econometric methods for quantitative empirical analysis [9,10,11].



In general, there are many publications related to the study of cultivated land and construction land; however, the method of data collection is often relatively simple. Some analysis uses research data sources consisting of conventional statistical yearbooks. The advantage of this method is that the determination of land area is clear and convenient; however, this method results in data gaps, and it is difficult to subdivide the land area according to administrative units such as prefecture-level cities and counties. Using remote sensing image interpretation methods can remedy this problem. Remote sensing image interpretation is the process of analyzing the characteristic information provided by remote sensing images to identify targets or phenomena. It can generally be divided into three processes: image recognition, image measurement, and image analysis [24]. With the gradual rise of modern information technology, more and more researchers have used a combination of remote sensing (RS) image interpretation and GIS to draw land use/land cover (LULC) change maps, thereby obtaining the areas of different land use types and allowing analysis of the spatiotemporal evolution. For example, Liu Jiyuan et al. [25,26,27] (2003, 2014, 2018) conducted a continuous study of the spatiotemporal evaluation of land use change in China. Fu Bojie et al. [28] (2010) studied land use change in the Bohai Rim region, and Xiao Hongye et al. [29] (2022) analyzed the spatiotemporal characteristics of land use change in the black soil region. Existing research has shown that land cover is the most easily detected indicator of human intervention [30]. Using RS and GIS technology to generate LULC information can provide the foundation for land use planning and strategic formulation by monitoring land use and natural resources as well as urban development in the study area [31,32,33,34]. In general, the existing research has made a significant contribution to determining the quantitative characteristics and spatiotemporal evolution of cultivated land and construction land. However, there is a lack of in-depth exploration and analysis of the reasons behind the changes affecting the quantity of cultivated land and construction land. Although studies have analyzed the driving forces and influencing factors in land use change, overall, the existing research has not established an accurate and reasonable multi-dimensional indicator system or applied scientific empirical model research methods for deeper analysis. This is mainly due to the complex factors that affect land use, including factors such as overall economic development, urbanization processes, rural industrial development and rural residents’ income, cultivated land protection policies, and regional governance. Therefore, based on RS interpretation and the acquisition of LULC information, it is very important to establish a scientific analysis of influencing factors and to use appropriate models to analyze such factors.



With the advancement of RS technology, it has been increasingly feasible to accurately evaluate LULC change through the creation of up-to-date maps [35]. This allows this study to combine remote sensing interpretation of LUCC information with econometric models to deeply analyze the spatiotemporal evolution laws of and influencing factors in CULA and COLA in Yunnan Province.




3. Materials and Methods


3.1. Overview of the Research Area


Yunnan is located in the southwestern border region of China, from longitude 97°31′ E to 106°11′ E and from latitude 21°8′ N to 29°15′ N, and the Tropic of Cancer crosses the southern part of the province (Figure 1a). It borders Guangxi and Guizhou in the east, faces Sichuan across the Jinsha River in the north, borders Tibet in the northwest, borders Myanmar in the west, and borders Laos and Vietnam in the south and southeast, respectively. In addition to Dehong, Nujiang, and Diqing, there are 129 county-level administrative units in the province, including 17 county-level districts, 17 county-level cities, 29 ethnic autonomous counties, and 66 non-ethnic autonomous counties [36] (Figure 1b).



Yunnan is a typical mountainous province with a predominantly mountainous terrain. In the total land area of the province, mountainous areas account for about 94%, and relatively flat basins and valleys account for about 6% [5]. The terrain of the province is characterized by high altitude in the northwest, low altitude in the southeast, and a stepwise decline from north to south (Figure 1c). The average elevation is about 2000 m, and the highest point is 6740 m above sea level, located at the main peak of the Meili Snow Mountain in the Nushan Mountains in Deqin, the border between Yunnan and Tibet. The lowest point is 76.4 m above sea level, located at the boundary between China and Vietnam in southeastern Yunnan, 6663.6 m below the highest point. Yunnan comprises mainly mountainous areas and large topographic gradients. The description “high mountains, steep slopes, and many rocks, climbing when going out” presents the basic topographic features of Yunnan. According to the measurement of the Yunnan Provincial Agricultural Zoning Office (1987) [37], about 77% (over 3/4) or more of the land in the province has a slope of over 15°, and nearly 40% (about 2/5) of the land has a steep slope of >25°. This shows the steepness of Yunnan’s topography. The mountainous terrain features mainly determine the limited CULA in Yunnan. In addition to the rapid development of urbanization and industrialization over the past 20 years, as well as the acceleration of infrastructure construction for purposes such as transportation and water conservancy, Yunnan’s cultivated land has decreased significantly, while construction land has significantly increased. According to the third national land survey of Yunnan Province [6], the total CULA in the province in 2019 was 5.396 million hectares, a net decrease of 13.59% compared to the second national land survey in 2009 (6.244 million hectares) [5]. Within this area, the paddy field area, the essence of cultivated land, decreased by 31.54% from 2009 to 2019. The reduced cultivated land, especially high-quality cultivated land with good location conditions, is mostly occupied by various types of construction, resulting in a rapid increase in the COLA. The results of the third national land survey in Yunnan Province show that in 2019, the construction land area in the province reached 1.302 million hectares, a net increase of 51.75% compared to the second national land survey in 2009 (0.8568 million hectares). In this area, the decrease in the total CULA (especially high-quality cultivated land) is not conducive to the guarantee of food security and the development of characteristic industries in mountainous provinces, which in turn affects the healthy development of agriculture and rural areas and the increase in farmers’ income. Similarly, the excessive expansion of construction land has to some extent led to extensive land use and low efficiency, which is also detrimental to the sustainable development of the economy and society in mountainous provinces.



According to Yunnan Statistical Yearbook-2021 [36], the total population of Yunnan Province at the end of 2020 was 47.22 million. The urban population was 23.63 million, accounting for 50.05%, and the rural population was 23.59 million, accounting for 49.95%. In 2020, there were 28.06 million employed people in the province, of which 12.92 million were urban employees, accounting for 46.04%; there were 15.14 million rural employees, accounting for 53.96%. Yunnan’s GDP has reached 245.22 billion CNY, of which the output value of primary industry is 359.89 billion CNY in 2020, accounting for 14.68%; the output value of secondary industry is 828.754 billion CNY, accounting for 33.80%. The per capita disposable income of all residents in 2020 was 23,295 CNY, ranking 28th (i.e., 4th from the bottom) among the 31 provinces in China. Among the residents, the per capita disposable income of rural residents was 12,842 CNY, which is also the 4th from the bottom among the 31 provinces in China [38]. In 2020, the total sown area of crops in the province was 7.0101 million hectares, of which 4.1674 million hectares were sown for grain crops, accounting for 59.45%. The total grain output of the province in that year was 18.9586 million tons, with a per capita grain output of 396 kg. The total production of oil was 0.6309 million tons, with an average of 13 kg per person. The total yield of vegetables was 25.0789 million tons, with an average of 532 kg per person. The total output of fruits was 9.6158 million tons, with an average of 204 kg per capita.




3.2. Remote Sensing Data Acquisition and Interpretation


The 3 phases of RS image data (i.e., 2000, 2010, and 2020) used in this paper are from the website (https://www.resdc.cn/, accessed on 16 June 2022) with a spatiotemporal resolution of 30 m × 30 m. On the basis of the national environmental database, the CAS has established a multi-period LULC remote sensing image database for China, using the Landsat RS images of the United States as the main information source. The areas that cannot be covered due to poor temporal phase are supplemented by China Brazil Resources Satellite data or environmental small-satellite data. In terms of temporal data, the Landsat-TM/ETM RS images from 1999–2000 are the main information sources for LULC data in 2000, the Landsat-TM RS images from 2009–2010 are the main information sources for LULC data in 2010, and the Landsat-8 RS image data are used for updating LULC RS image information in 2020. In the seasonal phase, images with less than 10% cloud content in winter are selected for interpretation according to the actual situation in Yunnan. Table 1 details the data information on the remote sensing images of three different phases used in this paper.



In accordance with Xu Xinliang, Liu Jiyuan et al. [39], and the LULC classification system established in [40,41,42], combined with the actual data for Yunnan, the three phases LULC classification system determined 6 first-level land classes and 12 second-level land classes. Figure 2 describes in detail the process of interpreting RS images to obtain LULC maps.




3.3. Spatial Econometric Model


The spatial econometric model has a wide range of applications. Due to its ability to better control spatial autocorrelation, spatial econometrics has increasingly become a leading mainstream discipline [43]. The first law of geography indicates that the closer things are, the more related they tend to be [44]. As this study includes the panel data of 129 counties and 3 periods, there is a significant chance of spatial autocorrelation issues. Thus, it is suitable to use spatial econometric methods to analyze the influencing factors in per capita CULA and per capita COLA [43].



Before building a model, it is essential to select a suitable spatial weight matrix. There are various forms of matrices, including the weight matrices of spatial adjacency, spatial inverse distance, and economic geographical distance. This paper proposes using the weight matrix of spatial adjacency. After establishing the matrix, it is necessary to calculate its spatial autocorrelation degree. Moran’s I can determine the spatial correlation degree between regions, and the formula can be expressed as follows [45]:


  Moran ’ s        I =   n  e T  W e    e T  e (   ∑ i     ∑ j    w  i j       )   =     ∑ i     ∑ j    w  i j   (  x i  −  x ¯   ) (   y i  −  y ¯  )        S 2  (   ∑ i     ∑ j    w  i j       )    



(1)




where e represents the residual matrix, W represents the spatial weight matrix, and S2 represents the variance of the observed value xi.



For data with spatial autocorrelation, using traditional estimation methods cannot effectively control spatial correlation, which can easily cause bias. Therefore, using spatial econometric models for accurate estimation seems more appropriate [46]:


         Y  i t   = τ  Y  i , t − 1   + ρ  W i   Y t  +  X  i t   β +  D i  X δ +  u i  +  γ t  +  ε  i t          ε  i t   = λ  M i   ε t  +  v  i t          



(2)




where Yi,t−1 represents the first-order delayed term of Yit (i.e., when τ ≠ 0, it is a dynamic model); W, D, and M represent the spatial weight matrix; X represents the explanatory variable matrix; β and δ represent the parameter vector; ui is the fixed effect; γt represents the time effect; and εit is the residual error.



The above models are general in nature, they can be transformed under specific conditions, and Figure 3 shows in detail the transformation relations of various models and their specific conditions [47].



There are corresponding differences in each model for different types of data [48]. Generally speaking, the spatial autoregressive model with spatial autoregressive disturbances (SARAR), the spatial error model (SEM), the spatial autoregressive model (SAR), and the spatial Durbin model (SDM) are generally used for panel data. This paper intends to use these models to explore the influencing factors in per capita CULA and per capita COLA in 129 counties in Yunnan, with the aim of providing a reference for relevant departments to scientifically plan for land use applications. Figure 4 shows the steps and methods of selecting the optimal spatial econometric model in detail.




3.4. Indicator System of Influencing Factors


Simply comparing the total area and proportion of CULA and COLA does not take into account the element of population increase in various regions over the past 20 years. Therefore, this article intends to explore the per capita CULA and COLA as dependent variables. In the past 20 years, the per capita CULA has decreased significantly, and the per capita COLA has increased significantly. The question is thus: what factors affect the per capita CULA and per capita COLA? Few studies have provided an in-depth discussion of this issue or have conducted a comprehensive exploration of the influencing factors in per capita CULA and per capita COLA through the construction of scientific models and reasonable indicator systems. However, there remain many studies that have explored this issue directly or indirectly, resulting in a broad consensus [4]: with the advancement of urbanization, the per capita COLA will continue to expand, and this expansion is also highly likely to occupy high-quality cultivated land, leading to a reduction in the area and quality of cultivated land. Furthermore, the disorderly expansion of rural settlements will also lead to a reduction in CULA. The returning of cultivated land to forests will also reduce CULA [49]. However, the above summary is mainly based on long-term experience and statistical data and does not explore the impacts from the perspective of mathematical analysis. Referring to the indicator system used by Wang Chengjun et al. [3] (2012), Wang Chengjun et al. [9] (2013), Tan Minghong et al. [10] (2004), Zhu Lifen et al. [11] (2007), Li Jianghua et al. [22] (2006), and Du Xinbo et al. [23] (2013) in analyzing the impact of urbanization, industrialization, and other dimensions on cultivated land change, combined with the characteristics of Yunnan Province and the availability of basic data, this article intends to construct a comprehensive indicator system (Table 2).



Table 2 lists the names, calculation methods, and units of various indicators in detail. The data source for light brightness in the nighttime is DMSP/OLS and is processed by ArcGIS software. Data such as cultivated land area, construction land area, biological abundance index, and NDVI are derived from remote sensing interpretation. The data source for terrain and climate degrees of excellence is Yunnan Provincial Agricultural Zoning Committee Office (1987) [37]. The data sources for all other indicators are Yunnan Provincial Statistical Yearbook (2001–2021) and EPS platform. To ensure the stability of model estimation, this paper conducts natural logarithmic processing on the above economic data and dependent variables (per capita CULA and per capita COLA). Using natural logarithm processing has many advantages. First, using natural logarithms can alleviate or even eliminate interference of heteroscedasticity and other issues to a certain extent. Second, the vast majority of economic variables can exhibit exponential explosive growth and thus exhibit significant differences with changes in price levels. Using natural logarithms for economic variables can make data more stable, eliminate the impact of price changes to a certain extent, and make estimates more reliable. Third, using natural logarithms is helpful in studying elasticity issues, as the actual effects of the marginal increments of various economic data generally vary depending on the total amount.



Terrain and climate factors are key factors affecting CULA and COLA. Therefore, this paper proposes to adopt an evaluation method of constructing terrain and climate degrees of excellence, and it assigns 60% and 40% weights to the terrain and climate degrees of excellence, respectively, to obtain a comprehensive evaluation index (Figure 5).



Based on the above indicator system, we will further analyze and explore the influencing factors of per capita CULA and per capita COLA in Yunnan from 2000 to 2020.




3.5. Research Steps


This paper applies a comprehensive integration of multiple research methods such as remote sensing interpretation and spatial econometric models, and Figure 6 intuitively displays the steps of this study.





4. Results


4.1. Analysis of the Change Characteristics of Cultivated Land and Construction Land in Yunnan Province over the Last 20 Years


This paper uses remote sensing image data from Yunnan for three periods, namely 2000, 2010, and 2020, to interpret LULC types through human–computer interaction; then used ArcGIS to compile the third phase of the province’s LULC map (Figure 7).



This remote sensing image interpretation of Yunnan has a total land area of 38.424 million hectares. Figure 7 shows the LULC changes in Yunnan over three periods. However, due to the wide scope of the province, it is difficult to visually see the changes in CULA and COLA in Figure 7. Table 3 reports the classified land use area (unit: 10,000 hectares) and per capita area (unit: m2/person) of cultivated land and construction land.



Table 3 shows that in 2000, the cultivated area of the province was 5.51 million hectares, or 14.34% of its overall surface area. However, in 2020, the cultivated area of the province decreased to 5.40 million hectares, a net decrease of 115.20 thousand hectares (a net decrease rate of 2.09%), and the percentage of the total land area fell to 14.04%. Within the total CULA, the paddy field area dropped from 1.36 million hectares in 2000 to 1.31 million hectares in 2020, with a net reduction rate of 3.33%. With a net reduction rate of 1.69%, the area of dry land fell from 4.15 million hectares in 2000 to 4.08 million hectares in 2020. Overall, the cultivated land in Yunnan is mainly dry land, and the total CULA has decreased over the past 20 years. In particular, high-quality paddy field loss is occurring at a faster rate than dry land, according to statistics.



Although the total amount of CULA in Yunnan has not decreased significantly over the previous 20 years, due to the relatively significant increase in the population of Yunnan over the past 20 years, the decline in the per capita CULA is significant. As can be seen from Table 3, in 2000, the per capita CULA of the province was 1351.95 m2/person. However, in 2020, the per capita CULA was only 1142.69 m2/person, a decrease of 15.48% compared to 2000. Thus, although the decline in CULA in Yunnan is not significant, with the continuous increase in the total population, the average CULA per person has declined dramatically. This population growth will put additional strain on cultivated land resources, leading to a more noticeable drop in per capita CULA, which could jeopardize food security.



Table 3 demonstrates that in 2000, the total COLA was 667.20 thousand hectares, or 1.74% of the total land area. However, by 2020, the total COLA had nearly doubled, reaching 1.30 million hectares, with a net increase of 0.63 million hectares (a net growth rate of 94.38%), and the percentage of the entire land area increased to 3.38%. Urban construction land, rural settlement area and land for mining and industry increased from 0.55 million hectares before 2000 to 1.09 million hectares by 2020, with a net increase of 99.07%. The extent of other construction land increased from 118.80 thousand hectares in 2000 to 205.20 thousand hectares in 2020, with a net increase of 72.73%. Overall, the construction land in Yunnan Province is mainly composed of urban construction land, rural settlement area, and land for mining and industry; the area has nearly doubled in the previous 20 years.



Not only has the total amount of COLA in Yunnan nearly doubled the last 20 years, the per capita COLA has increased significantly. This is because, although the population of Yunnan Province has significantly increased over the last 20 years, the growth rate of the total amount of COLA has far exceeded the growth rate of the total population, making the per capita COLA increase significant. Table 3 indicates that in 2000, the per capita COLA of the province was 163.68 m2/person. However, in 2020, the per capita COLA increased to 274.66 m2/person, an increase of 67.80% compared to 2000, with a 2.62% average yearly growth.



This shows that although the total CULA has not decreased significantly in the last 20 years, with the ongoing expansion of the population, the per capita CULA has decreased significantly. In addition, the COLA in Yunnan has nearly doubled in the previous 20 years. Although the population is also growing, the per capita COLA has significantly increased over the previous 20 years as a result of the population growth rate being significantly slower than the growth rate of COLA. Although the above analysis clearly summarizes the changes in CULA and COLA in Yunnan Province as a whole, there are also significant spatiotemporal differences and regional characteristics; it is thus essential to further explore the spatiotemporal elements as well as the spatiotemporal differences of the 129 counties in Yunnan Province.




4.2. Analysis of Spatiotemporal Evolution Characteristics of CULA and COLA


4.2.1. Spatiotemporal Evolution of CULA and COLA


In order to facilitate the discussion of the changes in CULA and COLA in the 129 counties in Yunnan Province, this paper presents a spatiotemporal change map of the percentage of CULA and COLA in the total land area of Yunnan Province over the previous 20 years (Figure 8 and Figure 9).



Figure 8 shows that the percentage of CULA in various counties of Yunnan has not significantly changed over the previous 20 years. This is because the decrease in CULA in Yunnan Province has been relatively small over the previous 20 years, and thus, the decrease in CULA in various counties is not significant. This is due to the continuous implementation of the national cultivated land occupation and compensation balance policy, thereby preventing the significant reduction in cultivated land. In most counties in the northwest and south of Yunnan, the share of cultivated land is typically low from the standpoint of geographical distribution. By comparing Figure 5 and Figure 8, it can be clearly seen that areas with a high proportion are mostly areas with superior terrain conditions, as these areas are suitable for cultivation; areas with a low proportion are often areas with poor terrain conditions, as the land suitable for cultivation in these areas is very limited. Furthermore, the percentage of CULA in the main urban area of Kunming with good topographic conditions is also low, due to significant development in Kunming’s central city, increasing the area of construction land (Figure 9).



Figure 9 demonstrates that the percentage of COLA in various counties of Yunnan has undergone obvious changes in the previous 20 years, with an increase in the percentage of land used for development, especially in central Yunnan; this further validates the previous conclusions on the overall situation in Yunnan Province. In the previous 20 years, the COLA in Yunnan has nearly doubled, and the proportion of its area has also increased significantly. Especially in the area of central Yunnan, including Kunming, Qujing, Chuxiong, and other prefectures and cities, due to better economic conditions and superior geographical conditions, urbanization construction has progressed rapidly, leading to a substantial increase in the percentage of construction land area.




4.2.2. Temporal and Spatiotemporal Evolution of per Capita CULA and per Capita COLA


Although the spatiotemporal evolution analysis of the proportion of CULA and COLA can better reveal the changes in the proportion of CULA and COLA in various counties of Yunnan Province in the previous 20 years, due to the large changes in the population across Yunnan, simply analyzing the proportion of CULA and COLA in Yunnan is not sufficient to adequately describe the changing land use characteristics in Yunnan. Therefore, it is essential to study the per capita CULA and per capita COLA by looking at the spatiotemporal changes in 129 counties over the previous 20 years (Figure 10 and Figure 11).



Figure 10 shows that the change range of per capita CULA in Yunnan in the previous 20 years is generally small, and the distribution of per capita CULA in various periods is similar. Overall, the pattern of per capita CULA change is relatively small, with most counties maintaining a stable level. However, some counties in Xishuangbanna, Wenshan, Nujiang, and Diqing have seen a significant decrease in per capita CULA in recent years. Furthermore, the per capita CULA in the southeast, northeast, northwest, and central urban areas of Yunnan Province is relatively low, which might be directly connected with the total amount of CULA and population density. Although the population of Nujiang and other places in the northwest of Yunnan is somewhat sparse, the terrain consists of high mountains and deep valleys, with steep slopes. The land available for cultivation is extremely limited, so the per capita CULA is generally small; due to the high population density in Zhaotong and other places in northeast Yunnan, the per capita CULA is also small. The southeast of Yunnan belongs to the karst landform area, and the rocky desertification in some counties is significant, resulting in a relatively limited per capita cultivated area. Due to the high population density and high urbanization rate near the main urban area of Kunming, its cultivated land resources are limited, and the average cultivated area per person is small.



As can be seen from Figure 11, the per capita COLA in the province has changed significantly in the previous 20 years, which is also consistent with previous analysis. In 2000, the per capita COLA in most counties was relatively low, with the per capita COLA maintained within 200 m2/person in most counties; only the main urban area of Kunming and a few counties in the northwest and west of Yunnan had higher levels. This is because high levels of urbanization can be found in Kunming’s main urban region, which boasts a relatively developed economy and a large amount of construction land. In the northwest and some minority counties in the west, the population is sparse; thus, the per capita COLA in these areas is generally high. However, in the past 20 years, more and more counties have experienced an “explosive” increase in construction land. By 2020, the per capita COLA in most counties exceeded 250 m2/person. The rapid expansion of construction land is clear. Although the total population of Yunnan Province is also increasing, it lags behind the rate at which construction land is expanding, resulting in an explosive growth trend in the per capita COLA.





4.3. Spatial Autocorrelation Analysis and Model Selection


From the above analysis, it can be preliminarily found that the per capita CULA and per capita COLA have certain spatial agglomeration characteristics, which are generally higher in some regions and lower in others. However, the above analysis is only a preliminary result. In order to better use statistical data to illustrate the spatial agglomeration characteristics, this study calculates the Moran’s I of the per capita CULA and per capita COLA in Yunnan Province over the three periods. Table 4 reports the results of Moran’s I and Z statistics of the per capita CULA and per capita COLA of 129 counties in Yunnan.



As can be seen from Table 4, regardless of whether they were logarithmic or not, and regardless of the period, the Moran’s I of the per capita CULA and per capita COLA in Yunnan passed the 1% threshold for significance, indicating that there is a very significant spatial agglomeration characteristic of the per capita CULA and per capita COLA. Therefore, it is necessary to study the influencing factors in per capita CULA and per capita COLA using spatial econometric models.



The above results explore the spatial agglomeration characteristics of dependent variables from the perspective of statistical data; however, when constructing models to explore influencing factors, the addition of other independent variables may affect the degree of spatial autocorrelation. In other words, if the dependent variable has the characteristics of spatial agglomeration, and other independent variables may also have similar characteristics, the spatial autocorrelation problem may be “increased” or “offset” after building the model. However, if the model does not have the spatial autocorrelation, the use of spatial econometric models becomes redundant. If the model has spatial autocorrelation, there is the question of which spatial econometric model should be selected. To address these issues, it is essential to utilize OLS to estimate parameters and test the spatial autocorrelation of spatial error terms and spatial lag terms (Table 5). Due to the multicollinearity problem, this paper excludes two independent variables, namely development status of the tertiary industry (X3) and fixed assets investment (X6).



Regardless of whether the per capita CULA or the per capita COLA is used as the dependent variable, the Robust Lagrange Multiplier estimation results for the spatial error term after retaining all independent variables and excluding the collinear independent variables passed the 1% level-of-significance test. However, the Robust Lagrange Multiplier estimation results of the spatial lag term failed to pass the 10% level-of-significance test, indicating that both types of models have autocorrelation of spatial error terms; since there is no autocorrelation of spatial lag terms, it is sufficient to use a spatial error model to better control the autocorrelation of spatial error terms. However, the above discussion is only a preliminary determination of the optimal model. When actually selecting a model, further judgment needs to be made based on spatial parameters. It is also necessary to select fixed or random effects and individual or time effects according to tests.




4.4. Analysis of the Influencing Factors in per Capita CULA


According to the above analysis, although the total CULA in Yunnan has decreased slightly, in the previous 20 years, the amount of cultivated land per person has significantly decreased due to the ongoing growth in population, and the data have the characteristics of spatial agglomeration. Consequently, further investigation is required for the factors that affect the per capita area of cultivated land using spatial econometric models. Although previous tests have shown that, when using the per capita CULA as the dependent variable, it is appropriate to select the SEM as the optimal spatial econometric model for analysis, this article lists the estimation results obtained using various models; the reason for this is to facilitate the comparison of the differences between different estimation methods and further explore the robustness of the models. Based on this, this study chooses SEM as the optimal model and further determines the robustness of the model by comparing the estimated results of other spatial econometric models. It was determined that each model should choose fixed or random effects according to the Hausman test; the LR test was then used to determine whether or not to control individual effects and temporal effects. Table 6 reports the estimation and test results using traditional panel models and various spatial econometric models.



As shown in Table 6, when the spatial error model is used as the optimal model, the estimate coefficients of development status of the primary industry (X1), per capita income level of rural residents (X8), per capita grain output (X10), population urbanization level (X11), population density (X12), terrain degree of excellence (X15), and climate degree of excellence (X16) are relatively significant. This article will further explore the impact of these factors on the per capita CULA.




	(1)

	
Development status of the primary industry (X1). The coefficient estimation of the development status of the primary industry with SEM as the optimal model is 0.0855, passing the test for 1% significance. The model indicates that when considering the spatial autocorrelation, with other factors remaining unchanged, the proportion of primary industry production value to the total number of rural residents who are registered grows by 1%, and the average per capita cultivated land area increases by 0.0855%. The estimated results of other spatial econometric models such as SARAR, SAR, and SDM are similar, with estimated values of 0.0960, 0.1101, and 0.0573, respectively. The estimated results are all positive and successfully pass the 1%, 1%, and 10% significance level tests, respectively, further indicating that the model is robust and that the development of the primary industry can significantly promote the increase in per capita CULA. Agriculture is a significant part of the development of the main industry, even though other sectors such as animal husbandry and fishing are also involved. The rapid growth of the primary industry means that the degree of agricultural development in a region has significantly improved, and the development of agriculture needs to be supported to a certain extent by reserve land resources such as farmland on a larger scale. With the further development of rural industries such as agriculture, the scale and output of grain cultivation will also be further increased, and the dependence on cultivated land will significantly increase. Therefore, the development of the primary industry can, in a certain sense, affect the planning and layout of reserve land resources such as cultivated land and can promote the growth of per capita CULA.




	(2)

	
Per capita income level of rural residents (X8). The calculated coefficient of the per capita income level of rural people using SEM as the best model is −0.1333, passing the 1% significance level test. This means that, taking into account spatial autocorrelation and with other factors unchanged, when the per capita disposable income of rural residents increases by 1%, the per capita CULA decreases by 0.1333% on average. The estimated results of other spatial econometric models such as SARAR, SAR, and SDM are similar, with estimated values of −0.1193, −0.1650, and −0.0999, respectively. The estimated results are all negative, and they have passed the 1%, 1%, and 5% significance level tests, respectively, emphasizing further that the model is robust and that the increase in the per capita income level of rural residents has led to a significant decrease in the per capita CULA. Rural residents usually receive a large proportion of their income from migrant work and production and operating income. Due to the generally low food prices in China and the significantly higher prices of some crops with a high value added, including fruits and vegetables, as well as livestock breeding, the huge price gap has led to cultivated land being converted to cash crops or even ponds for fish cultivation, leading to the “non-grain” problem of cultivated land and further reducing CULA. In addition, as the number of rural residents working has increased and their income level has increased significantly, more and more cultivated land is being abandoned or contracted for other purposes, further reducing the area of per capita cultivated land. It can be seen that the increase in rural residents’ income is also a double-edged sword, which may pose a threat to national food security and the protection of cultivated land.




	(3)

	
Per capita grain output (X10). Using SEM as the optimal model, the estimated coefficient of per capita grain yield is 0.0006, passing the 1% significance level test. This means that when considering spatial autocorrelation and with other factors remaining unchanged, each increase in per capita grain yield by 1 kg/person will result in an average increase of 0.06% in per capita CULA. The estimation results of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with the estimated values of 0.0005, 0.0005, and 0.0004, respectively. The predicted outcomes are all positive and all pass the 1% significance level test, further indicating that the model is robust and that the increase in per capita food production can significantly promote the increase in per capita cultivated land area. Grain production is inextricably linked to CULA. Grain production requires a large amount of cultivated land as a basic resource. Only high-quality and large-scale cultivated land can produce more food crops. With the increase in grain production, the dependence on cultivated land becomes more apparent.




	(4)

	
Population urbanization level (X11). The coefficient estimation result for the population urbanization level using SEM as the optimal model is −0.0116, passing the test for 1% significance. This means that when considering spatial autocorrelation and with other factors remaining unchanged, the rate of population urbanization increases by 1%, and the average per capita CULA decreases by 0.0116%. The estimation results of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with estimated values of −0.0119, −0.0118, and −0.0106, respectively. The estimated results are all negative and pass the test for 1% significance, further indicating that the model is robust and that the increase in population urbanization rate has led to a significant decrease in the per capita CULA. The level of urbanization has multiple dimensions, including economy and population. This study uses the degree of urbanization of the population as determined by the ratio of the urban population to the overall population. As industrialization and urbanization continue to advance, the proportion of people living in cities will continue to rise, while that of people living in rural areas will continue to decline. Growing food on cultivated land requires a robust rural population. The decrease in the percentage of rural residents will potentially lead to a reduction in the area under cultivation, and cultivated land may be increasingly abandoned.




	(5)

	
Population density (X12). The coefficient estimation result for population density using SEM as the optimal model is −0.0009, passing the 1% significance level test. This means that when considering spatial autocorrelation and with other factors remaining unchanged, an increase in the population urbanization rate by 1 person/km2 will lead to a decrease in the average per capita CULA of 0.09%. The estimation results of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with estimated values of −0.0009, −0.0008, and −0.0008, respectively. The predicted outcomes are all negative and pass the 1% significance level test, further indicating that the model is robust and that the increase in population density has led to a significant decrease in the per capita CULA. Based on the premise that the total amount of cultivated land remains unchanged, there is an inverse proportional relationship between population density and per capita CULA. The greater the population, the fewer resources per capita there will be. More importantly, spatial evolution analysis shows that the total area of cultivated land in Yunnan Province has decreased in the past 20 years. Although the decline is not significant, with the increase in population, the per capita CULA has decreased significantly; thus, the per capita CULA will decline as population density rises.




	(6)

	
Terrain degree of excellence (X15) and climate degree of excellence (X16). The coefficient estimation results of terrain degree of excellence and climate degree of excellence using SEM as the optimal model are 0.5927 and 1.0071, respectively, and have passed the 5% and 1% significance level tests, respectively. This means that when considering spatial autocorrelation and with other factors remaining unchanged, each 0.01 unit increase in terrain degree of excellence or climate degree of excellence will result in an increase in the average per capita CULA by 0.5927% and 1.0071%, respectively. The above results indicate that terrain and climate are the key factors affecting the per capita CULA. The better the terrain and climate, the larger the per capita CULA. This conclusion is also consistent with previous analysis (Figure 5 and Figure 10). We chose the random effect model in this study because the Hausman data failed the 10% significance level test. However, if these two variables are eliminated, the Hausman statistics are significant. As the terrain and climate degrees of excellence are constant values that do not evolve with time in each county, the above results further illustrate that adding these two variables can largely explain the differential effects from individual differences. Therefore, the terrain and climate degrees of excellence are key factors affecting the per capita CULA. Yunnan has a large mountainous area. However, cultivated land is mostly distributed in areas with gentle terrain and good climatic conditions. Therefore, areas with good terrain and climatic conditions also have relatively large per capita CULA. Although the two indicators of terrain and climate do not change over time, they can largely explain the individual differences in the per capita CULA from different regions.










4.5. Analysis of the Influencing Factors in per Capita COLA


As indicated by the above analysis, the per capita COLA in Yunnan has expanded rapidly in the last 20 years, and the data have the characteristics of spatial agglomeration. Hence, it is important to further explore the influencing factors in the per capita COLA using spatial econometric models. Although previous studies have shown that when using the per capita COLA as the dependent variable, it is appropriate to select the SEM as the optimal spatial econometric model for analysis, this article lists the estimation results obtained using various models. This facilitates comparison of the differences between various estimation approaches, thereby further exploring the robustness of the model. Each model should utilize fixed or random effects, based on the Hausman test; the LR test should then be used to determine whether to control individual effects and time effects. Table 7 reports the estimation and test results using traditional panel models and various spatial econometric models.



As demonstrated by Table 7, when using the spatial error model as the optimal model, the estimated coefficients of light brightness in the nighttime (X5), per capita public financial expenditure (X7), per capita grain output (X10), population urbanization level (X11), and population density (X12) are relatively significant. This article will further analyze the impact of these factors on per capita CULA.




	(1)

	
Light brightness in the nighttime (X5). The coefficient estimation result for light brightness in the nighttime using SEM as the optimal model is 0.0601, passing the test for 1% significance. This means that when considering spatial autocorrelation and with other factors remaining the same, every 1% increase in light brightness in the nighttime will result in an average increase of 0.0601% in per capita COLA. The estimated results of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with estimated values of 0.0608, 0.0622, and 0.0338, respectively. The estimated results are all positive, and they pass the 1%, 1%, and 5% significance level tests, respectively, further indicating that the model is robust and that the growth in light brightness in the nighttime can significantly promote an increase in the per capita COLA. Light brightness in the nighttime has a close relationship with the economic growth of a region. According to a study by Henderson et al. (2012), when the light brightness in the nighttime of a region increases by 1%, its GDP increases by approximately 0.3% [50]. Xu Kangning et al. (2015) found that simple GDP statistical variables may have a certain “virtual height”, while nighttime lighting is more authentic [51]. Due to the concrete nature of the variable of nighttime lighting, it can be used as a good alternative variable to GDP. With the continuous growth of a region’s economy, its urbanization construction will also be accelerated; the land currently designated for construction will be unable to meet the development needs of a region or a city. The increase in construction land is an unavoidable trend in economic growth. According to model estimation results, enhanced nighttime lighting is significantly associated with an increase in the per capita COLA.




	(2)

	
Per capita public financial expenditure (X7). Using SEM as the optimal model, the estimated coefficient of per capita public finance expenditure is 0.0874, passing the test for 1% significance. This means that when considering spatiotemporal autocorrelation and with other factors remaining unchanged, when per capita public finance expenditure increases by 1%, the average per capita construction land area increases by 0.0874%. The estimation results of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with estimated values of 0.0746, 0.0418, and 0.0260, respectively. The estimation results are all positive, and the SARAR and SAR models pass the 5% and 10% significance level tests, respectively, further indicating that the model is robust and that the rise in per capita public finance spending is significantly associated with the rise in per capita COLA. In recent years, although an increasing proportion of public funds are used for poverty alleviation and rural construction [52], it is undeniable that a significant amount of public expenditure is also used for various aspects of construction investment, including that devoted to urban infrastructure. As per capita public financial expenditure increases, its investment in infrastructure construction, urbanization construction, and economic development also gradually increases, which means that more public financial investment will be used for the continuous enlargement of construction land, resulting in a continuous increase in per capita COLA.




	(3)

	
Per capita grain output (X10). Using SEM as the optimal model, the estimated coefficient of per capita grain yield is 0.0006, passing the test for 1% significance. This means that when considering spatial autocorrelation and with other factors remaining unchanged, each increase in per capita grain yield of 1 kg/person will result in an average increase of 0.06% in per capita COLA. The estimation results of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with estimated values of 0.0006, 0.0005, and 0.0006, respectively. The estimated results are all positive and pass the test for 1% significance, further indicating that the model is robust and that the increased food output per person has a substantial positive impact on increased per capita COLA. Previous results indicate that there is a clear correlation between the increase in per capita grain production and the increase in per capita CULA, because the production of grain requires a large amount of cultivated land as a basic resource. However, the terrain and climatic conditions in areas with high per capita grain production are generally better, but this high-quality farmland can also be considered as flat land suitable for urban construction. Therefore, high-quality terrain and climatic conditions may indirectly cause the enlargement of construction land.




	(4)

	
Population urbanization level (X11). The coefficient estimation result for the population urbanization level using SEM as the optimal model is −0.0102, passing the test for 1% significance. This means that when considering spatial autocorrelation and with other factors remaining unchanged, the average per capita construction land area decreases by 0.0102% for each 1% increase in the population urbanization rate. The estimated outcomes of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with estimated values of −0.0106, −0.0119, and −0.0107, respectively. The estimated results are all negative and pass the test for 1% significance, further indicating that the model is robust and that the increase in population urbanization rate has led to a significant decrease in the per capita COLA. The urbanization rate has various manifestations. This study uses the ratio of urban population to the overall population to characterize the urbanization level of the population. The reason why the population urbanization rate is inversely correlated with the per capita COLA is that the existing rural residential land accounts for a significant percentage of construction land. The higher the rural population, the more rural residential land there is, whose utilization efficiency is far lower than that of urban construction land. Although the advancement of urbanization will to some extent lead to the expansion of urban “pie spreading”, such per capita growth is smaller compared to the expansion of rural residential land. Compared to rural residential land expansion, a higher urban population results in the effective utilization of construction land and reduces the per capita COLA, Therefore, there is a significant correlation between an increased population urbanization rate and the reduction in per capita CULA.




	(5)

	
Population density (X12). The coefficient estimation result for population density using SEM as the optimal model is −0.0004, passing the test for 1% significance. This means that when considering spatial autocorrelation and with other factors remaining unchanged, each increase in population density by 1 person/km2 will lead to an average decrease of 0.04% in per capita construction land. The estimated results of other spatial econometric models, such as SARAR, SAR, and SDM, are similar, with estimated values of −0.0004, −0.0003, and −0.0005, respectively. The estimated results are all negative and pass the test for 1% significance, further indicating that the model is robust and that the rise in habitational density has led to a significant decrease in the per capita COLA. Previous research has shown that in the last 20 years, the total population of Yunnan has experienced growth; however, the rate of increase in construction land area is far higher than the rate of population growth, resulting in a significant increase in the per capita COLA. Although, on the surface, the growth of population and the increase in the per capita COLA have a synchronous trend, there are many factors that affect the per capita COLA. An important advantage of econometric models is that they scientifically “decompose” these impacts and changes, so as to accurately determine true effects of each factor. Population and per capita COLA do not necessarily have a positive correlation, and model estimates indicate that increased density of the population will reduce per capita COLA. The reason for such a result can be explained from the perspective of population migration. In the last 20 years, more and more rural Chinese people have migrated to cities and central areas with rapid economic development, resulting in a significant increase in the area of urban construction land in these areas. Compared to the inefficient nature of rural residential land, the utilization efficiency of urban construction land is higher. For example, the main urban area of Kunming has experienced rapid population growth, becoming a megacity in the past 20 years, with a significant portion of the population migrating from other prefectures. Still, the per capita expansion rate of urban construction land remains limited. However, with the migration of more rural residents to cities, this inefficiently used rural residential land remains, with some areas even becoming “hollow villages”, resulting in extremely low levels of land use efficiency. As the population moves out, the population density gradually decreases, but the total area of construction land does not shrink considerably or even increase, resulting in a gradual increase in per capita construction land.











5. Discussion


In terms of the spatiotemporal evolution analysis of CULA and COLA, the change in population is an important factor; even if the change in CULA is small, a vital increase in population will lead to a decrease in per capita occupancy. Thus, it is particularly important to study the spatiotemporal evolution and influencing factors in per capita CULA and per capita COLA. Remote sensing and geographic information systems have developed quickly, and thus, it is feasible to use multi-period remote sensing image interpretation to obtain CULA and COLA. This method ensures consistency, as multi-period remote sensing images are based on the actual situation of land cover as the basis for interpretation. To this end, this article collected remote sensing images of Yunnan in 2000, 2010, and 2020 and used scientific methods to understand and translate them. Data were obtained for per capita CULA and per capita COLA and their changes in 129 counties in Yunnan in the last 20 years, contributing to the scientific analysis of the spatiotemporal evolution of the per capita CULA and per capita COLA and the underlying factors.



However, the actual data on cultivated land and construction land obtained from remote sensing image interpretation are not optimistic. The research results show that in 2000, the total CULA in the province was 5.5108 million hectares, but in 2020, the total CULA decreased to 5.3956 million hectares, a net decrease of 115.2 thousand hectares (with a net reduction rate of 2.09%). In 2000, the per capita CULA in the province was 1351.95 m2/person. However, by 2020, the per capita CULA in the province had decreased to 1142.69 m2/person, with a decrease of 15.48% compared to 2000. In addition, high-quality cultivated land such as paddy fields accounted for a large proportion of the reduced cultivated land. According to remote sensing interpretation results, the area of paddy fields in 2000 was 1.3591 million hectares, but it decreased to 1.3139 million hectares in 2020. The net reduction rate of paddy fields over the past 20 years was 3.33%, significantly exceeding the net reduction rate of dry land (1.69%). The significant reduction in per capita CULA is only one aspect, and what is even more worrying is the significant expansion of construction land. In 2000, the COLA of the province was 0.6672 million hectares, but in 2020, the COLA of the province almost doubled to 1.2969 million hectares, a net increase of 0.6297 million hectares (with a net increase rate of 94.38%). Although the total population of Yunnan Province has also been growing rapidly during the past 20 years, the growth rate of the population is far behind the expansion rate of construction land. The results of remote sensing interpretation show that the per capita COLA in the province reached 163.68 m2/person in 2000. However, by 2020, the per capita COLA in the province further increased to 274.66 m2/person, with an increase of 67.80% compared to 2000 and an average annual growth of 2.62%. This study finds that the total and per capita CULA in Yunnan Province have significantly decreased during the past 20 years, posing a threat to the country’s food security to a certain extent. At the same time, the total amount and the per capita COLA have significantly increased, leading to the phenomenon of blind expansion and rough utilization of construction land. This result has both similarities with and differences from research results worldwide.



The similarity lies mainly in the fact that with the advancement of urbanization and industrialization, urban expansion and industrial development require a certain amount of cultivated land, which means that the development of urbanization and industrialization is one of the reasons for the reduction in cultivated land. That is to say, during a certain period and under certain circumstances, the changes in cultivated land and construction land may exhibit a phenomenon of “one falls and another rises” (i.e., a decrease in CULA and an increase in COLA).



The differences are mainly due to the different national conditions of each country, and the degree of impact of urbanization and industrialization on the same changes is not consistent. According to Wang Chengjun et al. [3] (2012) and Wang Chengjun et al. [9] (2013), using econometric methods to empirically analyze data from 42 countries or regions over a period of 27 years (i.e., 1982~2009), the development of industrialization and urbanization will lead to a decrease in CULA, but its impact on cultivated land reduction is limited. In other words, this is not the main reason for cultivated land reduction. Out of the contribution of fluctuations to cultivated land changes, the total contribution of urbanization and industrialization does not exceed 40%. Agricultural policies and the behavioral habits of decision makers in the use of cultivated land have played an important role in reducing the CULA. The characteristics of land resource endowment, industrialization and urbanization models, infrastructure conditions, and other national factors have a significant impact on the changes in cultivated land. Huang Daquan et al.’s [18] empirical analysis of Taiwan, China, Japan, North America, and Western Europe shows that there is no contradiction between urban expansion and maintaining a relatively stable CULA. The key is to choose an appropriate urban development path and land use mode, with relevant policies as the guarantee.



Compared with international research results, Yunnan can learn many lessons about controlling the reduction in cultivated land and the rapid expansion of construction land. The most important thing is to choose suitable urban and industrial development paths and adopt effective intensive land utilization methods.




6. Conclusions, Policy Recommendations, and Research Prospects


6.1. Main Conclusions of the Study


	(1)

	
Using remote sensing interpretation methods, it was found that over the past 20 years, the total and per capita CULA in Yunnan Province have significantly decreased. The total CULA has decreased from 5.5108 million hectares in 2000 to 5.3956 million hectares in 2020, with a net reduction rate of 2.09%. The per capita CULA decreased from 1351.95 m2/person in 2000 to 1142.69 m2/person in 2020, with a net decrease rate of 15.48%. At the same time, the total and per capita COLA have both significantly increased, with the total amount changing from 0.6672 million hectares in 2000 to 1.2969 million hectares in 2020, with a net increase rate of 94.38%. The per capita COLA increased from 163.68 m2/person in 2000 to 274.66 m2/person in 2020, with a net increase rate of 67.80%.




	(2)

	
The results of spatiotemporal evolution analysis indicate that the total and per capita CULA in various counties of Yunnan have had relatively small changes over the past 20 years, but the per capita CULA in the southeast, northeast, northwest, and central urban areas of Yunnan is relatively low. During the same period, the total expansion rate of construction land in each county was relatively high, resulting in an “explosive growth” trend in the per capita COLA. By 2020, the per capita COLA in most counties had exceeded 250 m2/person, with a generally significant increase.




	(3)

	
The analysis of the influencing factors in per capita CULA shows that improvement of the development status of the primary industry and an increase in per capita grain production can have a beneficial effect on the increase in per capita CULA. However, improvement of per capita income level of rural residents, an increase in population urbanization rate, and an increase in population density will lead to a significant decrease in per capita CULA. The analysis of the influencing factors in per capita COLA shows that an increase in population urbanization rate and population density is conducive to a decrease in per capita COLA. However, an increase in nighttime lighting brightness, per capita public financial expenditure, and per capita grain production will lead to a significant increase in per capita COLA.








6.2. Suggestions for Policy Measures


This article found that in mountainous provinces such as Yunnan, due to the limitations of mountainous terrain conditions, there are fewer cultivated land resources and there is less exploitable construction land. The prominent contradiction between the significant reduction in CULA and the significant increase in construction land during the past 20 years has obviously affected the food security and sustainable economic and social development of the mountainous province. In future development and construction, it is necessary to draw on the advanced experience of developed countries and regions, combined with the actual situation throughout Yunnan, focusing on the following policy measures:




	(1)

	
Improve land use efficiency, optimize the layout of construction land, transform the development of cities at all levels from “extension” to “connotation”, further control the expansion speed of urban construction land, promote intensive land use, and strictly prohibit blind expansion and rough utilization.




	(2)

	
Strictly protect existing cultivated land resources and implement a national strategy to prevent the “non-agriculturalization” and “non-grain growing” conversion of cultivated land.




	(3)

	
Develop agricultural incentive measures, moderately develop suitable reserve land resources for cultivation, and strive to improve the quality of cultivated land.




	(4)

	
Comprehensively consolidate the existing rural residential land (especially hollow villages), convert excess rural construction land into cultivated land and forest land, further stabilize the scale of cultivated land, moderately increase forest coverage, and improve the ecological environment.










6.3. Limitations of the Study and Prospects for Future Research


This study is based on the characteristic region of the mountainous province of Yunnan and combines the interpretation of remote sensing images of three phases with GIS and an econometric model to comprehensively integrate multiple technical methods. It conducts research on the spatiotemporal evolution laws of and influencing factors in cultivated land and construction land in Yunnan during the past 20 years. Overall, it is very meaningful and helps to promote the reasonable protection of cultivated land resources in mountainous provinces, intensive utilization of construction land, and coordinated development of urban and rural areas. However, the study in this paper belongs to a macro-perspective, and the main limitation is that micro-analysis (such as large-scale county-level remote sensing image interpretation data analysis) has not yet been carried out simultaneously; thus, the study does not combine macro-analysis with micro-research.



In future research, it is necessary to strengthen the following two aspects: The first is to select several typical counties of different types, use large-scale remote sensing image interpretation data, and carry out in-depth analysis at micro-level to make up for the limitations of this macro-level research. The second is to continue to pay attention to the provincial remote sensing image interpretation data and socio-economic statistical data in the future (such as in 2025 and 2030) and continue to carry out long-term research on the spatiotemporal evolution laws for and influencing factors in cultivated land and construction land in mountainous provinces.
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Figure 1. Geographic location of the study area. (a) Location of Yunnan Province in China; (b) distribution of 129 counties in Yunnan Province; (c) digital elevation model map of Yunnan Province. 
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Figure 2. Remote sensing image interpretation in 2000, 2010, and 2020 in Yunnan Province. 
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Figure 3. Relationship and Simplified Conditions of Various Spatial Econometric Models. 
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Figure 4. Selection and Test Steps of Spatial Econometrics Model. 
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Figure 5. The Terrain Degree of Excellence, Climate Degree of Excellence, and Terrain–Climate Comprehensive Degree of Excellence of Each County in Yunnan Province. 
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Figure 6. The Steps of Spatiotemporal Evolution and Influencing Factors in Cultivated Land and Construction Land in Yunnan Province in the Past 20 Years. 
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Figure 7. LULC Map of Yunnan in 2000, 2010, and 2020. 
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Figure 8. Spatiotemporal Changes in the Proportion of CULA in each County of Yunnan Province in the past 20 Years (Unit: %). 
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Figure 9. Spatiotemporal Changes in the Proportion of COLA in each County of Yunnan Province in the past 20 Years (Unit: %). 
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Figure 10. Spatiotemporal Changes in Per Capita CULA in each County of Yunnan Province in the past 20 Years (Unit: m2/person). 
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Figure 11. Spatiotemporal Changes in Per Capita COLA in each County of Yunnan Province in the past 20 Years (Unit: m2/person). 
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Table 1. Detailed Information on the Remote Sensing Images of Three Different Phases.
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	Year
	Remote Sensing Image Data
	Spatial Resolution





	2000
	Landsat-TM/ETM remote sensing images from December 1999 to February 2000
	30 m × 30 m



	2010
	Landsat-TM remote sensing images from December 2009 to February 2010
	30 m × 30 m



	2020
	Landsat-8 remote sensing images from January 2020 to February 2020
	30 m × 30 m










[image: Table] 





Table 2. Index System and Calculation Method for Influencing Factors in Per Capita CULA and Per Capita COLA in Yunnan Province.
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Dimensions

	
Variables

	
Method of Calculation

	
Name

	
Unit






	
Dependent Variables

	
Per Capita Cultivated Land Area (CULA)

	
ln (total area of local cultivated land/total population)

	
Y1

	
m2/person




	
Per Capita Construction Land Area (COLA)

	
ln (total area of local construction land/total population)

	
Y2

	
m2/person




	
Industrial Economy

	
Development Status of Primary Industry

	
ln (primary industry output value/rural registered residence population)

	
X1

	
CNY/person




	
Development Status of Secondary Industry

	
ln (secondary industry output value/urban registered residence population)

	
X2

	
CNY/person




	
Development Status of Tertiary Industry

	
ln (tertiary industry output value/total population)

	
X3

	
CNY/person




	
Industrial Structure

	
output value of secondary and tertiary industries/GDP × 100%

	
X4

	
%




	
Light Brightness in the Nighttime

	
ln (average brightness of night lights + 0.01)

	
X5

	
None




	
Investment Expenditure

	
Fixed Assets Investment

	
ln (total fixed assets investment/total population)

	
X6

	
CNY/person




	
Per Capita Public Financial Expenditure

	
ln (public finance expenditure/total population)

	
X7

	
CNY/person




	
Rural Development

	
Per Capita Income Level of Rural Residents

	
ln (per capita disposable income of rural residents)

	
X8

	
CNY/person




	
Proportion of Rural Employees

	
rural employees/total rural population

	
X9

	
%




	
Per Capita Grain Output

	
total grain output/total population

	
X10

	
kg/person




	
Population Structure

	
Population Urbanization Level

	
(total population − agricultural population)/total population × 100%

	
X11

	
%




	
Population Density

	
total population/land area

	
X12

	
person/km2




	
Ecological Environment

	
Biological Abundance Index

	
Abio × (0.35 × woodland area + 0.21 × grassland area + 0.28 × water area + 0.11 × cultivated land area + 0.04 × construction land area + 0.01 ×unused land area)/total land area; where Abio = 511.2642

	
X13

	
None




	
Normalized Difference Vegetation Index (NDVI)

	
average local NDVI in the current year

	
X14

	
None




	
Geographical Conditions

	
Terrain Degree of Excellence

	
1 × proportion of land area with slope ≤ 8° + 0.75 × proportion of land area with a slope of 8~15° + 0.5 × land area ratio with a slope of 15~25° + 0.25 × land area ratio with a slope of 25~35° + 0.9 × proportion of water area and land area

	
X15

	
None




	
Climate Degree of Excellence

	
1 × lower thermosphere + 0.8 × medium warm layer + 0.5 × high cold layer + 0.9 × Other

	
X16

	
None











[image: Table] 





Table 3. The Classified Area of Cultivated Land and Construction Land in Yunnan Province from 2000 to 2020.
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First-Level Land Use Type

	
Second-Level Land Use Type

	
Land Use Classified Areas (Unit: 1 × 104 Hectares; m2/Person)




	
2000

	
2010

	
2020






	
Cultivated Land

	
Paddy Field

	
135.91

	
134.53

	
131.39




	
Dry Farmland

	
415.17

	
411.43

	
408.17




	
Total

	
551.08

	
545.96

	
539.56




	
Cultivated Land (Per Capita)

	
Paddy Field (Per Capita)

	
333.42

	
292.35

	
278.26




	
Dry Farmland (Per Capita)

	
1018.52

	
894.09

	
864.43




	
Total (Per Capita)

	
1351.95

	
1186.44

	
1142.69




	
Construction Land

	
Urban Construction Land, Rural Settlement Area, and Land for Mining and Industry

	
54.84

	
74.86

	
109.17




	
Other Building Land

	
11.88

	
11.87

	
20.52




	
Total

	
66.72

	
86.73

	
129.69




	
Construction Land (Per Capita)

	
Urban Construction Land, Rural Settlement Area, and Land for Mining and Industry (Per Capita)

	
134.54

	
162.68

	
231.20




	
Other Building Land (Per Capita)

	
29.14

	
25.80

	
43.46




	
Total (Per Capita)

	
163.68

	
188.48

	
274.66
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Table 4. Calculation Results of Moran’s I of Per Capita CULA and Per Capita COLA in Yunnan Province in Three Periods.
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Dimension

	
Using Natural Logarithm

	
Items

	
2000

	
2010

	
2020

	
Annual Average






	
Per Capita Cultivated Area

	
No

	
Moran’s I

	
0.447 ***

	
0.424 ***

	
0.408 ***

	
0.446 ***




	
Z statistics

	
8.587

	
8.147

	
7.845

	
8.575




	
Yes

	
Moran’s I

	
0.474 ***

	
0.506 ***

	
0.551 ***

	
0.524 ***




	
Z statistics

	
9.226

	
9.941

	
10.819

	
10.262




	
Per Capita Construction Land Area

	
No

	
Moran’s I

	
0.156 ***

	
0.269 ***

	
0.296 ***

	
0.275 ***




	
Z statistics

	
3.689

	
5.246

	
5.740

	
5.356




	
Yes

	
Moran’s I

	
0.329 ***

	
0.308 ***

	
0.320 ***

	
0.331 ***




	
Z statistics

	
6.462

	
5.990

	
6.219

	
6.414








Note: *** indicates passing the significance level tests of 1%.
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Table 5. Results of Spatial Autocorrelation Test.
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Dependent Variables

	
Types

	
Statistics

	
All Independent Variables Are Considered

	
Independent Variables Except Collinear Variables Are Considered




	
Statistical Values

	
p Values

	
Statistical Values

	
p Values






	
Per Capita CULA

	
Spatial Error

	
Moran’s I

	
1.869 *

	
0.062

	
1.800 *

	
0.072




	
LM

	
41.365 ***

	
0.000

	
40.092 ***

	
0.000




	
Robust LM

	
39.213 ***

	
0.000

	
37.842 ***

	
0.000




	
Spatial Lag

	
LM

	
3.061 *

	
0.080

	
3.346 *

	
0.067




	
Robust LM

	
0.909

	
0.341

	
1.096

	
0.295




	
Per Capita COLA

	
Spatial Error

	
Moran’s I

	
1.643 *

	
0.100

	
1.734 *

	
0.083




	
LM

	
27.990 ***

	
0.000

	
35.981 ***

	
0.000




	
Robust LM

	
26.763 ***

	
0.000

	
34.358 ***

	
0.000




	
Spatial Lag

	
LM

	
2.164

	
0.141

	
2.866 *

	
0.090




	
Robust LM

	
0.937

	
0.333

	
1.242

	
0.265








Note: * represent significant levels of p = 0.05. *** indicates passing the significance level tests of 1%.
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Table 6. Estimation Results of the Econometric Model for the Analysis of the Influencing Factors in the Per Capita CULA.
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	Items
	RE
	SARAR(FE)
	SAR(RE)
	SEM(RE)
	SDM(RE)





	Development Status of the Primary Industry (X1)
	0.1236 **

(0.0573)
	0.0960 ***

(0.0276)
	0.1101 ***

(0.0341)
	0.0855 ***

(0.0330)
	0.0573 *

(0.0322)



	Development Status of the Secondary Industry (X2)
	−0.0169

(0.0167)
	0.0035

(0.0133)
	−0.0069

(0.0158)
	0.0035

(0.0157)
	0.0297 *

(0.0158)



	Industrial Structure (X4)
	0.0024

(0.0015)
	0.0012

(0.0011)
	0.0019

(0.0013)
	0.0009

(0.0013)
	−0.0010

(0.0013)



	Light Brightness in the Nighttime (X5)
	−0.0064

(0.0153)
	−0.0158

(0.0101)
	−0.0065

(0.0122)
	−0.0219 *

(0.0122)
	−0.0222 *

(0.0119)



	Per Capita Public Financial Expenditure (X7)
	−0.0281

(0.0216)
	−0.0333 **

(0.0158)
	−0.0177

(0.0182)
	−0.0318 *

(0.0189)
	0.0594 **

(0.0293)



	Per Capita Income Level of Rural Residents (X8)
	−0.1561 ***

(0.0434)
	−0.1193 ***

(0.0318)
	−0.1650 ***

(0.0343)
	−0.1333 ***

(0.0376)
	−0.0999 **

(0.0423)



	Proportion of Rural Employees (X9)
	−0.0011

(0.0012)
	−0.0003

(0.0009)
	−0.0018

(0.0011)
	−0.0004

(0.0011)
	−0.0010

(0.0010)



	Per Capita Grain Output (X10)
	0.0006 ***

(0.0001)
	0.0005 ***

(0.0001)
	0.0005 ***

(0.0001)
	0.0006 ***

(0.0001)
	0.0004 ***

(0.0001)



	Population Urbanization Level (X11)
	−0.0117 ***

(0.0021)
	−0.0119 ***

(0.0010)
	−0.0118 ***

(0.0013)
	−0.0116 ***

(0.0012)
	−0.0106 ***

(0.0012)



	Population Density (X12)
	−0.0009 ***

(0.0001)
	−0.0009 ***

(0.0000)
	−0.0008 ***

(0.0001)
	−0.0009 ***

(0.0001)
	−0.0008 ***

(0.0001)



	Biological Abundance Index (X13)
	0.0048 **

(0.0022)
	0.0008

(0.0018)
	0.0036 **

(0.0018)
	0.0033 *

(0.0018)
	0.0014

(0.0018)



	NDVI (X14)
	0.0447 *

(0.0261)
	0.0046

(0.0351)
	0.0588 *

(0.0339)
	0.0314

(0.0423)
	−0.0076

(0.0560)



	Terrain Degree of Excellence (X15)
	0.5762

(0.3589)
	—
	0.6307 **

(0.2708)
	0.5927 **

(0.2902)
	0.6182

(0.4504)



	Climate Degree of Excellence (X16)
	1.0085 **

(0.4662)
	—
	0.7914 **

(0.3169)
	1.0071 ***

(0.3388)
	−0.3780

(0.7493)



	_cons
	6.0737 ***

(0.6293)
	—
	4.6455 ***

(0.5736)
	6.3563 ***

(0.5488)
	2.4399 ***

(0.7895)



	Parameter ρ
	—
	−0.0234

(0.0536)
	0.2388 ***

(0.0484)
	—
	0.5168 ***

(0.0588)



	Parameter λ
	—
	0.5258 ***

(0.0636)
	—
	0.5257 ***

(0.0709)
	—



	LR Test: Individual Effect
	—
	33.10 ***

(0.0072)
	—
	—
	—



	LR Test: Time Effect
	—
	−1390.18

(1.0000)
	—
	—
	—



	Hausman Test
	16.35

(0.1759)
	—
	7.70

(0.8079)
	16.35

(0.1759)
	9.09

(0.6956)



	Individual Effect
	—
	Yes
	—
	—
	—



	Time Effect
	—
	No
	—
	—
	—



	Within R2
	0.8410
	0.8379
	0.8233
	0.8356
	0.8630



	Sample Size
	387
	387
	387
	387
	387







Note: The robust standard error approach was used to estimate the outcomes above. The significance level test was passed at 10%, 5%, and 1%, respectively, as denoted by the symbols *, **, and ***. According to Hausman test statistics and LR test statistics, this study chooses the optimal models and controls various effects: FE represents fixed effect model and RE represents random effect model.
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Table 7. Estimation Results of the Econometric Model for the Analysis of the Influencing Factors in the Per Capita COLA.
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	Items
	FE
	SARAR(FE)
	SAR(FE)
	SEM(FE)
	SDM(FE)





	Development Status of the Primary Industry (X1)
	0.0838

(0.0572)
	0.0985 **

(0.0474)
	0.1439 ***

(0.0447)
	0.0899 *

(0.0464)
	0.0624

(0.0436)



	Development Status of the Secondary Industry (X2)
	−0.0085

(0.0277)
	−0.0285

(0.0213)
	−0.0283

(0.0204)
	−0.0264

(0.0213)
	−0.0166

(0.0211)



	Industrial Structure (X4)
	−0.0001

(0.0023)
	0.0000

(0.0018)
	0.0017

(0.0016)
	−0.0003

(0.0017)
	−0.0001

(0.0017)



	Light Brightness in the Nighttime (X5)
	0.0217

(0.0202)
	0.0608 ***

(0.0163)
	0.0622 ***

(0.0156)
	0.0601 ***

(0.0163)
	0.0338 **

(0.0159)



	Per Capita Public Financial Expenditure (X7)
	−0.0081

(0.0469)
	0.0746 **

(0.0294)
	0.0418 *

(0.0231)
	0.0874 ***

(0.0264)
	0.0260

(0.0397)



	Per Capita Income Level of Rural Residents (X8)
	−0.1602 **

(0.0630)
	0.0583

(0.0527)
	−0.0059

(0.0460)
	0.0653

(0.0531)
	−0.1157 **

(0.0567)



	Proportion of Rural Employees (X9)
	−0.0031 *

(0.0017)
	−0.0024

(0.0015)
	−0.0042 ***

(0.0014)
	−0.0020

(0.0014)
	−0.0026 *

(0.0014)



	Per Capita Grain Output (X10)
	0.0005 ***

(0.0001)
	0.0006 ***

(0.0001)
	0.0005 ***

(0.0001)
	0.0006 ***

(0.0001)
	0.0006 ***

(0.0001)



	Population Urbanization Level (X11)
	−0.0107 ***

(0.0020)
	−0.0106 ***

(0.0017)
	−0.0119 ***

(0.0016)
	−0.0102 ***

(0.0016)
	−0.0107 ***

(0.0016)



	Population Density (X12)
	−0.0006 ***

(0.0001)
	−0.0004 ***

(0.0001)
	−0.0003 ***

(0.0001)
	−0.0004 ***

(0.0001)
	−0.0005 ***

(0.0001)



	Biological Abundance Index (X13)
	−0.0055

(0.0037)
	0.0000

(0.0030)
	−0.0012

(0.0030)
	0.0003

(0.0029)
	−0.0016

(0.0028)



	NDVI (X14)
	0.0301

(0.0521)
	0.0622

(0.0566)
	0.0767 *

(0.0421)
	0.0529

(0.0587)
	−0.1156

(0.0745)



	Parameter ρ
	—
	0.0974

(0.1134)
	0.4117 ***

(0.0499)
	—
	0.4242 ***

(0.0588)



	Parameter λ
	—
	0.4980 ***

(0.1185)
	—
	0.5793 ***

(0.0573)
	—



	LR Test: Individual Effect
	100.48 ***

(0.0000)
	56.89 ***

(0.0000)
	53.15 ***

(0.0000)
	56.25 ***

(0.0000)
	25.58 **

(0.0292)



	LR Test: Time Effect
	681.62 ***

(0.0000)
	−649.43

(1.0000)
	−649.48

(1.0000)
	−648.82

(1.0000)
	−658.33

(1.0000)



	Hausman Test
	44.32 ***

(0.0000)
	—
	35.84 ***

(0.0003)
	24.98 **

(0.0149)
	60.88 ***

(0.0000)



	Individual Effect
	Yes
	Yes
	Yes
	Yes
	Yes



	Time Effect
	Yes
	No
	No
	No
	No



	Within R2
	0.8838
	0.8383
	0.8448
	0.8345
	0.8823



	Sample Size
	387
	387
	387
	387
	387







Note: The robust standard error approach was used to estimate the outcomes above. The significance level test was passed at 10%, 5%, and 1%, respectively, as denoted by the symbols *, **, and ***. According to Hausman test statistics and LR test statistics, this study chooses the optimal models and controls various effects. FE represents fixed effect model and RE represents random effect model.
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