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Abstract

:

The basic characteristics of mountain areas are that the innate ecological environment is relatively fragile, the acquired ecological environment is severely damaged and degraded, the whole economy and society are still relatively backward, and the degree of sustainable development is relatively low. At present, it has not been seen that land use sustainability evaluation (LUSE) research lasting for many years based on RS and GIS in mountainous provinces. It is urgent to build a suitable, feasible, operable and applicable LUSE system for mountainous regions so as to provide a basic foundation for strategic planning and management of sustainable land use in mountainous provinces. This study integrated “RS and GIS + multi-phase LUCC + LUSE theory and quantitative practical methods” based on mountain provinces, firmly grasped the basic characteristics of mountain areas—the vulnerability of ecological environment, and conducted the study on mountain LUSE. According to the outcomes of RS of land use in the study area in three phases (2000, 2010 and 2020), a comprehensive indicator system is established from the three dimensions of ecological friendliness of land use (EFLU), the economic viability of land use (EVLU) and social acceptability of land use (SALU). Using the Delphi method to determine weights and combining the AHP method and the comprehensive analysis method, this paper quantitatively measures the overall sustainability of land use (OSLU) of 129 counties in Yunnan province in 2000, 2010 and 2020, revealing the spatio-temporal characteristics of the OSLU of Yunnan province and all counties from 2000 to 2020, and aiming to provide a basic and foundation for strategic planning and management of sustainable land use (SLU) in mountainous provinces. The degree of ecological friendliness (DEF), degree of economic viability (DEV), degree of social acceptability (DSA) and degree of overall sustainability (DOS) in Yunnan province and all counties have been significantly improved. Accordingly, the OSLU has been improved to a certain extent, with a 0.66% annual growth rate. It indicates that the development and construction from 2000 to 2020 have significantly improved the OSLU. However, regional differences are large. At present, EFLU, EVLU, and SALU in Yunnan province are not high as a whole. The basic situation reflected that there are obvious deficiencies in EFLU, EVLU and SALU in Yunnan province. Land exploitation and use activities have caused certain influences and the destruction of the ecological environment.
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1. Introduction


For quite some time, the land exploitation and use pattern in a lot of regions, which are aimed at rapid economic growth and sacrificed the natural ecological environment and excessive use of resources, has resulted in a number of increasingly serious global resource and environmental issues, bringing great crises to the livelihood and development of human beings and their descendants. Countless experiences and lessons in the exploitation and use of land resources have given us a number of warnings [1], and future land use must follow the path of sustainable land use (SLU) strategies. Sustainable land use has become the basic criterion and strategy for land resource development and protection in the whole world today and in the future. Since the Food and Agriculture Organization (FAO) published an evaluation framework [2] in 1993, experts and scholars in many countries have carried out a major number of theoretical, methodological and empirical studies on SLU in combination with the actual situation in various regions. Research results have still been emerging, and the research focus is on the Land Use Sustainability Evaluation (LUSE).



At present, the internationally accepted concept of “sustainable land use (SLU)” is the definition of sustainable land management in the framework of FAO [2]: Sustainable land management is the combination of technology, policy and behavior that can integrate social and economic principles with considerations of environment, so as to pursue and improve productivity, security and protection, viability and acceptability in terms of economic and social factors, respectively [2]. Experts and scholars in most countries basically carry out land use research according to the five goals (or principles, guidelines) in this definition [3,4]. It can be believed that since SLU is a new concept generated by the application of sustainable development ideas to land science in the 1990s, as with sustainable development, SLU is actually a new idea and new concept used to guide land use. In terms of specific definitions, it tends to adopt a generational ethical definition. That is: SLU refers to methods and measures that can meet various demands of people without damaging the next generations. It is consistent with the five principles or standards (i.e., productivity, safety, protection, feasibility and acceptability) of SLU and management proposed by FAO (1993). It should be noted that these five principles actually include three basic aspects of SLU, namely, ecological sustainability, economic sustainability and social sustainability [5]. Therefore, we can simplify the basic principles of SLU into three aspects. That is, the EFLU, the EVLU, and the SALU.



According to the content and data means of LUSE, the existing research literature can be roughly divided into four types. The first is “existing survey and statistical data + current status or quantitative LUSE in a certain year”, which is a common practice of many researchers, such as Yang Zisheng and Liu Yansui’s LUSE (2007) in Yunnan province [1], Sun Yan and Liu Youzhao (2010) carried out the LUSE in Fenyi County, Jiangxi Province [6], Han Bo (2021) carried out the LUSE in Yangtze River Delta from 2000 to 2015 [7], and Hu Manli (2022) carried out the LUSE in Xuzhou City [8]. The second is “existing survey and statistical data + quantitative measurement of changes in the sustainable level of land use in several years”, such as the LUSE in Jiangxi Province from 2002 to 2006 carried out by Yu Dun and Chen Wenbo (2009) [9], the LUSE in 31 provinces in China from 1998 to 2008 carried out by Zhao Xingguo (2014) [10]. In addition, Xie Hualin et al. (2015) evaluated the SLU in Poyang Lake Ecological Economic Zone in 2006, and 2010 [11], Wang Ying and Guo Chenxing (2018) carried out the LUSE in Shaanxi Province from 2006 to 2016 [12], and Zhao Shu (2022) carried out the research on spatial-temporal changes of LUSE during the struggle against poverty in Luquan County, Yunnan province [13]. The third is “remote sensing image interpretation (RS and GIS) + quantitative LUSE in a certain year”. For example, Zhou Yuan and Xing Lixin (2004) used RS to study the sustainable use of land resources in western Jilin Province [14]. The Fourth is “Remote sensing image interpretation (RS and GIS) + qualitative description and analysis of the impact of LUCC on SLU”. For example, Fu Bojie et al. analyzed the impact of LUCC on soil quality, regional ecological environment effect and SLU in the Bohai Rim region [15]. Zhang and Cheng et al. (2013) used GIS and RS techniques to research the land use change in the Ahemur River Basin from 1992 to 2010 [16]. Wu Qiuju, Yang Renyi and Yang Zisheng (2022) used RS and GIS to analyze the impact of LUCC on the rationality and SLU in the Dianchi Lake basin [17]. In terms of the index system of LUSE, experts and scholars have developed plenty of studies from different focuses and perspectives [18,19] and roughly constructed four types of indicator systems: “productivity—safety—maintainability—acceptability—viability” [20,21,22,23], “ecology—economy—society” [24,25,26,27] “economy—society—environment—resources” [28,29,30] and PSR or DPSIR [11,31,32,33,34,35]. From the perspective of evaluation methods, it mainly involves the comprehensive index method, AHP method [1,6,22], superposition analysis method [8], AHP—entropy weight method [35], principal component analysis method [36], improved grey relational analysis (GRA) [28], improved TOPSIS method [29], etc. Each of these methods has its own advantages. On the whole, AHP is the alternative method that combines qualitative and quantitative analysis. By classifying different elements in complicated issues into interconnected orderly levels, it is a convenient, flexible and applicable method for quantitative analysis of qualitative issues. In terms of research areas, there are national [10], provincial [1,9,12,25,28], municipal [8,23,26,34,35,36] and county-level regions [6,13,21]. There are both relatively developed ecological economic zones [11] and relatively backward ecological fragile zones [1,13,30,37,38].



From the perspective of sustainable development, the most important thing to pay attention to is the mountainous area where the “innate” ecology is relatively fragile, the “acquired” ecology is severely damaged and degraded, the economy and society are relatively backward, and the sustainability is low. The mountain area is a special natural human complex with a certain altitude and slope [39], and its most significant feature is the fragility of the ecological environment. The inherent vulnerability of the mountain environment often leads to the instability of the mountain ecosystem and the difficulty in improving biological productivity, determining the weak feedback mechanism of the mountain ecosystem and the quality of being easy to destroy and difficult recovery [40]. As far as most mountain areas are concerned, their prominent characteristics are poverty and lack of development. Many mountain areas (especially ecological degradation areas, alpine mountain areas, etc.) are still very poor. Their development approach is mainly to strengthen resource development, so they fall into the vicious circle of “poverty—environmental resource degradation—poverty”, which makes the entire mountain “ecological—economic—social” system show great vulnerability. In terms of the whole province, the mountainous area accounts for 94%, the ecology is very fragile [41,42], and its economy is still relatively backward. Among the 129 counties in the province, 88 counties belong to the national-level poverty-stricken counties, which is a typical mountainous province. Although they got rid of poverty at the end of 2020, they still have an important task to consolidate the achievements during the period of the 14th 5-year plan, and there is still a long way to go to realize the strategy of rural revitalization. In terms of research status, although some students have developed a study on the LUSE in some mountainous areas, such as the LUSE in Shaoguan City, a mountainous area in northern Guangdong Province, based on grid spatial data carried out by Li Jingliang and Hou Bin (2008) [43], the LUSE in the Yellow River basin carried out by Niu Wentao et al. (2021) [38], and the LUSE in Luquan County, a midstream area of the Jinsha River carried out by Zhao Shu (2022) [13], there are still many deficiencies and weak links in the research on the whole. At present, it has not been seen that the LUSE research based on RS and GIS for mountainous provinces has lasted for many years. Accordingly, a suitable, feasible, operable and applicable LUSE method for mountainous areas has not yet been established, which is not conducive to rational and effective SLU in these regions.



In view of this, the characteristic of this research is to integrate “RS and GIS + multi-phase LUCC + LUSE theory and quantitative practical method. This paper is based on the mountain area and takes Yunnan province, a typical mountain province in Southwest China, as the research region. Based on the interpretation results of RS images of land use in the province in three phases (2000, 2010 and 2020), starting from the three sustainability principles of ecology, economy and society, this study builds a county-level index system of LUSE, an SLU degree classification system and quantitative division standards, and promotes the combination of qualitative and quantitative methods of LUSE in mountainous areas. In addition, a specific evaluation practice is conducted. Taking 129 county administrative regions as a unit of LUSE, quantitative measurement of the OSLU at the county level in Yunnan province was carried out, and the SLU degree of 129 counties in the province from 2000 to 2020 was classified. Based on this, the spatio-temporal change of LUSE of the province and county from 2000 to 2020 is analyzed in depth, aiming to provide a foundation for the effective implementation of the SLU strategy in mountainous provinces. In theory, this study can provide basic ideas and methods for promoting SLU strategies, which is beneficial to further enrich and develop the theoretical system of LUSE. In reality, the method of qualitative judgment and quantitative analysis of the degree of SLU in mountainous areas and its dynamic change trend can be found for Yunnan Province and even similar mountainous areas.




2. Materials and Methods


2.1. Overview of the Study Area


Yunnan Province is in the southwest of China, between latitudes 21°8′32″~29°15′8″ N and longitudes 97°31′39″~106°11′47″ E (Figure 1). It is basically a low-latitude inland province. In general, Yunnan is a mountainous and plateau province in southwest China with four basic characteristics of “being located in the border, mainly in mountainous areas, having many minorities and underdeveloped economy.” There are many ethnic minorities in Yunnan. Among the 55 ethnic minorities in China, there are 51 in Yunnan province and 25 in certain areas. At the end of 2020, the population of ethnic minorities totaled 15.6396 million, accounting for 33.12%. By the end of 2020, the province had jurisdiction over 16 prefectures and cities, including 8 provincial cities and 8 national autonomous prefectures. There are 129 counties, including 17 municipal districts, 17 county-level cities, 29 ethnic autonomous counties and 66 non-ethnic autonomous counties [44]. In 2020, the GDP of Yunnan province was 245.219 billion CNY. The per capita disposable income of rural residents was 12,842 CNY, ranking 4th from the bottom among 31 provinces in China [45].



The geological structure of Yunnan is relatively complex. In the regional geotectonic division of China, Yunnan province belongs to five primary tectonic units. The east and northeast of Yunnan province belong to the south-west end of the Yangtze paraplatform, the southeast of Yunnan is the Caledonian, and the part between the east of Jinshajiang fault and Chenghai fault belongs to the southward wedging part of Songpan Ganzi fold system (Indosinian). Between the west of the Jinshajiang Ailaoshan fault and the Nujiang fault is the Sanjiang fold system (Indosinian period). The west of the Nujiang fault belongs to the Gangdise Nianqing Tanggula fold system (Yanshanian period) [46]. Yunnan is a vast plateau with an average altitude of about 2000 m. However, the terrain in various parts of the province fluctuates greatly, and the overall terrain is generally high in the northwest and low in the southeast. The highest point in the province is 6740 m above sea level (Kawagbo Peak, the main peak of Prince Snow Mountain), and the lowest point is 76.4 m (the intersection of Yuanjiang River and its tributary Nanxi River in Hekou County), with a height difference of 6663.6 m. Yunnan province is dominated by mountains, which account for 94%, and dam area (flat land) with good conditions only accounts for 6% [46]. It is known as “there are high mountains and steep slopes with many rocks; you can climb when you go out.” About 77% (more than 3/4) of the land in the province has a slope of more than 15°, and nearly 40% (about 2/5) of the land has a slope of more than 25° [47]. From the county-level perspective, more than 56% of Yunnan’s counties have more than 30% of the land with steep slopes exceeding 25°, while more than 1/5 of the counties have more than 50% of the land with steep slopes exceeding 25°. Under the comprehensive influence of the geographical conditions of low latitude and high altitude, restricted by the monsoon climate, the original monsoon climate features of low latitude mountains in Yunnan, which are rich in light energy and significant vertical variation, have been formed. According to the second soil census in Yunnan province [48], there are 7 soil classes, 13 soil subclasses, 18 soil types, 34 soil subtypes, 145 soil genera and 288 soil species in total. The number of soil types accounts for about 1/3 of China. The land area of each soil class and soil type is different, and the area of the siallitic soil class is the largest, accounting for 55.32% of the province. The next is the eluvial soil class, accounting for 19.27% of the soil area of the province. The primary soil class is mainly rock soil, accounting for 18.17%. The anthropogenic soil class is mainly paddy soil, accounting for 3.9% of the soil area of the province. The alpine soil class and semi-leaching soil class also occupy a certain position. There are many types of vegetation in Yunnan, ranging from tropical rainforests to alpine tundra, from dry, sparse shrubs to moist moss forests to aquatic vegetation in lakes and marshes. Yunnan is rich in plant species, ranking first in China, and has always been known as the “plant kingdom.” According to preliminary statistics, there are 13,282 species, 2597 genera and 426 families of plants above liverworts in Yunnan province. The vegetation in Yunnan is divided into 12 vegetation types. Under the vegetation type, 34 subtypes and several formation groups are further divided, and 169 formations and 209 associations are finally divided [49].



Topographic features dominated by mountains determine that Yunnan’s “congenital” ecological environment is very fragile, and arable land resources are very limited. The irrational exploitation and use of land resources in mountainous regions for quite some time are likely to lead to disharmony in the relationship between people and land in mountainous areas, resulting in water and soil loss, ecological degradation, and even serious disasters. At present, major issues of ecology and environment, such as water and soil loss and rock desertification, are still serious, and geological disasters such as low-temperature freezing, landslides and mud rock flow are frequent, easy to occur and frequent [50]. According to the statistics, from 2007 to 2020, the affected area of crops in the province totaled 18.843 million hectares, with 20% of the total planting area of crops in the same period [45,51]. It has complex geological structures, frequent seismic activities, deep river valleys, broken rock and soil mass, fragile geological environmental conditions, landslides, and other geological disasters that tend to emerge. By the end of 2020, the province had 23,267 registered potential geological disasters [52]. At the same time, Yunnan is located at the source or upstream of 6 major river systems in China. Its special geographical location, diverse topography, complex climate and other natural environmental conditions have bred extremely rich biological resources, making Yunnan a “kingdom of animals and plants,” which is not only a natural gene pool of China and the world but is also an ecological security barrier in Southwest China and even Southeast Asia. The state attaches large significance to the protection of Yunnan’s ecology and the construction of an ecological civilization and clearly requires Yunnan to strive to become the leader of China’s ecological civilization construction and build a solid ecological security barrier in Southwest China.




2.2. Data Source and Description


2.2.1. Source and Interpretation of Three Phases RS Image Data


The RS image data of the three phases (2000, 2010 and 2020) used in this research is obtained from the website of “https://www.resdc.cn/,” (accessed on 8 February 2022) with a spatial resolution of 30 m. On the basis of the national environmental database, the Chinese Academy of Sciences has issued a multi-period LUCC RS image database of China, using Landsat RS images of the United States as the main source, and using China Brazil Resources Satellite data or environmental small satellite data as a supplement for areas that cannot be covered due to poor time phase. In terms of time phase, the Landsat TM/ETM RS image from 1999 to 2000 is the main information source for the land use data in 2000, and the Landsat TM remote sensing image from 2009 to 2010 is the main information source for the LUCC data in 2010, and Landsat 8 remote sensing image data is mostly used for updating the LUCC RS image information in 2020. In terms of the seasonal phase, images with cloud content of less than 10% in winter are selected for interpretation according to the actual situation of Yunnan.



With reference to Xu Xinliang et al. [53] and the LUCC classification system issued by Liu Jiyuan’s research team et al. [54,55,56,57], and in combination with Yunnan’s actual situation and research needs, the land use classification system of the province in three phases is determined (Table 1).



The 3 phases land use vector database of Yunnan province is based on Table 1 and RS interpretation marks in the ArcGIS software to interpret the 3 phases of RS images of Yunnan province through human-computer interaction interpretation of land use/cover types. First of all, after obtaining the RS image, it can conduct image preprocessing operations such as false color synthesis, fine geometric correction, image splicing, and clipping, and then overlay the latest 2021 administrative division map of Yunnan province by county to obtain the RS image map by county. After that, on the basis of field investigation and comprehensive expert opinions, RS image interpretation marks applicable to Yunnan province will be established, and a digital elevation model map, vegetation map, land use map and other auxiliary materials will be obtained as much as possible, which are interpreted manually in the GIS software environment. In the process of interpretation, the county is taken as the unit to generate interpretation results by county. After the interpretation, use the “Arcinfo Workstation” command and the “SHAPEARC” command to generate the county “coverage” file. Finally, the “ARCEDIT” module of “ARC/INFO” is used for graphic editing, checking and modifying errors, sorting and summarizing. For example, it can check for errors in map spot attribute codes, missing codes and repeated codes. After correction, the data of adjacent counties are connected, and finally, the vector database of LUCC in Yunnan province is generated. Based on this, ArcGIS software is used to prepare three phases LUCC map of the province (Figure 2) and calculate the land use classification area (Table 1).



The total land area of Yunnan Province is 38.4242 million hectares. From the perspective of the land area of various types in 2020, the cultivated land area is 5.3956 million hectares, the woodland area is 24.1854 million hectares, the grassland area is 1.8112 million hectares, the water area is 0.5609 million hectares, the construction land area is 1.2969 million hectares, and the other land area is 5.1742 million hectares, respectively accounting for 14.04%, 62.94%, 4.71%, 1.46%, 3.38%, and 13.47% of the province. In terms of cultivated land, the paddy field area is 1.3339 million hectares, accounting for 24.35%, and the dry land area is 4.0817 million hectares, accounting for 75.65%. In terms of the woodland area, there are 18.8459 million hectares of closed forest land, accounting for 77.92% and other forest land covers 5.3395 million hectares, accounting for 22.08%. In terms of the grassland area, the area of pasture with high coverage is 1.0536 million hectares, accounting for 58.17%, and the area of pasture with medium and low coverage is 0.7576 million hectares, accounting for 41.83%. In terms of the water area, rivers and lakes cover 0.3118 million hectares, accounting for 55.58%, and the reservoir and pond area is 0.2491 million hectares, accounting for 44.42%. In terms of construction land, the urban and rural settlement areas and land for mining and industry are 1.0917 million hectares, accounting for 84.18%; other building land covers 0.2052 million hectares, accounting for 15.82%. In terms of unused land area, the bare land area is 0.8062 million hectares, accounting for 15.58%; the area of other land types is 4.3680 million hectares, accounting for 84.42%.



From the perspective of LUCC in the whole province from 2000 to 2020, it shows a change characteristic of “three increases and three decreases.” The so-called “3 increases” refer to the obvious increase of woodland area, waters area and construction land area in the recent 40 years, while the “three decreases” refer to the obvious decrease of the other 3 land types.



	(1)

	
Three increases







The woodland area has increased from 1.9982 × 107 ha in 2000 to 2.4185 × 107 ha in 2020, with a net increase of 4.2035 × 106 hectares, a net increase of 21.04% with a 1.05% average increase. From the perspective of woodland, it is characterized by an obvious rise of closed forest land and a drop in other forest lands. From 2000 to 2020, the closed forest land rose by 4.7014 × 106 hectares, while other forest land decreased by 4.966 × 105 hectares. The substantial increase of woodland (especially closed forest land) means that the green coverage rate of the surface has risen obviously, and the ecological environment has been improved significantly.



The waters area raised from 4.934 × 105 ha in 2000 to 5.609 × 105 ha in 2020, with a net increase of 6.75 × 104 hectares, a net increase of 13.68% with 0.68% annual growth. The reason for its increase is mainly reflected in the increase in the reservoir area.



The construction land area has increased from 6.672 × 105 ha in 2000 to 1.2969 × 106 ha in 2020, with a net increase of 6.297 × 105 hectares, a net increase of 94.38%, and an average annual increase of 4.72%, making it the largest extent of increase or decrease among the 6 1st-class land types. This is the result of the acceleration of provincial population growth, urbanization, industrialization and other economic construction from 2000 to 2020.



	(2)

	
Three decreases







The cultivated land area decreased from 5.5108 × 106 ha in 2000 to 5.3956 × 106 ha in 2020, with a net drop of 1.152 × 105 ha (2.09%) and with 0.10% annual decrease. In terms of cultivated land, the reductions of them are obvious, and the reduction of paddy fields is obviously greater than that of dry land. In the past 20 years, 4.52 × 104 hectares of paddy fields in the province decreased, with a net decrease of 3.33%. Dry land decreased by 7.00 × 104 hectares, with a net decrease of 1.68%. Their decreases are the result of various construction projects, conversion of cultivated land to forests, disaster damage and agricultural structural adjustment. With the substantial increase of construction land, cultivated land (especially high-quality paddy fields around cities and towns with good conditions and along the traffic line) is continuously occupied, which affects the total amount and the overall quality of it to a certain extent.



The grassland area decreased from 4.8125 × 106 ha in 2000 to 1.8112 × 106 ha in 2020, with a net drop of 3.0013 × 106 hectares, a net decrease of 62.36% and an average annual decrease of 3.12%. In the grassland interior, the pasture with high coverage and the pasture with medium and low coverage showed a significant reduction, with a 3.28% and 2.83% annual decrease, respectively. The decrease in the grassland area is mainly because of the conversion of grassland to woodland; that is, many original grass hills, grass slopes and waste grassland can be afforested, which has promoted the substantial increase of woodland area.



The unused land area decreased from 6.9585 × 106 ha in 2000 to 5.1742 × 106 ha in 2020, with a net drop of 1.7843 × 106 hectares, 25.64%, with a 1.28% annual reduction. The drop of it is mainly due to the exploitation and use of it and the conversion to agricultural land or construction land, which also means that the provincial land utilization rate has been continuously improved.




2.2.2. Other Data Sources and Descriptions


	(1)

	
Socio economic data







The social and economic data at all levels are mainly from the statistical data of the yearbook over these years. Some are from relevant bulletins and websites of government functional departments.



What’s more, the GDP, the output value of primary, secondary and tertiary industries and other relevant economic data adopt actual values to better eliminate the impact of price changes and keep consistent with the evaluation indicators so that the results are more scientific and credible. In addition, logarithmic processing is adopted for relevant economic evaluation indicators, which can not only measure the value of economic indicators but also eliminate the impact of dimensions and make the data more stable.



	(2)

	
Geospatial data







Geospatial data from 30 m × 30 m Yunnan grid DEM data, website: http://www.gscloud.cn (accessed on 8 February 2022).



	(3)

	
Other basic data and materials







It is mostly obtained by consulting the data of natural resources, agriculture and rural areas, rural revitalization, ecological environment, water conservancy and other relevant industry departments of governments at all levels and conducting field surveys.



	(4)

	
Source of Yunnan county boundary







The county boundaries of Yunnan province used to calculate the land use classification area data of 129 counties in Yunnan province in each period are based on the county map of Yunnan province provided by the website of MAP WORLD–Yunnan Provincial Platform for common Geo-Spatial Information Service. The website is https://yunnan.tianditu.gov.cn/MapResource (accessed on 8 February 2022).





2.3. Evaluation Method of Land Use Sustainability


2.3.1. Basic Connotation and Criteria of SLU


The connotation of SLU is very rich and fully expresses the concept of sustainable development in land use. This definition emphasizes that in the process of land use, any land resource development and utilization methods and measures should implement the idea of sustainable development, and requires that:



(1) In terms of ecology, resources and the environment should be protected to avoid resource degradation, ecological damage and environmental deterioration;



(2) Economically, it should be reasonable, able to bring benefits to land use or operators and ensure the sustainability of economic development;



(3) Society should be able to provide basic needs for human beings and meet their needs for survival and development;



(4) Ethically, it is necessary to fully reflect fairness, including intra- and inter-generational fairness, so that there can be fair and reasonable development among the present generation and between the present and future generations.



According to the previous analysis, the basic principles of LUSE are summarized into three aspects, namely: the ecological friendliness of land use (EFLU), economic viability of land use (EVLU) and social acceptability of land use (SALU), which is the basis for the subsequent LUSE.




2.3.2. Basic Ideas and Index System of LUSE


	(1)

	
Basic ideas for evaluation







The LUSE in this study is mainly a comprehensive evaluation, which takes county districts as the evaluation unit, integrates EFLU, EVLU and SALU organically, and comprehensively evaluates the comprehensive status of SLU in county areas. Based on the development of similar evaluation research fields in recent years, this paper organically combines the AHP and the comprehensive analysis method. On the basis of building a series of indicator systems with three dimensions of EFLU, EVLU and SALU in 129 counties in the province, the degree of EFLU (DEF), the degree of EVLU (DEV) and the degree of SALU (DSA) in each county in 2000, 2010 and 2020 are calculated. Then, the three indexes are organically integrated to calculate the degree of OSLU (DOS) in counties of Yunnan province in 2000, 2010 and 2020 so as to obtain an overall evaluation and understanding of the SLU system in each county to comprehensively measure and compare the status of SLU in each county.



	(2)

	
Evaluation index system







It will be established here and is mainly aimed at regional LUSE. Drawing on the representative structural framework built by Chen Baiming et al. [58], this research divides the system into three levels: indicator category, evaluation indicator and element indicator (Table 2). These indicators are comprehensively determined according to the needs of evaluation work and the availability of basic data in each county.



The ecological friendliness index is the basic index in the whole land sustainable use system, which directly determines whether the land use system can maintain the inherent role and function of land ecologically. Therefore, the factors and attributes that can reflect ecological friendliness and its degree should be selected as evaluation indicators from the perspectives of development, utilization, transformation (consolidation), protection and other aspects of land resources in Yunnan. Such as the overdevelopment and utilization of land, land transformation level, land protection level, etc., to quantitatively reveal the ecological friendliness of land use in Yunnan. According to the actual situation in Yunnan and the availability of basic data, indicators such as the index of over-reclaimed rate (IOR) and index of bare land area (IBLA) are mainly selected for land overdevelopment and utilization. The index of effective irrigated area (IEI) and other indicators are mainly selected for land transformation level. The land protection level mainly selects the index of forest coverage (IFC), index of biological richness (IBR), index of ecosystem services value (IESV) and other indicators. Where the IBR is one of the important indicators for the assessment of ecological environment status, which refers to the indirect reflection of the abundance and poverty of biological richness in the evaluated area through the differences in the number of biological species of different ecosystem types per unit area [59,60], and it is positively related to the land use ecological benefits. Ecosystem Services Value (VES) refers to various benefits that humans obtain from the ecosystem. The SLU and the optimization of land ecological value are the basic goals of the SLU strategy, so this study takes the VES as an important evaluation parameter.



The economic vitality index is the core index of LUSE. According to the local conditions of the province, and considering basic data and needs of evaluation, the main indicators here are the index of comprehensive land productivity (ICLP), the index of agricultural land productivity (IALP), the index of building land productivity (IBLP), the index of fiscal revenue per unit land area (IFRUA), the index of the yield of grain crops per hectare (IYGC) and index of land use rate (ILUR) to quantitatively reveal the EVLU in the province.



In the system of land usage, the social acceptability index reflects the social acceptability and social affordability of land resource utilization [58]. The purpose and destination of SLU are to satisfy the demands of human livelihood and progression. Hence, SALU and its degree are important contents of LUSE. Based on the livelihood and progression demands of people in mountain areas, and considering basic data and needs of evaluation, the index of population pressure (IPP), index of per capita GDP (IPGDP), index of per capita disposable income of rural residents (IDIR), index of per capita yield of grain crops (IPYG) and other leading indicators are mainly considered here. These indicators can roughly reveal the SALU in mountain areas.



It should be noted that in order to facilitate comparison and analysis, it is proposed here that each indicator value should be converted into a unified requirement that 100 is the highest sustainability and 0 is the lowest sustainability. Therefore, it is also necessary to convert the index through the system (Table 2).



	(3)

	
Evaluation criteria of LUSE indexes







The evaluation criteria are also called the threshold of evaluation indicators. The establishment of evaluation criteria directly affects the practicability and operability of evaluation. It is very complicated work to formulate the evaluation criteria for each indicator, which usually requires a certain amount of space-time observation and a large number of targeted analyses and verification to objectively extract specific standard value data [33]. Therefore, up to now, there is no unified evaluation standard for LUSE, and it is being explored constantly. In view of this, in the current situation, the specific evaluation standard value data can be obtained generally by the following methods: First, some indicators (such as water and soil loss) that have been stipulated by the state can be used as the evaluation standard by the national, local or industrial standards. Second, for some restrictive indicators (such as population pressure index, over-grazing rate, crop productivity index and over-cultivation rate), the baseline value or warning value obtained through scientific research and scientific experiments should be used as the evaluation standard and basis. Third, some indicators, especially economic and social indicators (such as agricultural land output value index, land average financial income index, rural residents’ per capita disposable income index, etc.), can often use the average value of corresponding indicators in China (or the study region) or the regional planning target value as the evaluation criteria. In addition, some indicators can only be determined after comprehensive analysis based on the regional background, such as forest coverage, biological abundance, etc.



After repeated analysis and demonstration, this study has determined the evaluation criteria (relative optimal value) of the main indicators of LUSE (Table 2), which can be used as a reference for similar regions in LUSE.




2.3.3. Comprehensive Method of LUSE


In order to make an evaluation of the whole regional SLU, four quantitative comprehensive evaluation indicators are proposed, respectively, DEF, DEV, DSA, and DOS. The calculation method for these 4 comprehensive indicators is as follows:




	(1)

	
Degrees of Ecological Friendliness (DEF)









Six single indicators reflecting the EFLU of the county are determined in this study, namely, the IOR, IBLA, IEI, IFC, IBRC and IESV. Therefore, based on computing all these index values separately, the DEF can be calculated quantitatively according to the following methods:


   D  E F   =  k  11   ⋅  I  O R   +  k  12   ⋅  I  B L A   +  k  13   ⋅  I  E I   +  k  14   ⋅  I  F C   +  k  15   ⋅  I  B R C   +  k  16   ⋅  I  E S V    



(1)




where k11, k12, k13, k14, k15 and k16 are, respectively, the weight values of the IOR, IBLA, IEI, IFC, IBRC and IESV.



	(2)

	
Degrees of Economic Viability (DEV)







The single indicators that indicate the EVLU include the ICLP, IALP, IBLP, IFRUA, IYGC and ILUR. Based on computing all these index values respectively, the DEV value of land use can be measured quantitatively according to the following methods:


   D  E V   =  k  21   ⋅  I  C L P   +  k  22   ⋅  I  A L P   +  k  23   ⋅  I  B L P   +  k  24   ⋅  I  F R U A   +  k  25   ⋅  I  Y G C   +  k  26   ⋅  I  L U R    



(2)




where k21, k22, k23, k24, k25 and k26 are, respectively, the weight values of the ICLP, IALP, IBLP, IFRUA, IYGC and ILUR.



	(3)

	
Degrees of Social Acceptability (DSA)







The single indicators of SALU are the IPP, IPGDP, INIR and IPYG. Based on computing all these index values respectively, the DSA can be measured and calculated quantitatively according to the following methods:


   D  S A   =  k  31   ⋅  I  P P   +  k  32   ⋅  I  P G D P   +  k  33   ⋅  I  N I R   +  k  34   ⋅  I  P Y G    



(3)




where k31, k32, k33, and k34 are, respectively, the weight values of the IPP, IPGDP, INIR and IPYG.



	(4)

	
Degrees of Overall Land Use Sustainability (DOS)







OSLU is the mutual combination of the DEF, DEV and DSA. Based on computing all values of these three comprehensive indicators respectively, the DOS can be measured quantitatively according to the following methods:


   D  O S   =  w 1  ⋅  D  E F   +  w 2  ⋅  D  E V   +  w 3  ⋅  D  S A    



(4)




where w1, w2, and w3 are, respectively, the weight values of the DEF, DEV and DSA.



	(5)

	
Determination method and result value of index weight







The determination methods of weights mainly include Principal Components Analysis, AHP Method, Delphi Method, etc. Among them, the Delphi method is a common method to identify the weight coefficient. It organizes experts to assign or score the weight of each factor, and after feedback on the probability estimation results, the experts score the weight of each factor in the 2nd and 3rd rounds so that the decentralized assignment gradually converges and finally obtains a more consistent weight value of each factor.



According to the Delphi method, in December 2021, we organized 18 experts to assign the weights of the indicators of the LUSE. After calculation, we determined the weight value of each level index (see Table 3).




2.3.4. Grading System and Standard of SLU


After calculating the values of DEF, DEV, DSA and DOS in the study area, it is also necessary to grade the EFLU, EVLU, SALU and OSLU on this basis so as to characterize the DEF, DEV, DSA and DOS of different levels, so that the research results can be qualitative and quantitative, and better provide decision foundation for the measures of eco–friendly SLU strategy in mountain regions.



	(1)

	
Classification of EFLU







For quite some time, the classification system and standard of land use ecological friendliness have not been especially discussed and studied at home and abroad. Here, according to our understanding and experience formed in the long–term survey and research in Yunnan, considering the local conditions and referring to the grading system established by Yang Zisheng and Liu Yansui [1] (2007), Yang Renyi and Du Wanying [41] (2021), it is proposed to divide the DEF of mountain land use into five grades, namely, highly friendly, moderately friendly, low friendly, unfriendly and very unfriendly. At the same time, the classification criteria and basic meanings of each ecological friendliness level were determined (see Table 4).



	(2)

	
Classification of EVLU and SALU







Similarly, with reference to the ecological friendliness level system and its classification criteria, in combination with our understanding and experience formed in the long–term survey and research in Yunnan, considering the local conditions of the index system in this study, and referring to the grading system constructed by Yang Zisheng and Liu Yansui [1] (2007), Yang Renyi and Du Wanying [41] (2021), it is proposed to divide the EVLU in mountainous areas into five levels. Similarly, referring to the grading system constructed by Yang Zisheng and Liu Yansui [1] (2007) and Yang Renyi and Du Wanying [41] (2021), the SALU in mountainous areas can be divided into 5 levels. The grading standards of EVLU and SALU are shown in Table 5.



	(3)

	
Grading of OSLU







With reference to the above classification system and standards for the degree of EFLU, EVLU and SALU, taking into account the reality of the index system in this study, combining the understanding and experience formed in the long-term survey and research in Yunnan, and referring to the grading system constructed by Yang Zisheng and Liu Yansui [1] (2007), Yang Renyi and Du Wanying [41] (2021), it is proposed to divide the OSLU into five levels. The classification criteria and basic meaning of each overall sustainability level are also determined (see Table 6).






3. Results


According to the above comprehensive evaluation method of LUSE, the DEF, DEV, DSA and DOS of values 129 counties in Yunnan province in 2000, 2010 and 2020 were calculated quantitatively. EFLU evaluation (Figure 3), EVLU evaluation (Figure 4), SALU evaluation (Figure 5) and OSLU evaluation (Figure 6) are drawn in Yunnan province from 2000 to 2020. According to the measurement results, we can analyze the spatio-temporal changes of DEF, DEV, DSA and DOS values.



3.1. Spatio-Temporal Characteristics and Causes Analysis of EFLU


3.1.1. Change Characteristics of EFLU in Recent 20 Years


Figure 3 indicates the changes in EFLU and their level in Yunnan province and all counties from 2000 to 2020 are mainly characterized by the following two characteristics: first, the overall EFLU has gradually improved from 2000 to 2020, and the EFLU level has been upgraded from “low friendliness” to “medium friendliness.” The average DEF in the province was 68.55 in 2000, and it increased to 75.87 in 2020, with a net added value of 7.32 and 0.53% annual growth. This means that land construction and protection of the ecological environment in the province have achieved remarkable results from 2000 to 2020. Second, the evolution of DEF in the province from 2000 to 2020 is more complex. There are roughly 5 situations: (1) upgrading from “unfriendly” to “lowly friendly,” involving 25 counties, accounting for 19.38%; (2) upgrading from “lowly friendly” to “moderately friendly,” involves 36 counties, accounting for 27.91%; (3) maintaining the “unfriendly” level involves seven counties, accounting for 5.43%; (4) maintaining the “lowly friendly” level involves 36 counties, accounting for 27.91%; (5) maintaining the “moderately friendly” level involves 25 counties, accounting for 19.38%.




3.1.2. Characteristics of Spatial Differences of EFLU


According to estimation results in 2020, the DEF value of Yunnan province has reached 75.87, which means the EFLU level of the province has accessed the lower limit of “moderate friendliness;” that is, it has entered the range of “moderate friendliness.” However, the DEF values vary greatly from different regions. In general, the DEF in the province is higher in southern, southwestern, western and northwestern Yunnan, while it is lower in the karst areas of northeastern, eastern and southeastern Yunnan. From the county level, the DEF is not high, and more than half of the counties in the province are still at the “low friendly” and “unfriendly” levels.




3.1.3. Analysis of the Causes of Spatio-Temporal Evolution of EFLU


From 2000 to 2020, the overall land use ecological friendliness in Yunnan has gradually increased, mainly because it has focused on the significance of ecological construction and environmental protection, built the strategy of “establishing the province with ecology and giving priority to the environment,” vigorously promoted land greening, returning cultivated land to forests and grasslands, natural forest protection, public welfare forest construction, protection forest system construction, grassland ecological restoration, comprehensive management of rocky desertification, comprehensive management of soil erosion, wetland protection and restoration, biological diversity protection, mine ecological restoration and other key ecological projects. Extreme efforts have been made to preserve and manage the ecological environment, which has effectively promoted the sustainable improvement of the ecological environment, significantly improved the forest coverage and gradually enhanced the ecological service function.



However, the EFLU in Yunnan province is still low, which is a comprehensive reflection of the overdevelopment of land, the standard of land transformation (consolidation) and the standard of land protection. First, it is the result of overdevelopment and utilization of land, especially in excessive reclamation (including deforestation and cultivation on steep slopes) [1]. Some mountain areas even maintain coarse and backward development and utilization methods, which has caused Yunnan province to generally maintain steep slope cultivated land for a long time, with a considerable proportion [46]. According to the third national land survey data of Yunnan province [64], the steep slope cultivated land of 15°~25° (including 25°) in Yunnan province accounts for 27.22%, and steep slope cultivated land above 25° accounts for 18.64%. Based on the analysis and evaluation of the RS image interpretation results in 2020, the suitable cultivated land area in Yunnan province was 4,707,600 hectares, and the suitable reclamation rate was only 12.25%, while the actual reclamation rate in 2020 was 14.04%. At present, the over-reclaimed area in Yunnan province has reached 688,000 hectares, accounting for 14.62% of the area suitable for cultivation. All counties have different degrees of over-development and utilization. 68.22% of the counties in Yunnan province have an over 10% over-reclamation rate, and nearly 1/4 of the counties have an over 20% over-reclamation rate, which is one of the roots resulting in the overall poor ecological environment of land use in Yunnan. In addition, the corresponding land transformation (consolidation) measures and land protection measures have failed to catch up. For example, the IEI values are not high. According to the interpretation results of the RS image, the effective irrigation area of paddy field area in the province in 2020 was only 1.3139 million hectares, and the rate is only 24.35%. For another example, affected by long-term land development and utilization in different intensities and ways, most counties in the province have different scales of bare land distribution, and the percentage of land in the province was 2.10% in 2020.



The regional difference of the current DEF is relatively large, which is relevant to the LUCC status and ecological environment construction status of each region. Specifically, the above six single indicators reflecting the DEF values have significantly regional differences. Taking the forest coverage rate as an example, on the whole, the forest coverage in the mountain, plateau and canyon areas in northwest Yunnan, as the middle and low mountains and wide valleys and basins in the south and southwest of Yunnan is relatively high. Nujiang, Diqing, Lijiang, Pu’er and Xishuangbanna all reach 63~68%, and Dehong, Baoshan and Dali also reach 54~58%. Kunming in central Yunnan, Honghe and Wenshan in southeast Yunnan, Qujing in eastern Yunnan and Zhaotong in the highland region in northeast Yunnan are generally low in forest coverage, both below 36%, where Qujing and Zhaotong are below 29%. In terms of counties, there are 50 counties in the province with forest coverage below 40%, of which 9 counties have forest coverage below 20%. From the distribution of bare land, the karst areas in east and southeast Yunnan and the mountain canyon areas in northwest Yunnan are more significant. The proportion of bare land in Wenshan and Diqing is close to 8%. In terms of counties, the proportion of bare land area in 55 counties is more than 1%, of which 6 counties account for 5~10%, and five counties account for more than 10%. From the perspective of IEI, the effective irrigation rate of cultivated land in more than 95% of counties in the province is below 50%, of which the rate in 2/3 of counties is below 30%, and the rate in 25 counties is below 10%. In addition, the differences between the index of local biological richness (IBRC) and the index of ecosystem services value (IESV) are more prominent. Nearly 40% of the counties in the province have an IBRC below 120, of which 13 counties have an IBRC below 100. Nearly 40% of counties in the province have an average IESV of less than 1.2 million CNY/km2, while 20 counties have an average IESV of less than 1 million CNY/km2.





3.2. Spatio-Temporal Evolution Characteristics and Causes Analysis of EVLU


3.2.1. Change Characteristics of EVLU in Recent 20 Years


Figure 4 shows that from 2000 to 2020, the DEV values in Yunnan province and other regions have changed significantly, mainly with the following two characteristics: first, the DEV in Yunnan province has gradually increased with a relatively slow trend, and the DEV value has increased from 69.22 in 2000 to 74.05 in 2020, with 0.35% annual growth. EVLU level of Yunnan province remains at the “low feasible” level, but it is now close to the lower limit of the “medium feasible” level, which means that the economic construction of Yunnan province has made remarkable achievements in the past 20 years. Second, the regional differences in DEV are significant. According to the changes in 129 counties, there are roughly five situations: (1) upgrading from “nonviable” to “lowly viable” involves 16 counties, accounting for 12.40%; (2) upgrading from “lowly viable” to “moderately viable” involves 17 counties, accounting for 13.18%; (3) maintaining the “nonviable” level involves one county (Gongshan), accounting for 0.77%; (4) maintaining the “lowly viable” level involves 79 counties, accounting for 61.24%; (5) maintaining the “moderately viable” level involves 16 counties, accounting for 12.40%.




3.2.2. Characteristics of Spatial Differences of EVLU


The EVLU in the province in 2020 is not high. The average DEV value of the province is 74.05. Although it is close to the lower limit of the “moderately viable” level (DEV value is 75), the economic viability level of land use in Yunnan province is still “lowly viable” on the whole. Among 129 counties in the province, Guandu District has the highest DEV, with a value of 88.37, Gongshan County is the lowest, and its DEV value is 58.82. In other words, there is no “highly viable” or “very nonviable” status in the province. The EVLU in 36 counties reached the level of “moderately viable,” accounting for 27.91%; 92 counties are “lowly viable,” accounting for 71.32%; one county (Gongshan) is “nonviable,” accounting for 0.77%. This shows that 72% of the counties in the province are currently “lowly viable” or even “nonviable” in terms of EVLU.




3.2.3. Analysis of the Causes of Spatio-Temporal Evolution of EVLU


From 2000 to 2020, the DEV in Yunnan province gradually improved, mainly because the province attaches great importance to the production and economic construction of various industries, and GDP and various economic indicators have significantly improved. However, as a frontier multi-ethnic province dominated by mountains, restricted by the natural environment, economy, science and technology and other factors, the economic development speed is relatively slow, resulting in a small growth of DEV.



On the whole, the DEV in most counties in Yunnan province is relatively low. Besides the low level of grain production and the insufficient production potential to drop the IYGC, the main reason is that the ICLP, IALP, IBLP and IFRUA in most counties are low compared with the higher-level counties in the province. Therefore, the economic viability calculated on this basis is correspondingly low. For example, according to the Yunnan Statistical Yearbook [44], the comprehensive land productivity of the province in 2020 was only 60% of that in China, and 89 counties (68.99%) had a land productivity of less than 10,000 CNY/ha in 2020. Among them, most counties in the mountain canyon area in northwest Yunnan had a land productivity of less than 1800 CNY/ha, while Deqin County and Gongshan County had a land productivity of less than 600 CNY/ha. For another example, according to the Yunnan Statistical Yearbook [44], the agricultural land productivity in Yunnan province was less than 70% of the national average. In 2020, the agricultural land productivity in 90 counties (69.77%) was less than 5000 CNY/ha, of which most counties in the mountain canyon area in northwest Yunnan were less than 1000 CNY/ha, while Gongshan County, Shangri-La and Deqin County were less than 400 CNY/ha. It also shows that Yunnan is still an economically underdeveloped province.



Similarly, the DEV in the province shows significant regional differences at present, which is related to the regional differences of the six individual indicators mentioned above. On the whole, the economic development of central Yunnan is fast, with Kunming and Yuxi as the main cities. GDP and fiscal revenue have increased significantly from 2000 to 2020, so the DEV has risen significantly. Limited by natural conditions, the mountain canyon region in northwest Yunnan and the rocky desertification region in southeast Yunnan have a slow economic development, and the growth rate of GDP and fiscal revenue is far lower than that of central Yunnan, so the DEV values have a small increase. At present, the economic viability of land use in Diqing and Nujiang in northwest Yunnan is the lowest in the province.





3.3. Spatio-Temporal Evolution Characteristics and Causes Analysis of SALU


3.3.1. Change Characteristics of SALU in Recent 20 Years


Figure 5 shows that from 2000 to 2020, the DSA in Yunnan province and other regions also changed significantly. The main characteristics of the change are as follows: first, the SALU in the province has improved significantly from 2000 to 2020. The DSA value of the province has increased from 60.12 in 2000 to 74.72 in 2020, with a 1.21% annual growth. Although the social acceptability level is still “lowly acceptable,” it is close to the lower limit of the “moderately acceptable” level, and the increase of DSA value is significantly greater than that of DEF and DEV. This indicates social benefits of land use in the province have been obviously raised in the past 20 years. Second, the changes of DSA are relatively complex, and there are roughly six situations (1) upgrading from “very unacceptable” to “unacceptable,” involving one county, accounting for 0.77%; (2) upgrading from “unacceptable” to “lowly acceptable” involves 38 counties, accounting for 29.46%; (3) upgrading from “unacceptable” to “moderately acceptable” involves 39 counties, accounting for 30.23%; (4) upgrading from “lowly acceptable” to “moderately acceptable” involves 35 counties, accounting for 27.13%; (5) maintaining the “unacceptable” level involves two counties, accounting for 1.55%; (6) maintain the “lowly acceptable” level involves 14 counties, accounting for 10.85%.




3.3.2. Characteristics of Spatial Differences of SALU


The average DSA value of Yunnan province in 2020 was 74.72. Although the DSA value is close to the lower limit of the “moderately acceptable” level (DSA value is 75), it is still a “lowly acceptable” level on the whole. In terms of the SALU in each county, there are obvious differences: 75 counties have reached the “moderately acceptable” level, accounting for 58.14%; 51 counties are “lowly acceptable,” accounting for 39.53%; three counties are “unacceptable,” accounting for 2.33%.




3.3.3. Analysis of the Causes of Spatio-Temporal Evolution of SALU


From 2000 to 2020, the DSA in Yunnan province has significantly improved, mainly because the land resource development and utilization activities in Yunnan province continued to meet the livelihood and development demands of all groups of humans to a large extent, and the IPGDP, IDIR and other indicators have been significantly improved. However, with the continuous growth of the population, the IPP has increased, and the IPYG has also fluctuated, making the growth of DSA small.



On the whole, at present, the DSA in counties of Yunnan province is not high, mainly because the index of population pressure (IPP), IPGDP, IDIR and IPYG of many counties are low, so the DSA value calculated according to this is also correspondingly low. The results of this paper show that, with the continuous growth of the total population, the actual population of Kunming in central Yunnan, Zhaotong in the northeastern mountainous area of Yunnan, and most counties in Wenshan in the karst area of southeast Yunnan has exceeded the land population carrying capacity, and the population pressure is gradually increasing. The IPGDP and IDIR in Yunnan province are obviously lower than the countrywide level. In 2020, IDIR in Yunnan province will be the fourth lowest among 31 provinces in China [45]. Also, The IDIR in most counties is obviously lower than the countrywide level. The urban-rural income gap is large, which is the primary reason why the total number of poverty-stricken counties in Yunnan province ranks first in China.



In the same way, the current DSA values in the province show obvious regional differences, which are also related to the regional differences of the above four single indicators. For example, although the population pressure in central Yunnan is large and the per capita area of farmland is small, IPGDP and IDIR are significantly higher than the provincial average due to the rapid economic development, so the social acceptability is relatively high. Zhaotong in the mountainous area of northeast Yunnan has not only a large population pressure but also its economic development is restricted by natural conditions. Its IPGDP and IDIR are low, and the DSA is low. Nujiang in the northwest of the province is restricted by mountain and canyon topography, with less per capita cultivated land area and slow economic development. Its IPGDP and IDIR rank at the bottom among the provinces, and its DSA value also ranks at the lowest level of the province.





3.4. Spatio-Temporal Evolution Characteristics and Causes Analysis of OSLU


3.4.1. Change Characteristics of OSLU in Recent 20 Years


Figure 6 shows that from 2000 to 2020, the OSLU in Yunnan province and other regions has changed significantly, indicating the following basic characteristics:



First, the DOS in Yunnan province and other regions has been improved to a certain extent from 2000 to 2020. DOS of the province rose from 66.24 in 2000 to 74.94 in 2020, with an added value of 8.71. In terms of the added value of DOS in 129 counties in recent 20 years, 59 counties (45.74%) have reached more than 10, 57 counties (44.18%) have about 5~10, and only 13 counties (10.08%) have less than 5.



Second, the growth rate of the DOS is not large, with 0.66% annual growth. Furthermore, 18 counties (13.95%) had an annual growth rate of more than 1%, 96 counties (74.42%) had 0.5%~1% annual growth, and 15 counties (11.63%) had less than 0.5% annual growth in 129 counties in the past 20 years.



Third, due to the small growth of DOS, the level of OSLU in the province has not changed. In 2000, 2010 and 2020, it belonged to the “lowly sustainable” level. However, the OSLU in the province will approach the level of “moderately sustainable” in 2020, indicating that the development and construction in the past 20 years have effectively improved the DOS.



Fourth, the change of the DOS is relatively complex, and there are roughly four situations: (1) upgrading from “conditionally sustainable” to “lowly sustainable” occurred in 30 counties, accounting for 23.26%; (2) upgrading from “lowly sustainable” to “moderately sustainable” occurred in 50 counties, accounting for 38.76%; (3) maintaining the “lowly sustainable” level occurred in 48 counties, accounting for 37.21%; (4) maintaining the “moderately sustainable” level occurred in one county, accounting for 0.77%.




3.4.2. Characteristics of Spatial Differences of the OSLU


From the perspective of 2020, the DOS in Yunnan province is at a moderate level. The outcomes implied average value of the DOS of the province in 2020 was 74.94. Although it belongs to the “lowly sustainable” level, it is close to the lower limit of the “moderately sustainable” level (DOS value is 75). Its basic performance is that there are obvious deficiencies in EFLU, EVLU and SALU. Land exploitation and use activities have caused certain influences and destruction of the ecology. Also, economic and social benefits are not high. However, regional differences in the DOS are large. In general, the DOS of the highland region in northeast Yunnan and the karst middle and low mountain area in southeast Yunnan is low, especially the highland region in northeast Yunnan is the lowest, and its DOS values are mostly of the “lowly sustainable” level. The overall sustainability of south, southwest and central Yunnan is higher than that of the above regions, and their DOS values are mostly “moderately sustainable.” From the level of OSLU of each county, among 129 counties in the province, 51 counties have DOS values of more than 75, which is “moderately sustainable,” accounting for 39.53%. The DOS value of 78 counties is between 60 and 70, belonging to the “lowly sustainable” level, accounting for 60.47% of the total counties in the province. That is to say, the OSLU in more than 3/5 counties in the province is still low.




3.4.3. Analysis of the Causes of Spatio-Temporal Evolution of OSLU


The DOS value of mountainous areas is determined by the EFLU, EVLU and SALU and is a comprehensive reflection of the DEF, DEV and DSA [1,13,24]. Therefore, the characteristics of the spatio-temporal evolution of DOS are closely related to the DEF, DEV and DSA. From 2000 to 2020, with the stepwise promotion of DEF, DEV and DSA in Yunnan province, the DOS values have also been raised to a certain degree. However, because of small increases in DEF, DEV and DSA, the DOS values also have a small growth.



On the whole, the ecological environment problem in Yunnan is still relatively prominent [41,65,66], and it is urgent to implement major projects of ecological protection and restoration. Therefore, the DEF values in most counties of Yunnan province are still low. In addition, the DEV and DSA values of various regions are low, so the DOS value must be correspondingly low. We need to focus extremely on the dry and hot valley area dominated by the Jinsha River, rocky desertification areas in eastern and southeastern Yunnan and other particularly vulnerable ecological areas. The dry and hot valleys, Yuanjiang River and Lancang River Basins, are characterized by complex terrain, large river drop, dry and hot valley climate, high evaporation intensity, severe drought and lack of water, large population and little land, and most of them are slope cultivated land, a high index of land reclamation, frequent human activities, and low forest coverage. In addition, rocky land desertification is relatively serious, and economic development is restricted. Therefore, the DOS is low, and it is urgent to strengthen ecological protection. In addition, the contradiction between population, resources, environment and economy in karst rocky desertification area is very obvious, which largely influences the sustainable development of the area [67]. Especially in the rocky desertification areas in eastern and southeastern Yunnan, the problem of surface drought and water shortage is prominent, and the ecological vulnerability is extremely high. The area with water and soil loss accounts for about 30%, and the area of rocky desertification accounts for 43.70% in rocky desertification regions in the province [65]. Ecological reconstruction is extremely demanding, and economic development is significantly influenced. At present, DOS is low, so it is urgent to strengthen the comprehensive management of rocky karst desertification.






4. Conclusions and Discussion


4.1. Main Conclusions


Based on the data of three terms obtained from RS image interpretation and economic and social statistic data in Yunnan province (2000, 2010 and 2020), this study takes Yunnan province, a typical mountainous province in southwest China, as the research region, and takes the county administrative region as the evaluation unit, organically integrating the three dimensions of EFLU, EVLU and SALU of the county, using the method of combining the AHP method with the comprehensive analysis method, after building the evaluation index system of three dimensions of EFLU, EVLU and SALU in 129 counties, the DEF, DEV and DSA values in 129 counties in 2000, 2010 and 2020 were calculated. Then the three indexes are organically integrated to calculate the DOS values in 129 counties in 2000, 2010 and 2020, which is used to comprehensively analyze the comprehensive characteristics of OSLU in all counties in the province. The results show that:



(1) From the current situation (2020), the DEF, DEV and DSA values in Yunnan province are not high on the whole, so the DOS values are not high. In 2020, the average DEF value, DEV value and DSA value of the whole province were 75.87, 74.05 and 74.72, respectively, and the corresponding levels were “moderately friendly,” “lowly viability,” and “lowly acceptable.” The final measured DOS value is 74.94, which is also “lowly sustainable” in general, but close to the lower limit of “moderately sustainable” (DOS value is 75). The basic situation reflected by this feature is that there are obvious shortcomings in EFLU, EVLU and SALU in Yunnan province at present. Land development and utilization activities have caused certain influences and the destruction of the ecological environment. Also, the economic and social benefits are not high.



Another feature is that the DOS values have large regional differences. The overall sustainability of the highland region in the northeast and the karst middle and low mountain area in the southeast of Yunnan is relatively low, and the DOS values are mostly at the “lowly sustainable” level. The DOS values of the south of Yunnan, southwest of Yunnan, and central Yunnan is higher than that of the above regions, and their DOS values are mostly “moderately sustainable.” Among the 129 counties in the province, 60.47% of them are still at the level of “lowly sustainable.”



(2) From the changes in the overall Yunnan province and 129 counties from 2000 to 2020, the DEF, DEV and DSA values in Yunnan province and each county have been significantly improved. Accordingly, the DOS values have been raised to a certain level, but the growth rate is not large, with 0.66% annual growth in the province. In terms of the OSLU level, there is no change in the whole province. In 2000, 2010 and 2020, it belonged to the “lowly sustainable” level. However, in 2020, the overall DOS value of Yunnan province was close to the level of “moderately sustainable,” indicating that the development and construction from 2000 to 2020 have effectively improved the DOS.



The changes in DEF, DEV, DSA and DOS values are more complex. In terms of the change in ecological friendliness level, 61 counties (47.29%) have improved, while 68 counties (52.71%) have not changed their level. In terms of the change in economic viability level, 33 counties (25.58%) have improved, while 96 counties (74.42%) have not changed their level. In terms of the change in social acceptability level, 113 counties (87.60%) have improved, while 16 counties (12.40%) have not changed their level. In terms of the OSLU level, 80 counties (62.02%) have improved, while 49 counties (37.98%) have not changed their level.




4.2. Discussion


In this paper, DEF, DEV and DSA are organically integrated to conduct a comprehensive evaluation of DOS. Among them, ecological friendliness is the most significant basis for OSLU in mountain regions. The DEF values in mountainous areas are a comprehensive reflection of the level of overdevelopment of land, land transformation (consolidation) and land protection. The reason why the DEF value in Yunnan province is relatively low is the result of the overdevelopment and utilization of land, especially in excessive reclamation (including deforestation and cultivation on steep slopes) [1]. Some mountain areas even maintain coarse and backward development and utilization methods, which has caused Yunnan province to generally maintain steep slope cultivated land for a long time, with a considerable proportion. According to the third national land survey data of Yunnan province [64], the steep slope cultivated land of 15°~25° (including 25°) in Yunnan province accounts for 27.22%, and steep slope cultivated land above 25° accounts for 18.64%. Based on the analysis and evaluation of the RS image interpretation results in 2020, the suitable cultivated land area in Yunnan province was 4,707,600 hectares, and the suitable reclamation rate was only 12.25%, while the actual reclamation rate in 2020 was 14.04%. At present, the over-reclaimed area in Yunnan province has reached 688,000 hectares, accounting for 14.62% of the area suitable for cultivation. All counties have different degrees of overdevelopment and utilization. A total of 68.22% of the counties in Yunnan province have over 10% over-reclamation rates, and nearly 1/4 of the counties have over 20% over-reclamation rates, which is one of the roots resulting in the overall poor ecological land use in Yunnan. In addition, the corresponding land transformation (consolidation) measures and land protection measures have failed to catch up, as shown in the effective irrigation rates of cultivated land are not high and less than 30% in about 2/3 counties. Also, the regional difference in forest coverage is large, and the forest coverage in some counties is below 20% and most counties still have bare land with different scales. The index of biological richness and the ESV value per unit of land vary greatly.



The calculation results of this paper show that the DEV in Yunnan province has gradually improved from 2000 to 2020, mainly because it attached great importance to the production and economic construction of various industries so that GDP and various economic indicators have been significantly improved. However, due to the constraints of the natural environment, economy, science and technology and other factors, the economic development was comparatively lagged, and the growth of DEV was relatively small in the past 20 years. At present, the DEV in most counties is still low. Besides the low level of grain production, the insufficient production potential and the generally low grain yield in various regions, the major causes are that ICLP, IALP, IBLP and IFRUA in most counties are low compared with the higher level counties in the province. Therefore, the economic viability calculated on this basis is correspondingly low. According to the Yunnan Statistical Yearbook [44], in 2020, the comprehensive land productivity of the province was only 60% of that in China, and 68.99% was lower than 10,000 CNY/ha in 2020. Most counties in the mountain valley area in northwest Yunnan were lower than 1800 CNY/ha. The agricultural land productivity of Yunnan province was less than 70% of the national average level. The agricultural land productivity of 69.77% of counties in 2020 was less than 5000 CNY/ha. Most counties in the mountain valley area in northwest Yunnan were less than 1000 CNY/ha. At present, the DEV in the province shows significant regional differences, which are related to the regional differences of the six individual indicators mentioned above. For example, the economic development of central Yunnan was fast, with Kunming and Yuxi as the main cities. GDP and fiscal revenue have increased significantly from 2000 to 2020, so the DEV has raised significantly. Limited by natural conditions, the mountain canyon region in the northwest and the rocky desertification area in the southeast have slow economic development, and the growth rate of GDP and fiscal revenue is far lower than that of central Yunnan, so the DEV values have a small increase.



From 2000 to 2020, the exploitation and use of land resources continued to meet the survival and development needs of all groups of people to a large extent in the province, and the IPGDP, IDIR and other indicators have been significantly improved, making the DSA improve correspondingly. However, with the continuous growth of the population, the IPP has increased, and the IPYG has also fluctuated, making the growth of DSA small. At present, the DSA in counties of Yunnan province is not high, mainly because the index of population pressure (IPP), IPGDP, IDIR and IPYG of many counties are low, so the DSA value calculated according to this is also correspondingly low. The results of this paper show that, with the continuous growth of the total population, the actual population of Kunming in central Yunnan, Zhaotong in the northeastern mountainous area of Yunnan, and most counties in Wenshan in the karst area of southeast Yunnan has exceeded the land population carrying capacity, and the population pressure is gradually increasing. The IPGDP and IDIR in Yunnan province are obviously lower than the countrywide level. In 2020, IDIR in Yunnan province was the fourth lowest among 31 provinces in China [45]. Also, The IDIR in most counties was obviously lower than the countrywide level. The urban-rural income gap was large, which was the major reason why the total number of poverty-stricken counties in Yunnan province ranks first in China. On the other hand, the current DSA values in the province show obvious regional differences, which are also related to the regional differences of the above four single indicators. For example, although the population pressure in central Yunnan is large and the per capita farmland area is small, IPGDP and IDIR are significantly higher than the provincial level because of rapid economic development, so the social acceptability is relatively high. Zhaotong in the mountainous area of northeast Yunnan has not only a large population pressure but also its economic development is restricted by natural conditions. Its IPGDP and IDIR are low, and the DSA is low. Nujiang is restricted by mountain and canyon topography, with less per capita cultivated land area and slow economic development. Its IPGDP and IDIR rank at the bottom in the province, and its DSA value also ranks at the lowest level in the province.



The DOS in mountainous areas is determined by the EFLU, EVLU and SALU and is a comprehensive reflection of the DEF, DEV and DSA. From 2000 to 2020, due to the gradual improvement of DEF, DEV and DSA in Yunnan province, the DOS values have also been promoted to a certain degree. However, because of the small increase of DEF, DEV and DSA, the DOS values also had a small increase. On the whole, the ecological environment problem in Yunnan is still relatively prominent [65,66]. The DEF in most counties in Yunnan province is still low. In addition, the DEV and DSA of various regions are also low, so the DOS must be correspondingly low. Lots of rivers in the province, such as the Yuanjiang River, have complex terrain, large river drop, dry and hot valley climate, high evaporation intensity, severe drought and water shortage, more people and less cultivated land, and low forest coverage. In addition, rocky land desertification is also serious, which restricts economic development, so the DOS is low. Another example is the rocky desertification areas in eastern and southeastern Yunnan. Due to the prominent problem of surface drought and water shortage, the ecological vulnerability is extremely high. The area with water and soil loss accounts for about 30%, and the area of rocky desertification accounts for 43.70% of rocky desertification regions in the province [65]. To advance SLU, overall sustainability must be greatly improved. Therefore, it is urgent to take effective ecological and environmental, economic or comprehensive methods according to local conditions throughout the province, especially to exploit and use all kinds of land reasonably through the principle of ecological suitability of land, carry out the construction of beautiful mountains and rivers, ensure the ecological security of land in the province [67], pay attention to economic and social benefits, and steadily improve the DEF, DEV and DSA in the province, so as to correspondingly improve the DOS values. For counties with the evaluation result of “lowly sustainable,” it is essential to fundamentally reverse land use patterns and take major ecological and environmental, economic or comprehensive methods to significantly improve the OSLU.



Compared with existing literature, the research on LUSE carried out in this paper has obvious characteristics and innovation, mainly from the perspective of LUCC based on RS image interpretation, integrating “RS and GIS + multi-phase LUCC + LUSE theory and quantitative practical methods”. Compared with the previous four types of research (“existing survey and statistical data + current status or quantitative LUSE in a certain year,” “existing survey and statistical data + quantitative analysis of evolution in sustainable level of land use in several years”, “remote sensing image interpretation (RS and GIS) + quantitative LUSE in a certain year” and “remote sensing image interpretation (RS and GIS) + qualitative description and analysis of the impact of LUCC on SLU”), it has large research value to further strengthen and develop the theory and method system of LUSE. In addition, in terms of actual needs, the research outcomes can offer Yunnan province and even similar mountain areas qualitative judgment and quantitative analysis of the DOS in mountain areas with its dynamic change trend so as to provide a basic foundation and technical support for strategic planning and management of SLU in mountain regions.



What is more, from the perspective of LUCC based on RS image interpretation, studying the characteristics and laws of regional LUSE is also a further distillation and development of previous LUCC research. LUCC often has a great impact on ecosystems, biogeochemical cycles, climate change and biodiversity [68,69], which in turn affects the sustainable use of regional land. Therefore, LUCC has become a core content of worldwide environmental change studies [70,71], and research results have been emerging since the 1990s. In China, Prof. Liu Jiyuan’s team has continued to carry out research on national LUCC and achieved outstanding results [57,72], laying a foundation for national and regional research on SLU. In recent years, LUCC research has developed into an independent and interdisciplinary research field: Land Change Science (LCS) [73], and the Global Land Plan (GLP) has organized a land system science research group, forming Land System Science (LSS) [74,75,76]. Whether it is land change science or land system science, the ultimate goal is for SLU. Therefore, this study can promote the further development of LUCC and promote the development of LCS and LSS.
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Figure 1. Geographic Position of Research Area. 
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Figure 2. LUCC in 2000, 2010 and 2020. 
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Figure 3. Ecological friendliness evaluation of land use from 2000 to 2020. 
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Figure 4. Economic viability evaluation of land use from 2000 to 2020. 
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Figure 5. Social acceptability evaluation of land use from 2000 to 2020. 
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Figure 6. Overall sustainability evaluation of land use from 2000 to 2020. 
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Table 1. The classified area of land use in 2000, 2010 and 2020.
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First Class Land Use Type

	
Second Class Land Use Type

	
Land Use Classified Area

(Unit: 10,000 hectares)




	
Number

	
Name

	
Number

	
Name

	
In 2000

	
In 2010

	
In 2020






	
1

	
Cultivated Land

	

	

	
551.08

	
545.96

	
539.56




	

	

	
11

	
Paddy Field

	
135.91

	
134.53

	
131.39




	

	

	
12

	
Dryland

	
415.17

	
411.43

	
408.17




	
2

	
Woodland

	

	

	
1998.19

	
2224.10

	
2418.67




	

	

	
21

	
Closed Forest Land

	
1414.58

	
1724.81

	
1884.72




	

	

	
22

	
Other Forest Land

	
583.61

	
499.29

	
533.95




	
3

	
Grassland

	

	

	
481.25

	
325.65

	
181.12




	

	

	
31

	
Pasture with High Coverage

	
307.02

	
195.20

	
105.36




	

	

	
32

	
Pasture with Medium and Low Coverage

	
174.23

	
130.46

	
75.76




	
4

	
Waters

	

	

	
49.34

	
53.28

	
56.09




	

	

	
41

	
Rivers and Lakes

	
31.78

	
31.47

	
31.18




	

	

	
42

	
Reservoir and Pond

	
17.56

	
21.81

	
24.91




	
5

	
Construction land

	

	

	
66.72

	
86.73

	
129.69




	

	

	
51

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

	
54.84

	
74.86

	
109.17




	

	

	
52

	
Other Building Land

	
11.88

	
11.87

	
20.52




	
6

	
Unused land

	

	

	
695.85

	
606.71

	
517.30




	

	

	
61

	
Bare land

	
96.13

	
92.95

	
80.62




	

	

	
62

	
Other Land Types

	
599.72

	
513.76

	
436.68
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Table 2. Evaluation index system, calculation method, data acquisition method and evaluation standard of LUSE in Yunnan.
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Indicator Category

	
Evaluation

Indicators

	
Element Indicator

	
Calculation Method and

Illustrate

	
The Main Method of Data Acquisition

	
Control Objective (Relative Optimal Value)






	
1. Ecological friendliness evaluation index

	
1.1 IOR

	
Land suitable reclamation rate

	
IOR = 100 − [(Actual land reclamation rate − Land suitable reclamation rate)/Land suitable reclamation rate × 100]

	
Land Survey and Evaluation [1]

	
Actual reclamation rate ≤ suitable reclamation rate (Over–reclaimed Rate = 0)




	
Actual land reclamation rate

	
Land survey, remote sensing monitoring




	
1.2 IBLA

	
Bare land area

	
IBLA = 100 −(Bare land area/Total land area × 100)

	
Land survey, remote sensing monitoring

	
0




	
Total land area

	
Land survey




	
1.3 IEI

	
Effective irrigated area of cultivated land

	
IEI = Effective irrigated area of cultivated land/Cultivated area × 100

	
Land survey, remote sensing monitoring

	
100%




	
Cultivated area

	
Land survey, remote sensing monitoring




	
1.4 IFC

	
Closed Forest area

	
IFC = RFC/Highest RFC in the region × 100

Where, RFC (Forest-coverage Rate) = Closed Forest area/Total land area × 100%

	
Land Remote Sensing Survey (or Forest Census)

	
≥67% (Yunnan province’s 2035 Forest Coverage Planning Target)




	
Total land area

	
Land survey




	
1.5 IBRC

	
Index of Biological Richness (IBR)

	
IBRC = IBR/Highest IBR in the region × 100

Where, IBR = Abio × (Woodland area × 0.35 + Grassland area × 0.21 + Waters area × 0.28 + Cultivated land area × 0.11 + Construction land area × 0.04 + Unused land area × 0.01)/Total land area; reference value of Abio is 511.2642 [59,60]

	
Thematic investigations and calculations

	
Consider the regional context. The relative optimum value was taken as the relative optimum value of the counties with the best ecological protection in the province.




	
1.6 IESV

	
Ecological service value per unit land area (VES)

	
IESV = VES/Highest VES in the region × 100

Where VES is calculated according to Xie Gaodi et al. [61] (2003) and the corresponding estimation method [62]

	
Thematic investigations and calculations

	
Consider the regional context. The relative best value of ecological service per unit land area in the county is taken as the relative optimal value.




	
2. Economic viability evaluation index

	
2.1 ICLP

	
Regional GDP per unit land area

	
ICLP = ln (CLP)/ ln (Highest CLP in the region)

Where CLP (Comprehensive land productivity) = GDP/Total land area. Because the index data of some years and counties are not stable, the calculation formula is treated as a natural logarithm. IALP, IBLP, IFRUA, and IPGDP are also the same, aiming to make each index more stable [63]. When the calculated ICLP value is greater than 100, it takes 100

	
Socioeconomic Statistics

	
Regional unit land GDP ≥ national average unit land GDP




	
National average GDP per unit land area

	
Socioeconomic Statistics




	
2.2 IALP

	
Output value of primary industry per unit of agricultural land in the region

	
IALP = ln (ALP)/ln (Highest ALP in the region)

Where ALP (Agricultural Land Productivity) = Output value of primary industry/Agricultural land area

	
Socioeconomic Statistics, Land Remote Sensing Survey

	
Regional unit agricultural real estate value ≥ national average unit agricultural real estate value




	
National average output value of primary industry per unit of agricultural land

	
Socioeconomic Statistics, Land Remote Sensing Survey




	
2.3 IBLP

	
Output value of secondary and tertiary industries of building land in regional units

	
IBLP = ln (BLP)/ln (Highest BLP in the region)

Where BLP (Building Land Productivity) = Output value of secondary and tertiary industries/Building land area

	
Socioeconomic Statistics, Land Remote Sensing Survey

	
Regional unit construction real estate value ≥ national average unit construction real estate value




	
National average unit building land output value of secondary and tertiary industries

	
Socioeconomic Statistics, Land Remote Sensing Survey




	
2.4 IFRUA

	
Fiscal revenue per unit land area

	
IFRUA = ln (FRUA)/ln (Highest FRUA in the region)

Where FRUA (Fiscal Revenue per unit Land Area) = Total local financial revenue/Total land area

	
Socioeconomic Statistics

	
Regional fiscal revenue per unit land area ≥ national average fiscal revenue per unit land area




	
National average fiscal revenue per unit land area

	
Socioeconomic Statistics




	
2.5 IYGC

	
Actual unit yield of grain crops

	
IYGC = Average annual grain yield per unit area/Crop Potential Productivity

	
Rural Economic Statistics

	
Actual productivity = Potential productivity




	
Crop Potential Productivity

	
Special Research [1]




	
2.6 ILUR

	
Proportion of used land area

	
ILUR = LUR/Highest LUR in the region

Where LUR (Land Use Rate) = Total area of used land/Total land area

	
Land survey, remote sensing monitoring

	
Consider the regional context. Take the county with the highest degree of land use as the relative optimal value.




	
3. Social acceptability evaluation index

	
3.1 IPP

	
Actual population

	
IPP = (10-PP)/(10-1) × 100

Where PP (Population Pressure) = Actual population/

PSCL; PSCL = Suitable cultivated area × Proportion of grain sowing × Possible grain yield per unit area/Per capita grain consumption

	
Socioeconomic Statistics

	
Actual population ≤ land population carrying capacity




	
Population-Supporting Capacity of Land Resources (PSCL)

	
Special Research [1]




	
3.2 IPGDP

	
Regional GDP per capita

	
IPGDP = ln (GDP per capita)/ln (Highest GDP per capita in the region)

	
Socioeconomic Statistics

	
Regional per capita GDP ≥ national per capita GDP




	
National GDP per capita

	
Socioeconomic Statistics




	
3.3 IDIR

	
Per capita disposable income of regional rural residents

	
IDIR = Per Capita Disposable Income of Rural Residents/Highest Per Capita Disposable Income of Rural Residents in the region

	
Rural Socioeconomic Statistics

	
Regional farmers’ per capita net income ≥ national farmers’ per capita net income




	
National average per capita disposable income of rural residents

	
Rural Socioeconomic Statistics




	
3.4 IPYG

	
Per capita food production

	
IPYG = Per capita grain output (kg/person)/500 kg/person × 100

	
Socioeconomic Statistics

	
Per capita grain output ≥ 400 kg




	
Per capita food production target

	
Economic and Social Planning
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Table 3. Weights of indicators at all levels of regional LUSE.
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First–Level

	
Weight

	
Second–Level Indicators

	
Weight






	
1. DEF

	
0.38

	
1.1 IOR

	
0.18




	
1.2 IBLA

	
0.15




	
1.3 IEI

	
0.13




	
1.4 IFC

	
0.20




	
1.5 IBRC

	
0.18




	
1.6 IESV

	
0.16




	
2. DEV

	
0.32

	
2.1 ICLP

	
0.22




	
2.2 IALP

	
0.18




	
2.3 IBLP

	
0.16




	
2.4 IFRUA

	
0.15




	
2.5 IYGC

	
0.12




	
2.6 ILUR

	
0.17




	
3. DOS

	
0.30

	
3.1 IPP

	
0.18




	
3.2 IPGDP

	
0.32




	
3.3 IDIR

	
0.34




	
3.4 IPYG

	
0.16
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Table 4. Grading Standard and Basic Meaning of EFLU.
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	Level of EFLU
	DEF
	Meaning





	1. Highly Friendly
	≥90
	The DEF is very high. The land development and utilization activities do not cause obvious influence and destruction of the ecological environment, and they can ensure the EFLU.



	2. Moderately Friendly
	75~90
	The DEF is moderate. Land development and utilization activities have caused a certain degree of influence and destruction of the ecology. By taking general ecological construction and environmental protection measures, the EFLU can be ensured.



	3. Lowly Friendly
	60~75
	The DEF is low. Land development and utilization activities have caused significant influence and destruction of the ecological environment. Effective ecological construction and environmental protection projects should be made to promote the EFLU.



	4. Unfriendly
	45~60
	The DEF is low. Land development and utilization activities have caused great influence and destruction of the ecological environment. Strong ecological construction and environmental protection measures are needed to ensure the EFLU.



	5. Very Unfriendly
	<45
	The DEF is very low, and the unfriendliness is particularly prominent. Land development and utilization activities have caused significant influence and destruction of the ecology. It is essential to fundamentally reverse the land use mode and take major ecological construction and environmental protection measures in order to ensure the EFLU.
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Table 5. Grading system and standard for EVLU and SALU.






Table 5. Grading system and standard for EVLU and SALU.





	
Economic Viability Grading System and Criteria

	
Social Acceptability Grading System and Criteria




	
Level of EVLU

	
DEV

	
Level of SALU

	
DSA






	
1. Highly Viable

	
≥90

	
1. Highly Acceptable

	
≥90




	
2. Moderately Viable

	
75~90

	
2. Moderately Acceptable

	
75~90




	
3. Lowly Viable

	
60~75

	
3. Lowly Acceptable

	
60~75




	
4. Nonviable

	
45~60

	
4. Unacceptable

	
45~60




	
5. Very Nonviable

	
<45

	
5. Very Unacceptable

	
<45
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Table 6. Grading standard and basic meaning of OSLU.
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	Level OSLU
	DOS
	Meaning





	1. Highly sustainable
	≥90
	The EFLU, EVLU and SALU are all high, so the overall sustainability is high. The land development and utilization activities have not caused obvious influence and destruction of the ecology, and the economic and social benefits are great.



	2. Moderately sustainable
	75~90
	The OSLU is medium, and the EFLU, EVLU and SALU have different degrees of deficiencies or defects. Land development and utilization activities have resulted in a certain grade of influence and destruction of the ecology, or economic benefits and social benefits are not high. By taking general measures of ecology and environment, economy or comprehensiveness, it is generally possible to ensure the land use system sustainability.



	3. Lowly sustainable
	60~75
	The OSLU is low, and there are significant deficiencies or defects in EFLU, EVLU and SALU. Land development and utilization activities have caused significant influence and destruction of the ecology or economy and are of low social benefit. Measures of effective ecology and environment, economy or comprehensiveness are needed.



	4. Conditionally sustainable
	45~60
	The OSLU is low, and the EFLU, EVLU and SALU are largely inadequate or flawed, or one or two aspects of the 3 aspects are largely flawed. Strong measures of ecology and environment, economy or comprehensiveness can improve the OSLU.



	5. Unsustainable
	<45
	Low OSLU, major deficiencies in EFLU, EVLU and SALU, or major deficiencies in 1–2 of the 3. It is essential to fundamentally reverse the way of land use and take major measures of ecology and environment, economy or comprehensiveness to greatly improve the OSLU.
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