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Abstract

:

National land spatial planning is dominated by urban-agricultural-ecological functions and has become a Chinese national strategic issue. However, the three functional spaces have serious conflicts in the karst areas, causing inconsistencies in regional development and triggering poverty and a more serious situation for the ecological environment. In this study, we used the gray multi-objective dynamic programming model and the conversion of land use and its effects at small region extent model to simulate the developmental structures of future land use in the karst areas of Southwest China under a socioeconomic development scenario, an arable land protection scenario and an ecological security scenario. Finally, based on the coordination of the urban-agricultural-ecological functions, we used a functional space classification method to optimize the spatial structures of the national land space for 2035 year and to identify different functional areas. The results showed that the three scenarios with different objectives had differences in the quantities and spatial structures of land use but that the area of forestland was the largest and the area of water was the smallest in each scenario. The optimization of the national land space was divided into seven functional areas—urban space, agricultural space, ecological space, urban-agricultural space, urban-ecological space, agricultural-ecological space and urban-agricultural-ecological space. The ecological space was the largest and the urban-ecological space was the smallest among seven functional areas. The different types of functional spaces had significant differentiation characteristics in the layouts. The urban-agricultural space, urban-ecological space, agricultural-ecological space and urban-agricultural-ecological space can effectively alleviate the impacts of human activities and agricultural production activities in karst areas, promote the improvement of rocky desertification and improve the quality of the regional ecological environment. The results of this research can provide support for decisions about the balanced development of the national land space and the improvement of environmental quality in the karst areas.
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1. Introduction


With the continuous expansion of urban and rural construction land, the space for agricultural and ecological land uses is condensed and the conflict among urban space, agricultural space and ecological space is intensified. The different scales have an uncoordinated contradiction between people and nature, production and life, especially within the natural system. Given the background of new urbanization and urban and rural development, there are many problems such as the chaotic order of national land space development and the heavy resource and environmental costs in the rapid economic growth and social transformation. And those problems have always been a major scientific proposition in the field of regional sustainable development [1]. Rocky desertification in karst areas is one of the three major ecological disasters in China. The worsening problem of rocky desertification seriously threatens the safety of the ecological environment, restricts socioeconomic development and has a serious impact on people’s productivity and lives [2,3]. Chinese karst areas are mainly distributed in the southwestern region. This region is one of the three largest concentrated karst distribution areas in the world and has the largest exposed carbonate area and the strongest karst development [4,5] and it is also an important recharge area for the water sources of the Pearl River and Yangtze River in China and has an important ecological barrier function [6]. Severe rocky desertification threatens regional ecological security and restricts sustainable socioeconomic development. In recent years, a large number of ecological restoration projects have been implemented in the karst areas of Southwest China [7,8,9]. The regional status of rocky desertification and the ecological environment has improved but the quality of the ecological environment is still under tremendous pressure [10,11,12,13]; in addition, the ecological vulnerability is still high [14,15,16]. The land use patterns have a strong impact on the rocky desertification status. With changes in land use structures, rocky desertification has also undergone tremendous changes [17,18,19]. Therefore, the adjustment of the land use structures can promote the improvement of rocky desertification status and the sustainable development of regional ecological environments.



Previous studies of national land space primarily have had two main focuses. One focus was land multifunctional perspective, exploring the relationship between land use and versatility [20,21]. At the same time, there was a study that analyzed the relationship between land versatility and sustainable development [22]. Another focus was the regulation of regional land use structures from the relationship between the land and the internal environment of the natural system. The focal point was on spatial planning from multiple perspectives, such as ecosystem value [23] and climate change [24].



Thereafter, some studies have carried out the partitioning and optimization of the national land space for the main functional areas and carried out many exploration in the aspects of the partition framework, indicator systems and zoning technology [25]. Based on the suitability of regional functions [25,26] and the resource and environment carrying capacity [27], methods of optimizing the spatial patterns in the national land space are constantly appearing. Some studies have also analyzed the functional characteristics of the national land space in terms of niche theory [28,29,30] and suitability theory [31] and they have classified and optimized the national land space based on land functions [32,33,34,35]. However, in current regional development, the coordination of urban space, agricultural space and ecological space are seriously neglected, which causes conflicts among the three functional spaces and affects the stability of the spatial structures. For these reasons, China proposed national spatial planning that was dominated by urban-agricultural-ecological functions. The emphasis of the planning is on accurately determining the development direction of regional land and rationally optimizing that development. The plan has also become one of the Chinese national strategies.



In summary, previous studies have been devoted to exploring the division among land use functions and the synergistic development relationship between land functions and the surrounding environment. However, they have rarely paid attention to the coordinated development of land functions and socioeconomic-ecological status and the coordination degree and carrying capacity of the water and land resources have not been considered comprehensively. At the same time, they have paid little attention to the collaborative development of the urban-agricultural-ecological functions. At present, there is still a lack of comprehensive research on the optimization of the national land space under the coordination of the urban-agricultural-ecological functions. In addition, the study of the national land space in karst areas with severe spatial conflicts has received limited attention. Therefore, it is a great theoretical and practical significance to study the optimization of national land space in karst areas from the aspect of the coordination of urban-agricultural-ecological functions.



In this study, the land use data and socioeconomic data from 2000, 2010 and 2018 were taken into consideration. We comprehensively considered the regional water-land resources coupling coordination degree, the resource and environment carrying capacity. From the perspectives of society, economy and ecology, the GMDP-CLUE-S coupling model, a model that combined GMDP model and CLUE-S model [36], was used to optimize the land use quantities and spatial structures in 2035 year under a socioeconomic development scenario, an arable land protection scenario and an ecological security scenario. We also superimposed the results of the division of the dominant land use functions, which divided the three scenarios with the functional space classification method and corrected the overlay results by ecological priority correction rules to obtain the results of the optimization of national land space based on the coordination of urban-agricultural-ecological functions in Guangnan County, which is a typical karst region in Southwest China. The objectives of the study were as follows—(1) based on the water and land resources coupling coordination degree and the resource and environment carrying capacity, simulate the development structures of future land use under the three scenarios of socioeconomic development, arable land protection and ecological security in karst areas; (2) identify and analyze the types and functions of urban-agricultural-ecological functions with the coordination of national land space; (3) explore the role of the research results in the control of rocky desertification and provide reference for the future planning of national land space in karst areas.




2. Materials and Methods


2.1. Study Area


Guangnan County (104°31′–105°39′E, 23°29′–24°28′N), a typical mountainous county with karst rocky desertification, in Yunnan Province, Southwest China (d 1). The county is located on the slope of the Yunnan-Guizhou Plateau and extends to Eastern Guizhou; it is a part of the karst plateau in Southeast Yunnan and is a hilly area of the mountain plateau. The terrain is sloped from a higher altitude in the southwest to lower altitude in the northeast. The county covers an area of 7730.09 km2 with 94.7% mountainous and semi-mountainous areas and ranks third in size in Yunnan Province. Guangnan County belongs to the Yunnan-Guangxi-Guizhou karst rocky desertification areas. The karst landforms are distributed widely, accounting for three-quarters of the total area of the county and exhibit serious rocky desertification. It also has a frontier minority area dominated by agriculture. It has a poor economy, low productivity, frequent geological disasters and a very fragile natural ecological environment. In addition, the methods of resource development and utilization are unreasonable, the ecological environment is seriously damaged and the environmental problems are prominent (see Figure 1).




2.2. Data Acquisition and Study Process


This study used Landsat 5 TM data with 30m spatial resolution for 2000 and 2010 and Landsat 8 TM data with 15m spatial resolution for 2018. All remote sensing images were free that were collected from http://www.gscloud.cn/ and corrected with atmospheric and geometric correction. According to the spectral characteristics, texture features and shapes of the images, nine land types (paddy field, dry land, garden, forestland, grassland, urban construction land, rural settlement, waters and unutilized land) and five rocky desertification types (no rocky desertification, potential rocky desertification, mild rocky desertification, moderate rocky desertification and severe rocky desertification) were extracted and classified with both manual- and computer-based methods by ENVI version 5.1 and ArcGis version 10.1. We performed field work in the study area and collected 126 sample points of land use types and 141 sample points of rocky desertification types (all points were mainly involving the land types that were difficult to distinguish and that changed considerably). The accuracies were calculated to be 90.45% and 85.11% through the comparison of the collected samples and the classified results. The results of the interpretation met the research needs.



In addition, the Land Use General Plan (2016–2030), Geological Disaster Prevention Plan (2011–2020), Soil and Water Conservation Plan (2017–2026), Statistical Yearbook, precipitation data, topographic data, soil physical and chemical properties data were collected from the Land Resources Bureau, Meteorological Bureau, Statistical Bureau of Guangnan County. All of those data were collected from the government department of the study area and could not be found in any website. And we obtained the consent of the government department to use those data in this study.



Based on the above data, the research steps are shown in Figure 2.




2.3. Optimization of the Land Use Quantity Structures Based on the GMDP Model


A gray multi-objective dynamic programming (GMDP) model is an optimization system that derives from the intersection of multi-objective linear programming and gray prediction theory. The main idea is to define the uncertain objective functions and constraints in a satisfactory range with a certain scope [37]. Based on the land use data and socioeconomic data in 2000, 2010 and 2018, we used a MATLAB model to predict the research data (e.g., population data, economic data, agricultural data). Then, the study debugged the objective functions and constraints by using LINGO software [38] multiple times and compared the optimization results to obtain optimization programs of the land use quantities and structures for 2035. According to the future development strategy and the goal orientation of the study area, we categorized these optimization programs into three scenarios—the socioeconomic development scenario, the arable land protection scenario and the ecological security scenario.



2.3.1. Objective Functions Setting


Under the premise of the comprehensive consideration of the water and land resources coupling coordination degree, the resource and environment carrying capacity, the ecological environment and the socioeconomic development in karst areas, we chose three aspects (i.e., society, economy and ecology) as the benefit goals of the optimization of land use quantity structures and we constructed multi-objective functions that were suitable for the optimization of the quantities and structures of land use in karst areas. The social benefit goal comprehensively considered the social benefit value and the resource and environment carrying capacity, the economic benefit goal comprehensively considered the value of the economic benefits and the economic carrying capacity and the ecological benefit goal comprehensively considered the water and land resources coupling coordination degree and the value of ecosystem services. At the same time, we calculated six objective functions of the study area and superimposed those functions with 9 land use types by using ArcGis. The average value of each objective function of each land use type was obtained and was used as the parameter of the objective function. Each objective function is as follows (among which    x 1   ,   x 2   ,   x 3   ,   x 4   ,   x 5   ,   x 6   ,   x 7   ,   x 8   , and    x 9    represent paddy fields, dry land, garden, forestland, grassland, urban construction land, rural settlement, waters and unutilized land, respectively.):



(1) Social benefit goal:


  m a x  F 1   ( x )  =   0.166 ( 6  (   x 1  +  x 2   )  + 0.207  x 3  + 0.173  (   x 4  +  x 5   )  + 0.326  (   x 6  +  x 7   )  + 0.128  x 8   P   










  m a x  F 2   ( x )  = 3.145  x 1  + 2.799  x 2  + 2.799  x 2  + 3.314  x 3  + 2.791  x 4  + 2.681  x 5  + 3.543  x 6  + 3.349  x 7  + 3.145  x 8  + 2.523  x 9   



(2)




where    F 1   ( x )    represents the value of the social benefit of land use;    F 2   ( x )    represents the of the resource and environment carrying capacity; and P represents the total population of 2035.



(2) Economic benefit goal:


  max  F 3   ( x )  = 1329.84  (   x 1  +  x 2   )  + 502.38  x 3  + 177.31  x 4  + 886.56  x 5  + 6279.80  (   x 6  +  x 7   )  + 59.10  x 8  +  x 9   



(3)






  max  F 4   ( x )  = 2.7852  x 1  + 2.7926  x 2  + 2.6368  x 3  + 2.5093  x 4  + 2.5994  x 5  + 2.4617  x 6  + 2.8283  x 7  + 2.7382  x 8  + 2.4158  x 9   



(4)




where    F 3   ( x )    represents the value of the economic benefit of land use and    F 4   ( x )    represents the economic carrying capacity.



(3) Ecological benefit goal:


  max  F 5   ( x )  = 0.5062  x 1  + 0.5061  x 2  + 0.5047  x 3  + 0.5094  x 4  + 0.5017  x 5  + 0.4858  x 6  + 0.4926  x 7  + 0.5093  x 8  + 0.5062  x 9   



(5)






  max  F 6   ( x )  = 12714.20  (   x 1  +  x 2   )  + 37152.80  x 3  + 45248.96  x 4  + 18785.79  x 5  − 8637.60  (   x 6  +  x 7   )  + 72985.79  x 8  + 3804.73  x 9   



(6)







   F 5   ( x )    represents the water and land resources coupling coordination degree; and    F 6   ( x )    represents the ecosystem services value.




2.3.2. Setting the Constraint Conditions


According to the demographic data of the study area from 2000–2018, we used the GM(1,1) gray system model and the growth rate trend model to predict the population of the study area and we calculated the gray range of the total population of the study area to be [920736,941981] for 2035. Because the urbanization rate was expected to reach 48.33% by 2030, the gray range of the urban population was [444992,455259] and the gray range of the rural population was [475744,486722]. The portion of the population was involved in the constraint equation was calculated by the gray range.



To carry out the regional land use overall plan and water resource protection plan to protect arable land, promote urban and rural scientific development, improve the ecological environment and safeguard water resources and based on the relevant literature [39,40,41] and field work, we selected a total area constraint, arable land constraint, garden constraint, forestland constraint, grassland constraint, urban construction land constraint, rural settlement constraint, waters constraint, unutilized land constraint, water supply constraint and mathematical model constraint to be constraint conditions for 21 constraint equations.





2.4. Optimization of the Spatial Structure of Land Use Based on the CLUE-S Model


Based on the results of the land use quantity optimization in the three scenarios, we used the CLUE-S model to optimize the spatial structures of the land in the study area under the three scenarios.



The CLUE-S model was divided into two parts—a nonspatial module (land use demand) and a spatial module (land use change and distribution) [42,43]. In this study, the result of land use quantity optimization in 2035 was used as the land use demands of the nonspatial module. The spatial module was used to determine the influence factors of the distribution of the nine types of land use and a binary logistic regression model was used to analyze the distribution patterns of the influence factors and to conduct a spatial layout simulation by continuous iteration [44]. The formula of the binary logistic regression model is as follows:


  L o g    P i    1 −  P i    =  β 0  +  β 1   X  1 , i   +  β 2   X  2 , i   …  β n   X  n , i    



(7)




where    p i    represents the probability of land use type  i  in each grid;    β 0    is a constant term;    β 1  , ⋯ ,  β n    represents the correlation between the driving factors of    X  1 , j   , ⋯ ,  X  n , j     and land use type  i ;  X  represents driving factor types.



2.4.1. Research Scale


In the binary logistic regression analysis, the driving factors of the different scales have different beta coefficients for each land use type [45,46]. On the basis of the comprehensive consideration of the spatial resolution of remote sensing images and the scale requirements of the CLUE-S models, we converted the 9 types of land use and the driving factors of various types into five different scales (i.e., 100 m × 100 m, 200 m × 200 m, 300 m × 300 m, 600 m × 600 m and 800 m × 800 m) and we also used the ROC values to compare the results by using 2018 as an example to select 20% of samples for a binary logistic regression analysis. The results showed that the simulation was most effective when the grid cell was 200 m × 200 m, so 200 m × 200 m was selected as the research scale.




2.4.2. Probability Simulation of Land Use Suitability


(1) Driving factor selection



According to studies on the driving factors of land use change [47,48,49,50] and the characteristics of land use change in karst areas, based on the selection of the evaluation indicators of the karst areas in the Main Functional Area Planning of Yunnan Province and the related planning, we selected nineteen indicators such as land use structures, soil erosion, vegetation coverage rate and rock bareness rate from the aspects of the ecological driving factors, natural driving factors, socioeconomic driving factors, arable land driving factors, water resource driving factors and location driving factors as driving factors of land use change in the karst areas.



(2) Binary logistic regression analysis



We inputted the nine land use types and nineteen land use driving factors into the SPSS version 22 for the binary logistic regression analysis and finally obtained the space suitability probability for each land use type. The accuracy of the spatial suitability probability was tested by a relative operating characteristic (ROC) curve [42]. The selected factors were classified as having a good interpretation ability when the ROC value is larger than 0.7 [42]. The results showed that the ROC values of the paddy fields, dry land, garden, forestland, grassland, urban construction land, rural settlement, waters and unutilized land were 0.746, 0.705, 0.767, 0.773, 0.745, 0.817, 0.802, 0.876 and 0.718, respectively. All ROC values were greater than 0.7, which indicated that the fitting effect of each land use type was very good.




2.4.3. CLUE-S Model Input Settings


(1) Space policies and regional restrictions



The spatial policies and regional restrictions refer to the regions where the functions of land could not be changed. In this study, the basic farmland areas, the ecological protection areas that were denoted by red lines, the important water source areas, the moderate rocky desertification areas and the severe rocky desertification areas were set as the regions that could not be converted.



(2) Land use transfer rules



The land use transfer rules were divided into two parts—the elastic coefficient of land use transfer and the land use transfer matrix [42].



At present, there is no precise calculation method for the elastic coefficient of land use transfer. Based on the relevant literature and research results [43,44,45,46], this study combined the land use transfer rule and the stability of the land itself in 2000, 2010 and 2018. We first set the elastic coefficients of land use transfer for various types of land use, then compared the simulation results in 2018 with the actual land use distribution and finally we determined the final elastic coefficients of various types of land use by multiple adjustments. The elastic coefficients of the paddy fields, dry land, garden, forestland, grassland, urban construction land, rural settlement, waters and unutilized land were 0.8, 0.78, 0.82, 0.8, 0.8, 0.9, 0.9, 0.95 and 0.68, respectively.



The land use transfer matrix represents the possibility of the mutual transformation between the land use types [42]. The land use transfer matrix was set by analyzing the changes in land use types in 2000, 2010 and 2018 and combining with the status of the land use and the positions of the main regional functions. In this study, nine types of land use could be transformed into each other.



(3) Land use demands



In this study, the land use demands of the CLUE-S model were set by the optimization results of the land use quantity structure in 2035 under three scenarios based on the GMDP model.



(4) Accuracy testing of the simulation results



The status of the land use distribution in 2000 was used as the starting data and the current status of land use distribution in 2018 was used as the demand data for the forecast period. We used the simulation map in 2018 and the current map in 2018 to perform the Kappa index test. The final result showed that the Kappa value was 0.856, which indicated that the simulation of the spatial distribution of land use in 2018 was very good.





2.5. Optimization of National Land Space Based on Urban-Agricultural-Ecological Functions Coordination


In the Chinese National Spatial Planning Outline (2016–2030) of 2017, the national land space is divided into three categories (i.e., urban space, agricultural space and ecological space). Each type of land use may show versatility but the difference in the ways, intensities and targets of the land use could cause the land to show the primary and secondary functions of urban function, agricultural function and ecological function (i.e., the main functions of land use) [21,33,34].



According to the land use status and the functional status of the various land use types in the karst areas, we established a spatial classification system of urban-agricultural-ecological functions based on the classification of the land use status in the study area and obtained the dominant functions of the identified land uses in karst areas (Table 1).



In the process of regional development, a land type can simultaneously combine urban, agricultural and ecological functions. Therefore, to achieve the internal coordination of the urban spaces, agricultural spaces and ecological spaces, we reclassified the land use optimization of 2035 under the three scenarios according to Table 1 and we also used ArcGis version 10.1 to superimpose the reclassification results. For the superposition results, we aimed to improve the ecological environment of the karst areas and amended them based on the following amendment rules:



(1) priority was given to ensuring the area of ecological space in the karst areas and the ecological function land areas and ecological protection areas that were denoted by red lines in the optimization results were allocated to ecological space; (2) second, this study ensured the stability of the agricultural spatial structure, the urban space with heavy fragmentation in the plane areas and the permanent basic farmland areas were allocated to agricultural space; (3) according to the scope of the delineation of the urban expansion boundaries for the relevant planning of the study area, the scale of urban space was appropriately adjusted with a goal of preserving land and intensifying use; and (4) the areas where the two or three functions were suitable in the superposition results were classified into multifunctional areas with multiple functional clusters.





3. Results


3.1. Optimization of the Land Use Quantity Structures


Because the three scenarios have different optimization objectives, there are also large gaps in the structures of the quantities of various types of land use. Table 2 shows the structures of the land use quantities under the three scenarios.



(1) Under the socioeconomic development scenario, the area of urban construction land and the area of rural settlement reached the maximum demand of the population during the forecast period of 2035, which were 52.35 and 63.27 km2. The area of the garden, forestland, waters and unutilized land was increasing, with values of 670.84, 4321, 32.15 and 1118.36 km2, respectively. The area of other land use types was decreasing;



(2) Under the arable land protection scenario, the area of arable land showed an overall growth trend that was 11.07% higher than that of 2018. The area of paddy field decreased and the area of dry land increased by 184.2 and 1504.28 km2, respectively. The area of the garden, forestland, waters and unutilized land increased by 10.54, 311.14 and 24.08 km2, respectively and the remaining five land use types were decreasing.



(3) Under the ecological security scenario, the largest increase in the areas were those in forestland and waters, which were 4893.78 and 49.38 km2, respectively. The area of the garden increased to 373.96 km2 and other land use types were decreasing.




3.2. Optimization of the Spatial Structures of Land Use


The optimization results of the spatial structures in the three scenarios were very different (Figure 3).



The socioeconomic development scenario aimed to achieve the maximum socioeconomic benefit and to obtain the highest resource and environment carrying capacity for human activities. In this scenario, the guaranteed construction land area was the most important and food demand and security were the main criteria for arable land but the minimum demands for production, human lives and the environment were the baseline for the area of forestland, grassland and waters. The emphasis of the scenario was on the development of construction land and economic growth, which had a large burden on the regional land resources. As shown in Figure 3a, under this scenario, the urban construction land and rural settlements in the study area tended toward intensive use and the reduction of the spatial scale was more obvious. The urban construction land was mainly distributed in the middle and northwest of the study area and the rural settlement was the mixed distribution with arable land. The garden regions expanded outwards and were mainly distributed in the north and south of the study area, along with the small regions in the northwest. The other land use types were increased or decreased but their changes were not obvious.



The arable land protection scenario aimed to effectively protect arable land resources. A system of balancing the occupation and compensation of arable land in the protection strategy was strictly implemented to ensure the stability and safety of the arable land space. As shown in Figure 3b, under this scenario, the pressure on arable land was still relatively large in the future, the available land that could be developed and cultivated as arable land was limited and the degeneration rate of the paddy field was still very fast. Much dry land was sorted and merged from the regions which were urban construction land with unreasonable use, rural settlement with high fragmentation, grassland and unutilized land with low degrees of rocky desertification under land abandonment of natural and human factors. The growth of forestland and the reduction of unutilized land were more significant. The former was mainly located in the north and northwest of the study area, which was converted from garden; the latter was mainly distributed in the rocky desertification areas in the south of the study area, which were mainly converted to dry land. Among other land use types, the urban construction land and rural settlement tended to maintain their lands and have intensive use and their distribution ranges were narrowed, while the waters were increased and grassland was reduced.



The ecological security scenario focused on protecting ecological land (e.g., forestland, grassland, waters) and it increased the area of ecological land to promote the construction of a regional ecologically friendly civilization through a series of ecological restoration projects, such as returning farmland to forestland and controlling rocky desertification for ecological security. As shown in Figure 3c, under this scenario, the spatial extent of the forestland in the study area grew rapidly. The implementation of ecological restoration projects converted too much land into forestland. These land use types mainly included garden, which was in the northwest and southeast; urban construction land and rural settlements with high degrees of fragmentation; arable land, which is far from the areas of human activities; grassland; and unutilized land, which was in the potential and mild rocky desertification areas. As the demand for water resources was increased, the area of waters also expanded. However, the range of unutilized land had a growing trend in moderate and severe rocky desertification regions and the ecological pressure in these regions was still enormous.




3.3. Optimization of the National Land Space Based on the Urban-Agricultural-Ecological Functions Coordination


The national land space was divided into seven spatial types (i.e., urban space, agricultural space, ecological space, urban-agricultural space, urban-ecological space, agricultural-ecological space and urban-agricultural-ecological space) and their areas were 40.35, 1315.51, 5186.32, 24.25, 5.44, 1141.53 and 16.69 km2, respectively.



(1) Urban space—The urban space was mainly distributed in the center and northwest of the study area, with a small number of areas in the southwest and northwest (Figure 4). From the perspective of the optimization results, it tended to highly intensive use, which was mainly located in the plane areas with high quality geological environments and high quality natural environments. The urban space in the moderate and severe rocky desertification regions with poor living environments was entirely relocated. The optimized distribution of the urban space not only improved the daily living conditions of the residents but also reduced the pressure of the human activities on the severe rocky desertification areas. It also provided good conditions for the improvement of the ecological environment and the implementation of ecological management projects in the severe rocky desertification areas.



(2) Agricultural space—The agricultural space was widely distributed throughout the study area and the highest concentration was in the west and south (Figure 4). From the perspective of the optimization results, the scope of the agricultural spatial layout has expanded that compared with the current situation of agricultural space in 2018 and its expansion regions were mainly distributed in the potential and mild rocky desertification regions. Under ecological restoration projects, the agricultural space in the severe rocky desertification areas that had poor geological environments and poor farming environments had been comprehensively rectified and was converted into ecological space (e.g., forestland, grassland) dominated by ecological functions.



(3) Ecological space—The ecological space was the most widely distributed land use type in the whole territory. The area of the ecological space accounted for 67.09% of the study region and the highest concentrations of the land use type were located in the northwest, northeast and southwest (Figure 4). From the perspective of the optimization results, the distribution of regional ecological space was greatly improved in 2035. The dispersed urban space with poor living environments and the agricultural spaces with poor farming conditions were centrally rectified and divided into protected and managed ecological space. The division of ecological space had great significance for the improvement of the ecological environment in the study area and the improvement of the happiness of residents. However, within the ecological space, nearly 20% of the area exhibited severe rocky desertification. In the future development process, the centralized protection and remediation of the region should rely on its own ability to regenerate and the method of natural restoration should be the main strategy, while human management should be supplemental for improving the quality of the ecological environment in severe rocky desertification areas.



(4) Urban-agricultural space—The urban-agricultural space was mainly distributed around the urban space, which was largely in the middle of the study area; a small number of the urban-agricultural space was contained within the agricultural space in the west and south (Figure 4). From the perspective of the results of the optimization, the urban–agricultural space was mainly located at the intersection of urban and agricultural space. In the future development process, urban-agricultural spaces could not only serve as urban space to meet the demand for urban space because of regional population increases and socioeconomic development but could also serve as agricultural space to meet the needs of residents for food.



(5) Urban-ecological space—The urban–ecological space was mainly distributed in the southeast of the study area (Figure 4). From the perspective of the results of the optimization, it was mainly located around the Bamei Scenic Area in the study area and it was a combination of recreational areas and ecological protection areas. In the future development and planning process, it will not only be used as an ecological space to protect the ecological environment but also used as an urban development space that is suitable for ecological protection, such as a scenic spot. However, it should pay attention to the protection of the ecological environment in the process.



(6) Agricultural-ecological space—The agricultural-ecological space was mainly distributed in the north, south and west of the study area (Figure 4). From the perspective of optimization results, the agricultural-ecological space was mainly located in the current rocky desertification areas in 2018, so this space type could provide a good environmental basis for the management of rocky desertification in the karst areas. In future development, the local government should focus on the protection of this area, while the cultivation of ecological-agricultural products can be carried out while maintaining ecological quality.



(7) Urban-agricultural-ecological space—The urban-agricultural-ecological space was mainly distributed in the northeast and southeast of the study area (Figure 4). This space type will have the most diverse land use functions in the process of regional development and it should be focused on the protection of ecological space and the establish of a good foundation for the control of rocky desertification and the protection of the ecological environment in karst areas. After the improvement of the regional rocky desertification status, the space can be used as urban construction space to increase the living area of residents and can also be used as agricultural space to increase the amount of arable land. Therefore, the supply of ecological space should be given priority in this space and then the scope of the urban space should be expanded and the efficiency of the agricultural space should be improved. Finally, the advantages of each group should be utilized to promote the coordinated development of regional national land space.





4. Discussion


4.1. Land Use Optimization Methods for Karst Areas


In this study, the resource and environment carrying capacity and the water and land resources coupling coordination degree were taken as the objective functions for the optimization of the land use quantity and spatial structures in karst areas. The resource and environment carrying capacity can represent the development potentiality of the regional land space [51,52,53,54] and the water and land resources coupling coordination degree can represent the relevance and synergy of the changes in various elements within the water and land resources [55,56]. The combination of these factors can reflect the regional resource background and the development potential in the future, especially in karst areas. Previous studies on land use optimization have focused on optimizing the land use structures from the aspects of natural ecosystems [57,58,59], artificial ecosystems (e.g., urban and cropland systems) [60,61,62,63] and multi-factor coupling benefits [64,65,66]. However, most studies have not taken into account the regional resource background.



On the basis of the resource background, from the perspective of the regional ecological environment, resource environment and social environment, we proposed a method to optimize the land use structures in the karst areas by using the GMDP-CLUE-S coupling model. And then, we simulated the development structures of future land use under the three scenarios of socioeconomic development, arable land protection and ecological security. The land use structures of different scenarios were different (Figure 3) but each program fully considered the current conditions of resource and environment. These scenarios not only have great significance for the improvement of the rocky desertification status and the restoration of ecological environment but also can supplement and adjust the implementation of rocky desertification control projects in Chinese karst areas. In addition, we found that all karst areas had the same ecological environment and resource characteristics in the studies of different karst areas [67,68,69,70,71]. Therefore, the methods of land use optimization of this study have a strong applicability value for the global karst areas.



At the same time, projecting land use change is incredibly challenging and uncertain [72]. The uncertainty of many factors (e.g., environmental, incidental) may cause actual results to be inconsistent with predicted results [73,74] and their uncertainty changes will make a huge change in the development trend of land use, so it is necessary to consider the uncertainty in the forecast. Our predicted results of land use change were based on the land use change law of the study area from 2000 to 2018 and the land use planning policies of the future and we fully considered the regional social, economic and environmental characteristics. The social benefit value, the resource and environment carrying capacity, the economic benefit value, the economic carrying capacity, the water and land resources coupling coordination degree and the ecosystem service value were set as the objective functions. Considering the above situations, the predicted results had high credibility. In the prediction of land use quantities, the fluctuation range of 9 types of land use was set by simulating 3 scenarios and the land use quantities were different because of different scenarios. The fluctuation values of forestland, dry land, garden, unutilized land, paddy fields, grassland, waters, rural settlement and urban construction land were sorted from large to small and they were 572.78, 520.88, 296.88, 267.47, 111.32, 89.84, 17.23, 1.42 and 1.18 km2, respectively. The average values of those land use types were 4546.53, 1174.19, 472.92, 982.01, 225.25, 171.67, 43.64, 62.32 and 51.56 km2, respectively. However, because of the uncertainty of a lot of factors in the future, those land use quantities cannot be seen as stone values but they can provide the reference for the development of regional land use.




4.2. The Concept of the Coordinated Development of the Urban-Agricultural-Ecological Functions


We comprehensively considered the current ecological environment of the karst areas [67,68,69] and the development of the regional national land space [33,34] to propose the concept of coordinated development of urban-agricultural-ecological functions and explore a method to achieve the coordination. This study applied the concept and method to optimize the national land space in the karst areas. In recent years, in studies of optimization of national land space, researchers have not only explored the optimization of natural systems such as resource development and ecological environment [75,76,77] but also conducted many studies on the spatial optimization of the relationship between natural systems and social systems [78,79,80]. These studies have promoted the sustainable development of the regional national land space and provided a theoretical basis for the researches on coordinated development of other factors. However, in the current development patterns of Chinese national land space, the expansion of urban space has accelerated and the decrease of agricultural space and ecological space has become a key issue that hinders Chinese development. Coordinated studies of urban space, agricultural space and ecological space have become an important topic in the studies of regional development.



At the same time, to our knowledge, this is the first study to use the concept of the coordinated development of urban-agricultural-ecological functions to optimize the national land space in karst areas. In other studies of other areas, this concept has received limited attention [81]. The application of the concept can effectively alleviate the conflicts and contradictions between the three functional spaces within the regions, enable rational planning of the distributions of functional spaces and ably identify the multifunctional areas with multiple functional clusters to promote regional socioeconomic sustainable development. Especially in karst areas, the application of the concept can fundamentally improve the quality of the ecological environment, coordinate the structures of land use and promote the green development of the regions.




4.3. Feasibility Analysis of the Results of National Land Space Optimization


In this study, we used a functional space classification method to divide the spatial structures of karst areas into seven spatial types (Figure 4)—urban space, agricultural space, ecological space, urban-agricultural space, urban-ecological space, agricultural-ecological space and urban-agricultural-ecological space. The land use structures can be composed of a single function or a combination of urban-agricultural-ecological functions; the types of national land space in the results can be explained by this principle [33]. In karst areas, because of the complexity of the resource and environment, determining and identifying different functional areas is not only an effective way to plan and manage the national land space [82] but also an important significance for the restoration of the ecological environment.



Our research results showed that the urban space was mainly distributed in the plane areas and the urban-agricultural space was widely distributed around the urban space. These spatial distribution patterns could effectively reduce the pressure of human activities on limited natural resources and provide a transition zone between urban space and agricultural space to prevent the occupation of agricultural space and restrict the soil and water pollution which is caused by the various pollutants of urban [83,84]. At the same time, the distribution of urban-ecological space can effectively alleviate the pressure of crowded living spaces.



Agricultural space has great significance for the protection of food security. However, human activities in agricultural space will magnify the situation of rocky desertification and non-point source pollution in the space will pose considerable threats to the sustainable use of land resources [85]. However, in Figure 4, we see that these threats are not without a solution. Agriculture-ecological space was widely distributed around the agricultural space. The existence of agriculture-ecological space established a natural barrier between agricultural space and ecological space, which isolated the interference of human activities on rocky desertification and limited the impact of agricultural pollution on the ecological environment.



Ecological space has the strongest influence on karst areas and its spatial distribution structures will change the repair rate of rocky desertification [86]. In this study, the urban space and agricultural space that were in the severe rocky desertification regions, were converted to ecological space. And these regions should control rocky desertification status and improve the quality of the ecological environment with the goal of “natural restoration and prevention of human interference.” At the same time, the existence of urban-agricultural-ecological space provides a green space for land consolidation in the future development of karst areas.



In addition, the spatial types that were dominated by urban space and agricultural space were mainly distributed in the areas which had better ecological environment and higher resource and environment carrying capacity. At the same time, the range of urban space and agricultural space in severe and moderate desertification areas was reduced. These ways eased the impact of natural disasters on daily lives and agricultural industry, provided a good environment for people’s life and production and increased people’s productivity and lives. At the same time, by dividing three single functional spaces and four composite functional spaces, socioeconomic activities, agricultural industry development and ecological protection can be closely linked. Our results showed that different functional areas had different aggregation modes and development directions. In the areas with good ecological environment, economic construction and industrial development were focused to promote economic activities, management urban construction and improve people’s quality of life under the premise of protecting ecological security. But green land was also preserved in this process to ensure the stability and development of ecological functions [87]. In the areas with poor ecological environment, urban space and agricultural space were transferred outwards on a large scale and the construction of green infrastructure and the movement of industrial structure were used as land sharing methods to improve local ecological structure [83].





5. Conclusions


In this study, based on the current status of the resource and environment in karst areas of Southwest China, we proposed three scenarios for the development structures of land use in the future—socioeconomic development, arable land protection and ecological security. The first scenario guaranteed that the demand for construction land would be met and various types of land tended to intensive use. The second scenario guaranteed arable land resources and alleviated ecological pressure. The third scenario aimed to protect the regional ecological land and build a natural barrier for the management of rocky desertification.



In addition, from the perspective of the coordination of urban-agricultural-ecological functions, we proposed a new optimized concept for the national land space in karst areas. In the optimized results, the structures of the national land space were divided into seven spatial types—urban space, agricultural space, ecological space, urban-agricultural space, urban-ecological space, agricultural-ecological space and urban-agricultural-ecological space. Their area was 40.35, 1315.51, 5186.32, 24.25, 5.44, 1141.53 and 16.69 km2, respectively. Each special type had different distribution pattern but all of them could supplement and adjust the implementation of rocky desertification control projects in the future. On the one hand, by transferring people’s high-intensity activity areas and increasing the range of green space and ecological agriculture in karst areas, it improved the local ecological structure and planting methods and reduced the interference of natural disasters on economic activities and urban construction; on the other hand, through the rational arrangement of urban space and economic agricultural industry and the promotion of spatial types that were dominated by ecological space in the plain area, the people’s living area and the economic industry were improved, urban construction, people’s life, industrial development and ecological protection were organically combined to promote regional sustainable development. Their spatial results provide a valuable reference for the directions of national land spatial planning in the study area and other similar areas. The delineation of each space can provide a good foundation for the improvement of rocky desertification and the enhancement of the ecological environment in the karst areas of Southwest China. National spatial planning presents both opportunities and challenges towards a sustainable future for regional development.
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Figure 1. The location of Guangnan County in Yunnan Province of Southwest China. 
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Figure 2. Technical roadmap. 
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Figure 3. Optimization of the spatial structure of land use in 2035 under different scenarios—(a) Socioeconomic development scenario; (b) Arable land protection scenario; (c) Ecological security scenario. 
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Figure 4. Optimization of the national land space based on the coordination of urban-agricultural-ecological functions. 
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Table 1. Identification table of the dominant functions of the land uses.
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	Classification
	Land Use Type
	Land Function Type
	Dominant Function Type





	1
	Paddy field
	Agriculture-ecology
	Agriculture



	2
	Dry land
	Agriculture-ecology
	Agriculture



	3
	Garden
	Agriculture-ecology
	Agriculture



	4
	Forestland
	Agriculture-ecology
	Ecology



	5
	Grassland
	Ecology-agriculture
	Ecology



	6
	Urban construction land
	Urban
	Urban



	7
	Rural settlement
	Agriculture-urban
	Agriculture



	8
	Waters
	Ecology-agriculture
	Ecology



	9
	Unutilized land
	Ecology-agriculture
	Ecology
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Table 2. Optimization of the land use quantities in different scenarios (Measure Unit: km2).
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Classification

	
Land Use Types

	
Scenario Modes

	
Current Situation




	
Socioeconomic Development

	
Arable Land Protection

	
Ecological Security






	
1

	
Paddy field

	
295.52

	
184.20

	
196.04

	
387.19




	
2

	
Dry land

	
1034.88

	
1504.28

	
983.4

	
1133.03




	
3

	
Garden

	
670.84

	
373.96

	
373.96

	
363.45




	
4

	
Forestland

	
4321.00

	
4424.80

	
4893.78

	
4113.66




	
5

	
Grassland

	
141.72

	
231.56

	
141.72

	
569.75




	
6

	
Urban construction land

	
52.35

	
51.17

	
51.17

	
58.72




	
7

	
Rural settlement

	
63.27

	
61.85

	
61.85

	
94.16




	
8

	
Waters

	
32.15

	
49.38

	
49.38

	
25.29




	
9

	
Unutilized land

	
1118.36

	
848.89

	
978.79

	
984.84
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