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Abstract

:

Land is an important resource that supports the production, life, and ecological development of human society. The current research on production–living–ecological space (PLES) is mainly focusing on the identification of single and dominant functions of land space, and the comprehensive spatial function measurement index of PLES (PLESI) is less known in the effective quantitative evaluation of multifunctionality of different land use categories. Integrating the CMIP6 (Coupled Model Intercomparison Project phase 6) scenario data and the future land use simulation model (FLUS), this research took the upper reaches of the Hanjiang River (URHR) as an example to explore the temporal and spatial variations in land use, PLES, and PLESIs during 2000–2020, and in the SSP2-4.5 and SSP5-8.5 scenarios from 2021 to 2100. The findings were as follows: (1) Forest land is the most widely distributed type of land; correspondingly, ecological space has the widest distribution area in PLES, followed by production space. (2) The area of dry land and building land increased between 2000 and 2010, accompanied by the increase in living space. From 2010 to 2020, the growth rate of building land tended to slow down while forest land increased, and the conflict of PLES eased. (3) The transfer between forest land and dry land is projected to intensify under the SSP2-4.5 scenario, while it is projected to occur between forest land and grassland under the SSP5-8.5 scenario. As for the changes in PLES, the SSP2-4.5 scenario has a greater impact than the SSP5-8.5 scenario. Spatially, several sub-basins in the northern URHR are the main areas of land use and PLES change. (4) PLESI presents a significant downward trend from 2000 to 2020 while trending upward under the SSP5-8.5 scenario and trending downward slightly under the SSP2-4.5 scenario between 2020 and 2100. Combining climate scenarios and the future land use simulation, this research would support the effective utilization of regional land resources and ecosystem management decision-making.
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1. Introduction


Land is a key and scarce resource to support human social development in production, life, and ecology [1,2]. It is closely related to food security, ecosystem health, and social sustainable development [3,4,5]. Over the past decades, the world has experienced the rapid expansion of urbanization, human activity, and extreme climate events, which comprehensively affected the regional soil environment, hydrological cycle, biodiversity, climate, etc., with a great influence on the ecological functions of land in urbanized areas [6]. In turn, the relationship between humans and land has become increasingly tense [7,8,9], and conflict between production, life, and ecological land is growing more frequent in urbanized areas [10,11]. China has proposed comprehensive requirements for building a “production-living-ecological space, PLES” with “promoting the high efficient and compositive production space, livable and moderate living space and ecological space with picturesque scenery” [12]. PLES has become an important way to ameliorate rural–urban disparity and bolster harmonious and sustainable development.



In recent years, great efforts have been made in research on PLES: First, in terms of classification and identification of PLES, most researchers divide different lands into three types of ES, LS, and PS on the basis of the predominant function of the land categories and have made numerous investigations about the spatiotemporal patterns of PLES at the national scale [13], provincial scale [14], city and county scale [15,16], township scale [17], economic belt and urban agglomeration [18,19,20], watershed and basin scale [21]. Simultaneously, temporal and spatial changes are inevitably accompanied by the process of the mutual encroachment or tradeoff of PLES, such as the spatial coordination and conflict of PLES [22,23]. As for the temporal and spatial change, the influence mechanism of natural environment, social, and economic development are crucial factors for the assessment of PLES. Current studies on multi-year variations in PLES focus on historical periods. However, under the far-reaching impact of global changes and human activities [24,25], great uncertainties of the coordination and conflict of PLES exist regarding the changes in future land use. Based on the systematic research on the driving forces behind PLES, quantitative models and methods have been applied to deduce the processes of land use change and to generate predictions of PLES in the future [18].



Multiple models of land change evolution and prediction have been produced [26,27,28]. The future land use simulation model, FLUS, was created with consideration of the comprehensive impact of climatic variations and human activities on land utilization changes [29,30]. With support from multi-source data, this model can explicitly simulate land use at a global scale or regional scale and obtain high-precision and multi-scenario land use prediction results, laying the foundation for predictions of future PLES scenarios and clearly revealing the long-term patterns of evolution of PLES [31].



Furthermore, current research on PLES is mainly concerned with the identification of dominant functions of land utilization, ignoring that land use has compound land functions [21]. For instance, cultivated land can be used as agricultural land to fulfil food production functions, while it can also be ecological land, fulfilling diverse ecosystem functions, including climate regulation, carbon sequestration, flood mitigation, nutrient cycling, etc. [32,33,34]. Some research has been conducted with the aim of classifying and evaluating the multifunctionality of different land utilization types. Specifically, the PLES indicator system (PLESI) and the four-level scoring method were employed to achieve the multi-functional measurement of production function, living function, and ecological function for different land categories [21,35]. Existing classifications of PLES mostly consist of PS, ES, and LS based on land use types and it lacks multi-functional and comprehensive classification methods in PLESI evaluation.



The upper reaches of the Hanjiang River (URHR), the core area of the Qinling Mountains, is the key water conservation area of the South-to-North Water Diversion Project [36,37]. As an extremely crucial national ecological security barrier, its ecological function has an irreplaceable role to play in the construction of ecological civilization in China. However, little research has explored PLES in the URHR and Qinling Mountains. In this context, this study attempts to measure the evolutionary characteristics of the PLES and land multifunctionality through the PLESI model, with the integration of CMIP6 future climate and socio-economic data and the FLUS model. Specifically, the objectives of this study were to (1) analyze the patterns of temporal and spatial development of PLES between 2000 and 2100 under two climate scenarios in the URHR; (2) investigate the transfer evolution characteristics of land use and PLES under two different scenarios; and (3) discuss the implication of scenarios analysis and the PLESI model on land resources management. This is an effective exploration of comprehensive PLES research of long-term time series on the typical ecological reserve, aiming to provide scientific and sufficient support for the regional land resource management and social sustainable development.




2. Materials and Methods


2.1. Study Area


The Hanjiang River is the largest branch of the Yangtze River, Asia’s longest river. It originates in the Ningqiang County in the southwest of Shaanxi Province, and joins the Yangtze River at Wuhan City, Hubei Province. The Upper Reaches of the Hanjiang River is located in the middle of mainland China and in the geographic demarcation line between southern and northern China [38]. In Shaanxi Province, the Hanjiang River spans 652 km, covering three main prefecture-level cities, including Hanzhong, Ankang and Shangluo, and Taibai County and Feng County of Baoji City, with a basin area of 62,384 km2 [37] (Figure 1).



Topographically, it is structured with three mountains and two basins. The Qinling Mountains constitute the northern boundary, Daba Mountain and Micang Mountain constitute the southern boundary, and Hanjiang River flows through the canyon areas from the west to the east, forming Ankang Basin and Hanzhong Basin. Based on regional river zoning characteristics and related studies, the URHR in the ownership of numerous tributaries consists of 12 sub-basins through the hydrological analysis module in GIS [39]. The mainstream area is determined by the flow route of Hanjiang River in Shaanxi Province. YR, BR, LSR, XR and SR mainly belong to Hanzhong Basin, ZR, ZHR, XNR, YUR and LR to Ankang Basin, and JR and DR in Shangluo City are tributaries of Hanjiang.



The URHR is the core area in the south of the water distribution line of the Qinling Mountains. It is in the 0 °C isotherm line, 800 mm iso-precipitation line and 2000 h sunshine hours isochron line in January in mainland China, with unique natural environmental characteristics [36,37]. The region is mainly dominated by the warm temperate continental climate, characterized with warmth, rain and moisture, which has the annual average precipitation ranging from 653 mm to 1183 mm and annual average temperature ranging from 12 °C to 18 °C [39]. Known as China’s Central Water Tower, the study area contains abundant water resources and is an important water conservation area of the Yellow River, the Yangtze River, and China’s South-to-North Water Diversion project. The ecological environment is diverse with rich biological resources and extremely important ecosystem service functions, named as “natural gene bank” of biodiversity in China. The URHR plays an irreplaceable role in the local and national ecological security and social development.



However, due to the terrain conditions and the extreme rainfall events in summer, the flood disaster in the study area is frequent, triggering significant threats to the lives and safety of local residents [37]. In terms of social and economic development, the Qinling Mountains region belongs to the largest centralized contiguously poor area in China. The large-scale social production and urban industrial development have been restricted due to its functioning as the ecological protection area. Therefore, how to weight the relationship between economic growth and environmental care effectively, on the premise of strengthening the ecological location and ecological function of the Qinling Mountains, has become an important issue for local sustainable development.




2.2. Research Framework


This study was conducted in three phases: collection and processing of basic data and climate data, simulation of future land use, and evaluation of spatio-temporal variations of PLES and PLESI (Figure 2).



First, site-scale climate scenario data of CMIP6 model were obtained with statistical downscaling method, then spatial interpolation was employed to generate future climate scenario raster data of the URHR. In the second step, with the FLUS model, the future land scenario data of URHR was produced using the historical and future data of driving factors of land use. In the third step, the temporal and spatial evolution of future PLES and PLESI scenarios in the URHR were analyzed through the classifications of land functions and the multifunctional measurement model of land types in order to provide specific advice on the regional land use management and territorial space optimization, etc.




2.3. Data Sources


In this study, multiple sources of historical data and future climate scenario data were used to process the simulation of future land use. Specific research data are in Table 1:




	(1)

	
Meteorological observation data of the national meteorological stations in the URHR and the surroundings during the historical period (2000–2020) were derived from the Chinese surface meteorological observation dataset released by China Meteorology Administration.




	(2)

	
CMIP 6 climate model data for the future period (2021–2100) were obtained from daily data of the global climate models of the World Climate Research Program under the SSP2-4.5 and SSP5-8.5 scenarios.




	(3)

	
Land use data in historical period (2000–2020) were from the global ESA Land Cover dataset ESA CCI Land Cover project released by the European Space Agency (ESA).




	(4)

	
In the simulation of land use in the future period, the main data are land use data in the base period, prediction data in the future climate scenarios, soil data, topographic data (DEM), and socio-economic data (raw data of population, GDP, city center and transportation network elements). The slope and aspect data are obtained through DEM data processing. Resulting from the traffic network data, the driving factors including the distance data to places such as the city center, town center, expressway, airport, river, railway station, railway and traffic artery in the simulation of land use are generated through GIS.









All data were processed in TIF format with 1 km spatial resolution through the processes of vector-to-raster and resampling on the ArcGIS 10.6 software platform.




2.4. Methods


2.4.1. Future Climate Scenarios


Combining CMIP5 Representative Concentration Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs), the CMIP6 constructs a new scenario matrix (RCP-SSP integrated scenario) to clearly reflect the simulation of greenhouse gas emissions and improve the precision of climate simulation [40,41,42,43]. Climate scenarios data were generated with global climate model output data and statistical downscaling method [44,45,46]. Specifically, the process of climate scenario data includes the following steps:




	(1)

	
The selection of climate scenarios:









The emission scenarios from CMIP6 include low emission scenarios (SSP1-1.9 and SSP1-2.6), a medium emission scenario (SSP2-4.5) and high emission scenarios (SSP3-7.0 and SSP5-8.5) [47,48]. The low-emission scenarios envisage a future in which greenhouse gas emissions are substantially reduced and socio-economic development is apt to be more sustainable. The medium emission scenario assumes that greenhouse emissions will maintain the current level and represent the closest to the current greenhouse emission scenarios. The high emission scenarios indicate rapid socio-economic growth and significant impacts on the global climate [49,50].



At present, the SSP2-4.5 and SSP5-8.5 scenarios have become common in the studies to simulate the response of climate change and related socio-economic scenarios, representing two scenarios of maintenance the status quo of development and maximum greenhouse gas emissions [48,49,50,51,52,53]. Therefore, these two scenarios are selected to drive the climate and land use models in this research.



	(2)

	
Download data in two scenarios of 27 models from the Global Climate Model (GCM) output of CMIP6.




	(3)

	
Based on the improved weather generator, GCM raster data are downscaled from spatial coarse resolution to meteorological station. For specific operating principles, please refer to the study of Liu et al. [44] and Wang et al. [45].




	(4)

	
The correlation coefficient between projected and observed data is evaluated through the quantitative index S of the Taylor Chart [54,55,56], the spatial skill score is used to evaluate the spatial correlation coefficient between projected and observed data [57], and the temporal skill score is quantified to assess the simulation efficiency of the projected value at each point in the space to simulate the inter-annual change of the observed value [58,59,60]. The two models, UKES and MIR2, were selected based on the ranking of the total scores. Therefore, with multi-model ensemble mean approaches [61,62], the average value of the two models was obtained as the prediction data in the future climate scenarios.








2.4.2. Land Use Simulation


In FLUS model applications, most studies take historical climate data as a driver of land use change, ignoring the future climate scenario [63], while the coupling of CMIP6 data and FLUS model in this study can increase the simulation accuracy of FLUS model.



The simulation processes of land use in the URHR are as follows: Firstly, the System Dynamics model (SD) is used to obtain land use demand data in the future based on climate change scenarios, socio-economic scenarios and historical land use. Secondly, a Cellular Automata model (CA) based on an Artificial Neural Network model (ANN) is used to estimate the change probability in different land categories, and the overall land adaptability probability of the cell is calculated. Thirdly, combining self-adaptive inertia coefficient and roulette wheel selection mechanism, multiple iterations are made based on the demand and the actual situation of land use, and then the future land use data were obtained [29].



In the process of data verification, with actual land utilization data in 2020, FLUS was applied to generate land utilization simulation data in 2020. Then, actual and simulated land utilization data in 2020 were input into FLUS, random sampling was selected in the sampling mode with the sampling proportion was 20%, and the Kappa coefficient was 0.96, indicating that FLUS model was in good consistency for the future land use simulation in the URHR.




2.4.3. Classification System and Functional Measurement of PLES


In terms of production space (PS), these land types can be divided according to three main industry types. Living space (LS) refers to areas that can provide living needs for human beings such as living, rest, entertainment and consumption. Ecological space (ES) is the foundation of PLES, which can provide the guarantee for sustainable land use [17] and supply ecosystem services such as supporting services and regulating services, and maintain the ecological environment for human being [18].



The production–living–ecological space (PLES) types of different land use were determined by the differences of land functions and land utilization types. With the first-level land classification, dryland (DL) and paddy field (PF) are defined as production space (PS), forest land (FL), grassland (GL) and water land (WL) as ecological space (ES), and building land as living space (LS) [64].



Based on the actual situation of the multifunctionality of different land utilization categories [15,19], the multi-functional measurement index of PLES (PLESI) was constructed to finely evaluate the functional level of PLES on a spatial scale in the URHR. The formula for evaluating is shown as


    P L E S I   n   = 0.25 ×   P F I   n   + 0.5 ×   E F I   n   + 0.25 ×   L F I   n    



(1)




where     P L E S I   n     is the multi-function index of PLES in pixel   n  ,     P F I   n     is the land production function index in pixel   n  ,     E F I   n     is the land ecological function index in pixel   n  , and     L F I   n     is the land living function index in pixel   n  .



As for the actual situation of the diversity functions of different lands and the previous research results, the production, living and ecological function of different lands were quantitatively evaluated by four grades based on the scoring system [19,35]. Among them, the number 5 refers to the high function index (production function, ecological function or living function) of a land type, 3 means the medium land function, 1 is for the weak function, and 0 indicates that the function of a land type is missing (Table 2) [16,21,35].






3. Results


3.1. Spatio-Temporal Variations in Land Use and PLES


3.1.1. Variations in Land Use and PLES in Historical Period


The results showed that dryland, paddy field, forest land and grassland in the URHR are the main land use categories, among which forest land occupies the largest proportion (78.87%) (Figure 3). Dryland was mainly distributed in the northeast, with an average annual distribution area of 6660 km2. Paddy fields were gathered in the Hanjiang Valley, with an area of 5849 km2. Forest land followed this, which was widely distributed in the study area, especially in the Qinling Mountains and Daba Mountains, with an area of 48,821 km2. Grassland was concentrated in the border area between dry land and forest land, the area of which was about 1,138 km2. Building land spread along the main stream of Hanjiang, mainly around Hanzhong City, Ankang City and Shangluo City with an area of approximate 152 km2. Water land was primarily in the border area of ZR and ZHR with an area of 72 km2.



The area of dryland and building land keeps growing from 2000 to 2010, meanwhile, the other land categories fall dramatically, indicating that the local social and economic development and urbanization process were significantly accelerated. In turn, the area of PS and LS was remarkably increased in this period, with the result of encroaching ES. From 2010 to 2020, paddy field, forest land and building land showed a growing trend, while dryland, grassland and water land were in a downward trend. The growth rate of building land had fell sharply, and other land types changed mildly, which indicated that the competition between local PLES tended to ease in this period.



The spatio-temporal simulation of PLES during the historical period showed that ES had the widest distribution area in the study area, followed by PS and LS. PS was concentrated in the Hanjiang Valley, and scattered in some areas of JR and DR, with an average area of 12,509 km2, comprising 19.95% of the URHR. ES was widespread especially in the Qinling Mountains of the northern Hanjiang Valley, with an area of 50,031 km2 over the years, comprising 79.80% of the URHR. LS was located near the central city, covering 152 km2. This indicated that the land function of the URHR was dominated by ecological function, and the intensity of urban development and industrial production activities was small.



In 2000–2010, the change in LS was the most dramatic, followed by PS, which showed an increasing trend with a rate of 5.75%. In contrast, ES experienced a decreasing trend at a rate of 1.73%. In 2010–2020, PS had a reduction of 0.71%, ES showed a slight increase trend of 0.18%, and LS increased slowly at a rate of 0.18%. The results also showed that the competition for PLES in this area was more intense in the first decade, and the expansion of LS and PS had caused a greater encroachment on ES. In recent ten years, due to the effective conservation policies, the development of urban expansion and industrial activities tended to be slow, and ES showed an upward trend, which would better promote the ecological environment in the URHR.




3.1.2. Variations of Future PLES under Different Scenarios


The future period in this research consists of near-term, medium-term and long-term, in which 2030 represents the near-term, 2050 represents the medium-term, and 2100 represents the long-term, respectively. The results showed that ES occupied the widest distribution area, followed by PS and LS (Figure 4).



Under the SSP2-4.5 scenario, the average projected distribution area of PS in the three periods is 12,301 km2, 19.65% of the total area of URHR. The average projected distribution area of ES in the three periods is 50,124 km2, comprising 80.07% of the URHR. The average projected distribution area of LS in the three periods is 237 km2, only comprising 0.38% of the URHR. In terms of each stage, PS is projected to decrease at a rate of 0.71% from 2020 to 2030, while ES and LS are projected to increase at a rate of 0.16% and 4.25%, respectively. During 2030–2050, PS will decrease at a rate of 1.41%, and ES and LS will increase at a rate of 0.33% and 6.33%, respectively. During 2050–2100, PS will decrease with a rate of 4.13%, and ES and LS will grow at a rate of 0.81% and 8.51%, respectively. The outcomes reveal that the change amplitude of PLES in three periods is basically the same under the SSP5-8.5 and SSP2-4.5 scenarios.



In the three periods, PS is projected to decline while ES and LS are projected to increase under the two scenarios. The result indicates that local ES development is well guaranteed, and the ecological environment quality is well protected; however, the increase in ES and LS is at the expense of the decrease in PS. It should also be noted that the development of ES is accompanied by slight urban sprawl in the future, which will bring threats to ecological environment, and the decline of PS will also trigger challenges to agricultural production and food security.





3.2. Transfer Evolution of Land Use and PLES under Different Scenarios


3.2.1. Evolution Characteristics of Land Use in the URHR


The evolution of spatial pattern in PLES is directly affected by the change in land use structure. Given the small area of mutual conversion between paddy field, water land and building land, this research focused on the transfer pattern of forest land, dryland and grassland in the near-term (2020–2030), the medium-term (2030–2050) and the long-term (2050–2100) (Figure 5).



In each period, the transfer of land use is mainly projected as the mutual transformation of forest land and dryland, forest land and grassland. Forest land is projected as the main type of ecological space and the main land class that provides ecological functions, so its change will inevitably have an impact on the structure and quality of PLES. Obvious differences are existing in the amplitude of land utilization transition during different periods. In 2050–2100, the range of land use transformation will be much larger than the other two stages, which would inevitably affect the mutual transformation of ES and PS. The findings showed that the mutual conversion between forest land and dryland under the SSP2-4.5 scenario is significantly larger than that under the SSP5-8.5 scenario, affecting the transformation of ES and PS, while it is the opposite in the case of forest land and grassland under two scenarios.



The transformation of forest land to dryland leads to ES transform into PS, and the function of regional ES will be weakened accordingly, which will further cause the changes in the multifunction level of land use. Both forest land and grassland belong to ES, the mutual transformation of forest land and grassland is only a type of change within ES, there are significant differences in the multifunctional characteristics between these two land use types. The results revealed that the mutual transformation of forest land and grassland will have certain impacts on the multi-functional pattern of land use, but will not change the pattern of PLES.




3.2.2. Evolution Characteristics of PLES in the URHR


The mutual transformation process and quantitative relationship of PS, ES and LS types of PLES were analyzed through the land transition matrix method and the spatial patterns of the three types of PLES were assessed in this research (Table 3). It is found that the mutual transformation of PLES is projected mainly in the mutual conversion of PS and ES.



In the SSP2-4.5 scenario in 2030, a total of 459 km2 of PS will be converted to ES, and 373 km2 of ES will be transferred into PS compared to 2020. In 2050, a total of 521 km2 of PS will be converted to ES, and 356 km2 of ES will be converted to PS from 2030. The change of PLES in 2100 is relatively larger than that in 2050, 1,201 km2 of PS converted to ES and 790 km2 of ES to PS. The transfer pattern of PLES under the SSP5-8.5 scenario will be consistent with that under the SSP2-4.5 scenario, except for the smaller amplitude of the PLES transfer in PLES. The results indicated that the change in the spatial pattern of PLES is mainly dominated by the mutual change of PS and ES in the future.




3.2.3. Evolution Characteristics of Land Use in Sub Basins


The spatial differences of the transition in the future land use were analyzed by further dividing the study area (Figure 6).



The results showed that the zones are projected with more frequent land use transformation including XNR, JR, BR and DR in the northwest of the URHR from 2020 to 2030. Forest land and dryland are projected to be mainly interconverted under SSP2-4.5, while under the SSP5-8.5 scenario, it will happen between forest land and grassland, which would trigger a wide range of mutual transformation between ES and PS and strong impact the spatial variations of PLES in these four regions in the SSP2-4.5 scenario.



In 2030–2050, a frequent land use transformation area appeared in XNR, JR, DR and BR. Transition occurs frequently between forest land and dryland in these regions under SSP2-4.5, while it is forest land and grassland under the SSP5-8.5 scenario. In 2050–2100, the transition between forest land and dryland is more frequent, and great changes are gathered in ZHR, DR, XNR and LR under the two scenarios.




3.2.4. Evolution Characteristics of PLES in Sub Basins


From 2020 to 2030, the transfer of PS to ES are projected mainly in ZHR in the central URHR and XNR, JR and DR in the eastern URHR, while ES to PS transformation areas will be gathered in XNR, JR and DR under the SSP2-4.5 scenario (Figure 7). From 2030 to 2050, the transfer area of PS to ES will be concentrated in BR, and ES to PS transformation are projected mainly in YUR, XNR and DR. From 2050–2100, the regions of PS to ES transformation are projected mainly in ZHR, SR and DR, and the transformation of ES to PS are projected in the surrounding areas of Ankang City.



From 2020 to 2030, the regions of PS to ES are projected mainly in the north of BR and DR, which is basically the same as the region where ES is transformed into PS, indicating that ES and PS are frequently transformed into each other in these two regions during this period under the SSP5-8.5 scenario. From 2030 to 2050, the regions of PS to ES conversion are mainly in the northern part of BR, YUR and DR, while the regions of ES to PS conversion are mainly distributed in the border area of XHR and JR and the northern part of DR. From 2050 to 2100, the transformation area from PS to ES are projected mainly in the northern BR, ZHR and DR.



The findings showed that the BR, DR and XNR were the main concentration areas where the transition of PS and ES are projected frequently in the future, which would lead to great changes in spatial patterns of the PLES and PLESI in these regions in the future.





3.3. Functional Measurement of PLES in Different Land Use and Climate Scenarios


3.3.1. Spatial Variations of PLESI


The spatial evolutions of PLESI in the URHR in historical period and two future climate scenarios were evaluated through the measurement model of PLES spatial function (PLESI) (Figure 8).



From 2000 to 2020, the PLESI is projected to decrease from 2.57 in 2000 to 2.56 in 2020. Spatially, the PLESI in the Hanjiang Valley in the west and the central YUR region has a moderate level (2.75), due to the wide distribution of paddy field and dryland in these areas. PLESI in Qinling Mountains, Micang Mountains and Daba Mountains is projected generally low, of which forest land is widely distributed. The urbanization level of Hanzhong City, Ankang City, and the center of Shangluo City is relatively higher than the peripheral areas, where the PLESI will be at the lowest level. The junction of YUR, ZHR and LR will have a higher PLESI, where Yinghu Lake is located. Yinghu Lake possesses excellent water quality and is an important water conservation area in Qinling mountains. The high value areas of PLESI are projected in the peripheral areas in the main stream. Under the future scenarios, the high value region of PLESI will generally migrate to the eastern DR, the border region of YUR, XNR and LR, and the western YR. And the junction region of ZR and ZHR in the Hanjiang River mainstream enjoys the higher value of PLESI (3.25), especially in the year 2100 under the SSP5-8.5 scenario.




3.3.2. Temporal Variations of PLESI


The temporal variations in PLESI were evaluated through the PLES function measurement model (Figure 9). During 2000–2100, PLESI in the whole region is projected to descend under two scenarios. The results showed that PLESI had a large downward trend from 2000 to 2020, and the PLESI in the whole region decreased from 2.57 in 2000 to 2.56 in 2020. And after 2020, the PLESI changes under the two scenarios are projected significantly different. Under the SSP5-8.5 scenario, PLESI is projected a relatively obvious rising trend, while decreasing in the SSP2-4.5 scenario. For sub-basins, LSR, YUR and JR are the high-value regions of PLESI, while ZHR, ZR and BR are in low-value of PLESI.



The results showed that the change trends of PLESI in each sub-basin will differ greatly in the future (Figure 10). In ZHR, YR and ZR, the PLESI value is projected in higher upward trend under the SSP5-8.5 scenario than that in the SSP2-4.5 scenario. The PLESI in DR is projected in dramatic rise under the SSP2-4.5 scenario and the value is projected larger than that in the SSP5-8.5 scenario.



Similar change trends of PLESI are projected in the LSR, SR, YUR, JR, XR, XNR and BR under the two scenarios. In LSR, YUR and JR, the PLESI value in the SSP2-4.5 scenario will be larger than that under the SSP5-8.5 scenario, while in SR and BR, it is the opposite in the case.






4. Discussion


4.1. Implications of Land Use Multifunctionality Assessment


The results showed that forest land and dryland, forest land and grassland are the main types in the transfer of land use in the different periods. The transformation of forest land and dryland involves the mutual transformation of ES and PS. The areas of PLES type transfer in different periods are mainly BR, DR and XNR, which is consist with the distribution characteristics of the spatial transfer of land use. The alluvial plain spread over in the Hanjiang River valley area, with fertile soil low and flat terrain, of which dryland and building land are widely distributed. Due to intensive human activities, land use in these regions change frequently with more competition and conflicts in PLES space, and these regions becomes the main area for the mutual transformation of PLES types. The spatial and temporal changes in PLES types on a longer time scale were assessed through future climate scenarios and land use data, which has important scientific reference value for regional sustainable development [18,31].



The land system is a combination of economic, social and ecological subsystems [23], providing complex and comprehensive land functions such as environment, society and economy. In addition to dominant functions, land use also has secondary and tertiary functions [13]. Given this, it is necessary and imperative to conduct a comprehensive assessment of the land multifunctionality to guide the optimal allocation of land use scientifically and rationally.



The mutual transformation of forest land and grassland in different periods in this research represents the transformation of the ES type. This change has no impact on the spatial pattern of PLES, but bound to have certain impact on the land multifunctionality of PLES. The findings revealed that the comprehensive level of land function showed a continuous downward trend during 2000–2100 under the two scenarios. Meanwhile, PLESI had a large downward trend from 2000 to 2020, and PLESI presents a relatively obvious rising and dropping trend afterwards in the future. As for the zoning results, under the future scenario, PLESI is projected generally a significant increase trend in DR, YUR, XNR and LR border areas, and the western region of YR. Combined with the PLESI model, the multifunctionality of different land types in this research have been further clarified by systematic, comprehensive and quantitative methods [19]. It is also an important supplement to assessment of the spatiotemporal variations in PLES.



The ecosystem and land resources of the ecological protection areas are strictly managed and protected in the URHR. The study on PLES can clarify the spatial pattern of protected areas, then ES, LS and PS can be managed and controlled in different areas. Specifically, ES should be focused on in core protection areas and important protected areas, while LS and PS can be appropriately developed in general protected areas. The findings showed that PLESI can be taken to comprehensively evaluate land multifunctionality and monitor the coordination and conflict of PLES in these areas, ensuring reasonable protection and development of PLES in the study area. Besides, as an important ecological protection area in China, the evolution pattern of PLES and PLESI in Qinling Mountains have a certain reference effect on the territorial space development of similar ecological protection places. Meanwhile, it is noteworthy that the multifunctionality of land categories can be further clarified by systematic, comprehensive, and quantitative methods by the PLESI index. This research provides an insight for the comprehensive assessment of land functions in PLES at the regional and national scales.




4.2. Implications of Scenario Analysis for PLES


The superiority of CMIP6 scenarios lies in that the data are updated from previous climate models and deeply coupled with SSP data [65,66,67]. The simulation of land use in this research also involves regional social and economic development and policy formulation. The simulation of land use under future scenarios reflected the significant changes of major land types such as forest land, grassland and dryland, the significant changed areas such as DR, XNR, BR, and the significant differences in land use changes are existing in different years under SSP2-4.5 and SSP5-8.5.



From the perspective of land functional assessment, the PLESI decreased sharply from 2000 to 2020, and will moderate during 2030–2100. PLESI showed a relatively upward trend in LR, ZNR, DR, etc., indicating that the land functional level in these regions would be greatly improved in the future, probably due to the significant increase in precipitation in the study area under global warming [68,69].



The simulation of future PLES scenarios can supply spatially explicit assessment for land use change in different time scales and regions, different land categories and climate scenarios. The framework in this research would play an effective role in promoting social and economic development and ecological management at the regional and national scales.




4.3. PLES Management Implementation


As an important ecological barrier in central China, it is necessary to develop measures for territorial space protection and ecological management to ensure the stable development of ecological functions in the URHR. Firstly, in terms of the research on PLES, the ecological protection red line had been delimited within the region for spatial control [70]. The development activities of PS and LS should be banned in core and key protected areas, while the moderate development of PS and LS can proceed in general protected areas.



Secondly, considering the urgent needs of local economic development and ensuring people’s livelihoods, the industrial structures need to be further optimized to improve the land use efficiency in production and life as well as the land function level of PS and LS. Additionally, ecological compensation could be received in the form of goods production in the surrounding areas by utilizing the advantages of a high-quality ecological environment, especially in water conservation areas. Moreover, the tertiary industries such as ecotourism and rural tourism could also be developed. Based on the research framework and methods in this research, the ultimate goal is to coordinate the spatial pattern of PLES structure on the basis of ensuring the stability of the ecosystem structure [31], thus promoting the balanced development of ecosystems and social economy.



Thirdly, the findings showed that forest land has been well protected as the major contributor to the regional ES. While as the main contributor to PS, building land is also limited by the policies of ecological protection in the study area, showing a weak expansion trend in the future. In terms of land multifunctionality, the ecological functions of dryland and paddy field are weaker than forest land and their residential functions are weaker than building land. In this context, cultivated land can be used to balance the changes of ES and PS and can be a key entry point for the coordinated development of PLES and the alleviation of regional land use in the URHR. The PLESI adopted in this research can be used as an effective tool to quantitatively evaluate the multifunctionality of different land use types in the area, and evaluate the spatial variations in the coordination and conflict of PLES, to ensure the stable development of land functionality in the whole region.



Lastly, with the time change and scenario analysis outcomes, the possible changes of PLES and PLESI in different climate scenarios and different periods were clarified, informing the long-term planning and protection of regional land resource management. In the long term, DR, XNR, BR and other areas could become the key areas for social sustainable development and ecosystem management. In addition, the mutual transformation between forest land and dryland, forest land and grassland under the two scenarios should be concerned further, which is in accord with the previous study [71].




4.4. Limitations and Future Research


The statistical downscaling method was employed to process the future climate scenarios, which can improve the regional applicability and simulation accuracy. Nevertheless, there are many driving factors affecting the simulation of land use, and the statistical scale and accuracy of data are different, resulting in a certain impact on the simulation effect. Finer resolutions of various forms of data collection in the further study are needed to effectively optimize and improve the simulation in the future scenarios, and inform reliable policy-making in the management of PLES. Additionally, the priority scenarios of PS, LS, ES and a comprehensive space optimization scenario would also be optimally designed for the regional PLES management.



The integrated approach of PLES and PLESI can be carried out in the management of regional PLES more comprehensively. However, the same land type in different regions also has great differences in its corresponding production, living and ecological functions due to the differences in soil environment, terrain and geomorphic conditions, climate and regional socio-economic conditions. The PLESI model applied in this study still needs to be improved in combination with regional actual conditions and socio-economic development indicators and ecological environment indicators, so as to improve the precision of PLESI assessment. Furthermore, how to clarify the competition and cooperation relationship, coordinate and balance the development of PLES are critical to advance the social sustainable development in the Qinling Mountains and other similar ecological function regions.





5. Conclusions


The spatial–temporal variations in land use and PLES in the URHR were simulated in the historical period and different scenarios through the combination of the newly released CMIP6 climate model, geographic ecology and socioeconomic data.



The findings indicated that the spatial pattern of land use and PLES in the future period will be almost consistent with that in the historical period. And the spatial transformations between forest land and dryland, forest land and grassland in each period resulted in the main transformation of PLES, which are reflected in the mutual conversions of PS and ES. Spatially, DR, XNR and BR are the main areas of the change in land use and PLES. As for the horizontal comparison of scenarios, a greater impact on the mutual transformation of forest land and grassland will be distinctive in the SSP5-8.5 scenario, while it will occur between FL and dryland under the SSP2-4.5 scenario, affecting the time-space transformation and distribution pattern of PS and ES. PLESI is projected trending downward under two different scenarios during 2000–2100. Meanwhile, PLESI was in a significant downward trend from 2000 to 2020, but in a relatively obvious upward trend under the SSP5-8.5 scenario and downward trend under the SSP2-4.5 scenario. This research is conducted with the aim to provide explicit reference for land resources planning, ecological environment governance and the socio-economic sustainability at the regional and national scales.
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Figure 1. Geography situation of the URHR: (a) location, elevation and sub basins distribution of the URHR in China; (b) location of administrative cities. 
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Figure 2. Research framework of the study. 
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Figure 3. Spatial patterns of historical land use and PLES in the URHR. 
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Figure 4. Spatial distribution of the future PLES under the SSP2-4.5 and SSP5-8.5 scenarios in the URHR. 
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Figure 5. Transition matrix of future land use under SSP2-4.5 and SSP5-8.5. 
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Figure 6. Transition matrix of future land use in near-term under (a) SSP2-4.5 and (b) SSP5-8.5, medium-term under (c) SSP2-4.5 and (d) SSP5-8.5 and long-term under (e) SSP2-4.5 and (f) SSP5-8.5 in sub-basins. 
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Figure 7. Space transition matrix of future PLES under the SSP2-4.5 and SSP5-8.5 scenarios. 
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Figure 8. Spatial variations of future PLESI in the URHR from 2000 to 2100. 
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Figure 9. (a) Temporal variations of PLESI in the URHR from 2000–2100; (b) annual average values of PLESI in sub-basins in the historical period and under two scenarios. 
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Figure 10. Temporal variations of PLESI in sub-basins (a–l) from 2000–2100 under SSP2-4.5 and SSP5-8.5. 
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Table 1. Summary information of data.
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Data Category

	
Data Name

	
Time Resolution

	
Spatial Resolution

	
Data Sources






	
Land use

	
-

	
2000–2020

	
300 m

	
ESA CCI Land Cover project

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-land-cover?tab=overview accessed on 20 September 2021)




	
Climate data

	
temperature

precipitation

	
2000–2020

	
Meteorological station

	
China Meteorology Administration (http://data.cma.cn accessed on 10 December 2021)




	
Climate scenarios

	
temperature

precipitation

	
2021–2100

	
-

	
World Climate Research Programme

(https://esgf-node.llnl.gov/search/cmip6/ accessed on 1 July 2021)




	
Terrain Data

	
DEM

	
2003

	
30 m

	
NASA Shuttle Radar Topographic Mission (https://srtm.csi.cgiar.org/ accessed on 15 June 2020)




	
Socioeconomic data

	
GDP

population

	
2015

	
1 km

	
1 km Grid GDP, 1 km Grid population of Chinese Academy of Sciences (www.resdc.cn/ accessed on 20 June 2020)




	
residential site

	
2020

	
vector data

	
National Geographic Information Data

(www.webmap.cn/commres.do?method=dataDownload accessed on 3 September 2021)




	
traffic network











 





Table 2. PLES classification and multi-functional assessment in the URHR.
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PLES

	
Land Use

	
Production Function

	
Ecological Function

	
Living Function






	
production space

	
dryland

	
5

	
3

	
0




	
paddy field

	
5

	
3

	
0




	
ecological space

	
forest land

	
0

	
5

	
0




	
grassland

	
3

	
5

	
1




	
water land

	
3

	
5

	
0




	
living space

	
building land

	
3

	
0

	
5











 





Table 3. Transition matrix of future PLES in the URHR (km2).
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Research Period

	
PLES

	
SSP 2-4.5

	
SSP 5-8.5




	
PS

	
ES

	
LS

	
PS

	
ES

	
LS






	
2020–2030

	
PS

	
12,216

	
373

	
1

	
12,495

	
96

	
0




	
ES

	
459

	
49,422

	
0

	
178

	
49,701

	
1




	
LS

	
5

	
5

	
211

	
7

	
3

	
211




	
2030–2050

	
PS

	
12,056

	
356

	
1

	
12,203

	
208

	
3




	
ES

	
521

	
49,522

	
1

	
380

	
49,661

	
2




	
LS

	
13

	
3

	
219

	
8

	
11

	
216




	
2050–2100

	
PS

	
11,200

	
790

	
0

	
11,419

	
571

	
0




	
ES

	
1201

	
49,245

	
1

	
981

	
49,465

	
1




	
LS

	
12

	
9

	
234

	
14

	
7

	
234
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