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Abstract

:

It is essential to study the characteristics of land use change in the Fuxian Lake basin, a plateau lake in Yunnan Province, and to predict the basin’s future trend of land use change for sustaining the key carriers of current national major strategies such as ecological civilization, green development, and rural revitalization. This study used the Fuxian Lake basin as the subject and based on the seven periods of historical land use data, added six driving factors including human and natural factors, applied patches to generate the land-use simulation model (PLUS), and forecasted and analyzed the characteristics of land-use change in the basin in 2048 under the three scenarios of natural trend development, ecological protection, and production protection. The results showed that: (1) the overall simulation accuracy of the model was 79.14%, Kappa index was 0.73, FOM value was 0.29, and the model’s consistency was high. The model can be used to simulate future land-use changes in the Fuxian Lake basin. (2) In the natural development scenario, land-use development and the driving factors in the basin have the following relationship: rainfall and trunk road distance significantly impacted the types of land that emphasize ecological conservation and product development. Elevation and soil distribution characteristics had a significant impact on land types focused mainly on water zones and ecological protection. The land types mainly focused on urban construction were greatly affected by elevation, trunk road distance, GDP per capita, and other factors. (3) The main direction of land-use change in the watershed is the mutual conversion between farmland and forest land, with the continuous expansion of construction land. In the production protection scenario, the area of farmland increased by 44.79 hm2. In the ecological protection scenario, the area of arbor forest land increased by 37.85 hm2 and the area of shrub forest land decreased by 62.37 hm2. (4) From the perspective of spatial distribution patterns, the regional hotspot change blocks are mainly concentrated in the north of the basin, along the coast of the north of Fuxian Lake, and the southern land. In general, the PLUS model had good applicability in this study. The simulation results of the different scenarios were in line with the land development in the Fuxian Lake basin and can provide scientific reference for land-space planning, ecological and production land constraints, and coordination of development in the Fuxian Lake basin.
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1. Introduction


Land-use/land-cover (LULC) changes are closely associated with the interaction of human production space, living space, and ecological space [1,2,3]. LULC change research focuses on simulating and exploring their spatial–temporal evolution at the regional or global scale, analyzing the dynamic mechanisms of its development, and modeling its dynamic trends [4]. In general, cities have production, living, and ecological functions in any area [5,6]. Among these, ecological functions are essential, and the optimization of urban ecological functions provides support for human production and life. Some researchers found that forest land, grassland, and water area account for a large proportion of ecological space, and the evolution of the ecological space is a dynamic evolutionary relationship between living space, ecological space, and production space, as well as the various land types within them [7]. Previous land-use simulation models were linear and numerical and all the processes of land-use change could not be integrated [8,9].



Cellular automata (CA) can represent the complex LULC system and is widely used in land-use simulations and predictions [10,11]. CA models have been applied to simulate land-use changes, and the results have the advantages of strong dynamic simulation ability, limited data, simple calibration, and can reproduce different land-cover and complicated patterns [12]. Among the various models, the CA model can dynamically reflect the complex structure of an urban system. An extended version of this model has been widely used in the simulation of urban growth, such as the SLEUTH model [13], CLUE-S model [14,15], CLUMondo model [16,17], and the Multi-Agent System (MAS) model [18,19]. However, in the conversion process of most models, the competition and mutual influence between the different land types are usually ignored. The PLUS model is derived from the CA model and proposes an adaptive, inertial competition mechanism in the random forest classification algorithm for bi-state decision making. The PLUS model is an improved cellular automata model, which focuses on the nonlinear relationship between land use and underlying cover, and can tap the driving factors of land expansion and landscape change with the ability to reflect the landscape evolution of patches and the use potential for policy formulation. Compared with other models, PLUS models can obtain higher simulation accuracy and more similar landscapes, and can further explore potential land-use conversion rules [20] to identify the drivers of land expansion and project landscape dynamics [21,22]. However, the cellular automata model for land-use change has insufficient accuracy [23]. In order to improve the accuracy of land-use simulation and reduce errors, scholars have improved the original cellular automata model from different perspectives. For example, Verburg et al. [24] proposed the CLUE-S model based on systems theory, and the FLUS model proposed by Liu et al. [25] transformed and upgraded the original cellular automata model by establishing self-adaptive inertia and a competition mechanism to process the complex competitions and interactions between the various land-use types. The PLUS model has been widely used to investigate the evolution of land-use spatial patterns and the driving factors affecting land-use change. The PLUS model simulated the land-use pattern of key mountain development areas [26]. The PLUS model explored the spatiotemporal change characteristics of land use in the Weihe River basin [27]. The PLUS, Future Land-Use Simulation (FLUS), and Markov models were used to simulate and predict the land-use status quo in the western Beijing ecological reserve in 2020 under two management scenarios [28]. The results showed that the PLUS model’s prediction accuracy was high. The PLUS model simulated future land-use changes in Xi’an [29]. The PLUS model forecasted and analyzed future land-use changes in the middle reaches of the Yangtze River basin [30]. The PLUS model simulated the land-use data of Nanjing in 2025 [31]. Under different land-use constraints, the development direction and the evolution of land-use spatial patterns are also different. The PLUS model simulates land-use change under different land-use application scenarios [32,33,34,35], such as natural tendency development, ecological land protection, ecological and economic balance, economic development scenarios, rural development, and commercial circumstances.



At present, land-use change scholars utilizing these models have mainly concentrated on urban areas [36,37,38] and rarely on Ecological Conservation Areas [39]. Moreover, as a newly proposed land-use model, there are few studies incorporating the PLUS model. The Fuxian Lake, as a typical large deep-water plateau lakes in China, has outstanding representativeness in facing regional ecological problems such as ecological environment and ecological space. While verifying the accuracy of the PLUS model in simulating the land-use of the basin in the future, this study sought to understand the evolution of the spatial pattern of land use in the basin through the comparison of multi-scenario simulations including predictions of ecological protection, production protection, and natural trend development of the basin, effectively highlighted the land hotspots and key areas in the basin. Our model also provides methods for future land-use simulation in the basin, and regional land-use planning, land conversion constraints, and a scientific reference for the layout of production space and living space. Cloud content and data accuracy were involved in the selection of remote sensing image data. The forecast period conformed to the domestic national economic planning guidelines and the period of land, forestry, and other relevant thematic planning. Due to the constraints of the actual situation, this study chose 2018 as the starting year of the prediction and selected 2048 as the forecast year, according to the planning habit of adopting integer years in most of China.




2. Materials and Methods


2.1. Study Area


The Fuxian Lake basin (24°21′–24°38′ N and 102°49′–102°57′ E) [40] with an area of 68,725 hm2, is located in Yuxi City, Yunnan province, in the central Yunnan basin. The Fuxian Lake basin has a typical subtropical subhumid monsoon climate, with an average annual temperature of 15.5 °C and spans across the Jiangchuan, Huaning, and Chengjiang counties/districts (Figure 1). It is dominated by plateaus and hilly landforms. In the basin, there are primarily four types of soil: red soil, brown soil, purple soil, and paddy soil. The rural economy in the basin is dominated by the planting industry and the tourism industry has developed rapidly. Fuxian Lake is a north–south tectonic depression belonging to Nanpanjiang River system and is the largest deep-water freshwater lake in China. The elevation of Fuxian Lake is about 1723.35 m a.s.l. with an area of 216.6 km2, average depth of 95.2 m, and capacity of 108 m3.




2.2. Data Source and Processing


The data classification in the Fuxian Lake basin are the Land-sat series data from 1990, 1995, 2000, 2005, 2010, 2015, and 2018 with a data resolution of 30 m × 30 m. The ENVI5.2 software was used to process the filtered images with multi-band synthesis, atmospheric correction, geometric correction, image mosaic, clipping, enhancement, etc. After radiation correction, the spectral curve of the sample point is relatively consistent with that of the standard ground objects [41,42]. Based on field investigation and the data collected, the interpretation signs of remote sensing were established. Visual interpretation and classification of remote sensing images were carried out on the basis of land resource classification, forest land classification, and other systems. Finally, combined with site verification, land-use types in the Fuxian Lake basin were classified into Fuxian Lake basin farmland, arbor forest land, shrubbery land, other forest land, urban and rural residential construction land, swamp wetland, other construction land, industrial and mining construction land, other grassland, artificial wetland, and lake and transportation land. Six factors, including per capita GDP, population density, average annual rainfall, distance from main trunk roads (referred to as “trunk road distance”), and soil distribution and elevation, were comprehensively selected as the driving factors affecting land-use change, based on the consideration of economic development, community coordination, natural protection, and other factors in the Fuxian Lake basin. The projection conversion, resampling, mask, and the other tools of ArcGIS 10.2 software were used to process the spatial accuracy of the data for consistent driving factors and land-use type data with a set resolution of 30 m × 30 m, projected as WGS_ 1984 grid data.




2.3. Research Method


2.3.1. PLUS Model and Operation Mechanism


(1) PLUS model mechanism



The PLUS model comprises the cellular automata (CA) module, the multi-type patch strategy, and the rule mining method based on the land expansion analysis strategy with a better interpretation of the influencing factors of various land-use changes and a higher precision for the simulation results [9]. By evaluating and selecting the parts of various types of land expansion in the previous and subsequent land data and combining the spatial characteristics of the driving factors, the PLUS model uses a random forest method to determine the probability of development of various types of land. The Markov chain estimates the quantity of future land use as the constraint condition of land use. Then, random patches are generated based on the CARS module and other relevant parameter settings. Finally, combined with the land transfer cost matrix and threshold decline mechanism, the spatial pattern of future land use in the Fuxian Lake basin was simulated and predicted.



(2) Prediction of land-use demand



In the PLUS model, the Markov chain and linear regression methods were integrated to determine future land-use demand, which was predicted based on historical data. The general linear regression method is a static model, that can be used to predict the land area that will be used in the future. It cannot be used for visual simulation of land-use spatial structure [43]. The Markov chain estimates the total amount of future land-use demand through highly efficient and effective predictions of the probability of conversion between land-use types [44]. In this study, the Markov chain method was mainly used to predict the land-use cover in 2048 and then used to analyze the land-use change in the Fuxian Lake basin. The land-use cover predicted by the linear regression method in 2048 was only used to assist the hotspot analysis of land-use changes in areas used by subsequent analyses.



(3) Land-use simulation process



The land-use simulation process of the Fuxian Lake basin was divided into three parts: (1) the PLUS model was used to simulate the land-use data in 2018, and the accuracy and consistency were compared with the real data of 2018, based on the land-use data and driving factors in 1990 and 2018; (2) on the premise that the overall accuracy and consistency of the model is satisfied, different rules were set for the transformation of land-use types, and the land-use data in 2048, generated by the Markov chain method and linear regression method as the constraint, were used to simulate the spatial pattern distribution of land use in the Fuxian Lake basin in 2048 based on the historical data and the land-use data in 2018 as the prediction starting point; and (3) we extracted the hotspots of land-use change in the watershed (e.g., the spots that change and change consistently in the future under the prediction of different methods).




2.3.2. Calculation of Land-Use Dynamic Degree


The dynamic degree of land use can be quantitatively calculated through the land quantity change model, which can directly reflect land resource changes [45]. In this study, the change degree of land-use types of different land types [46] and the dynamic degree of the comprehensive land use of the study area [47] in different change periods were calculated by using the land quantity change model to assist in exploring the characteristics of land-use change in the Fuxian Lake basin from 1990 to 2018. The formula is as follows:


  L C =   L  U j  − L  U i    L  U i  × T   × 100 %  



(1)






  Z L C =  [     ∑ m n  Δ L  U  m − k     2 ×  ∑ m n  L  U m     ]  ×  1 T  × 100 %  



(2)







In the above formula, LC is the dynamic degree of a single land-use type; T is the research period; LUi and LUj are the areas of a land type at the beginning and end of the research period, respectively; ZLC is the dynamic degree of comprehensive land use; n is the total number of land-use types in the Fuxian Lake basin; ∆LUm-k is the absolute value of the area of type m land-use converted to type k land-use type in the study period; and LUm is the area of type m land-use at the start of the study.




2.3.3. Rules for Conversion of Land-Use Types


The regional land development demands determine the development orientation of land space to a certain extent. Combining the current land-use situation in the Fuxian Lake basin with the requirements of national policies on land, the simulation of future land use should include land conversion constraints that meet the relevant planning criteria. These can provide certain decision-making references for sustainable economic development and ecological protection, and assist in the formulation of scientific and reasonable land-use planning and environmental protection planning to optimize the spatial layout of regional land use.



In this study, the land transfer matrix in the PLUS model was configured to define three different land-use type transformation rules and simulate the spatial layout of land use under three scenarios. In the transfer matrix, the “0” value indicates that conversion is not allowed, and the “1” value indicates that conversion is allowed. Under the natural trend development scenario, all the land transfer matrices were set as “1” values, indicating that all land types may be transferred out or transferred in from other land types. Under the production protection scenario, land-use transformation focuses on ensuring that farmland does not change excessively and limiting the quantity and direction of its transfer. Under the ecological protection scenario, land-use transformation mainly considers the protection of forests, waters, wetlands, and other ecologically sensitive areas in the Fuxian Lake basin.





2.4. Precision Inspection


In this study, the Kappa coefficient and FoM (Figure of Merit) value were applied to evaluate the accuracy of the PLUS model simulation results. The closer the Kappa coefficient value is to 1, the better the simulation accuracy is. When the Kappa coefficient is higher than 0.7, it indicates that the simulation accuracy of the model is statistically satisfactory [48]. The FoM value is generally small, ranging from 0 to 1. The higher the value, the higher the consistency between the model prediction results and the actual values [49]. It can be used to identify the accuracy of the area where changes occur between the whole land and the simulation results.





3. Results


3.1. Analysis of Land-Use Characteristics in the River Basin


3.1.1. Analysis of Quantity and Structure Characteristics


In the Fuxian Lake basin, arbor forest land, farmland, shrub forest land, and other forest land were the dominant land types. Urban and rural residential construction land, swamp wetlands, grasslands, artificial wetlands, other construction land, industrial and mining construction land, and transportation land occupied a relatively low proportion in the Fuxian Lake basin. The area of lakes has not changed much over time. Arbor forest land, farmland, other forest land, grassland, urban and rural residential construction land, other construction land, and transportation land showed a significant growth trend, while shrub forest land area decreased annually, with the largest change range among all the land types. In summary, ecological and production protection are the main land-use development strategies in the studied region. With the continuous development of urban construction, the population in the basin is increasing, and the demand for food and construction land is increasing every year. The expansion of the majority of land types has occupied the original shrub forest land, leading to the continuous reduction of its area (Figure 2).




3.1.2. Analysis of the Dynamic Degree of Land Use


Using Formula (1), the dynamic degree of change of land use of the 12 land types in the Fuxian Lake basin in five periods from 1990 to 2018 was calculated. In the basin, the change rate of land for transportation was the fastest, and construction land reached the maximum growth rate from 1995 to 2000. The other construction land, industrial and mining construction land, urban and rural residents’ construction land, and artificial wetlands increased to a certain extent from 2010 to 2018 with the development of regional urban construction. Since the total amount of farmland and arbor forest land is large, the dynamic degree of land use is small compared with other land types in the historical period and Fuxian Lake has basically remained unchanged. During each study period, the shrub forest land showed a negative growth rate, indicating that the degradation of shrub forest in this region was relatively severe. However, the area of the other forest lands, grasslands and swamp wetlands were relatively small. The annual average change rate was relatively high, with noticeable changes from 2005 to 2018 (Table 1). According to Formula (2), the comprehensive land-use dynamic degree of change of the whole Fuxian Lake basin during the five study periods from 1990 to 1995, 1995 to 2000, 2000 to 2005, 2005 to 2010, and 2010 to 2018 were 0.22, 0.40, 0.57, 0.42, and 0.45, respectively. The land use in the basin has changed to different degrees at different times. The comprehensive land use dynamic showed a trend of increasing initially, then slowing down before increasing again. The degree of land change is more intense after 2005, which is consistent with a single type of land-use dynamic change.



Based on the comprehensive analysis of the single land type and the dynamic degree of extensive land use in the whole region, it can be seen that there are small land types in the Fuxian Lake basin with a large degree of change, such as land for transportation, other construction land, artificial wetlands and other human factors, which have a significant impact on the dynamic degree of land use in the whole region, reflecting that with the continuous improvement of urbanization level, human activities have a more significant impact on farmland and a potential large disturbance to forest land.





3.2. PLUS Model Accuracy Verification


Based on land-use data from 1990, the relevant parameters were inputted into the model to simulate the spatial distribution of land use in the Fuxian Lake basin in 2018, and the simulation results were tested using current land-use data from 2018. The results showed that the overall simulation accuracy of the model was 79.14%, the Kappa index was 0.73, and the FOM value was 0.29. These results show that the model has good applicability in this study. In addition, the PLUS model can be used to simulate the future land-use development of the Fuxian Lake basin.




3.3. Driver Contribution Analysis


When investigating the relationship between the expansion of land-use types from 1990 to 2018 and the driving factors, the labels and the extracted values of multiple driving factors at exact locations were used to reconstruct the training dataset, so as to calculate the contribution of the driving factors to the development and change of each category (Figure 3). The analysis in Figure 3 shows that the influence of different driving factors on land-type changes was different. Farmland and the other forest land were mainly driven by rainfall and trunk road distance, with rainfall also being the main driving factor affecting grassland changes. Soil distribution was the main driving factor affecting the change in swamp wetlands and transportation land. The change in swamp wetlands, transportation land, and artificial wetlands was mainly driven by elevation. The change in industrial and mining construction land was primarily driven by per capita GDP. The change of the other construction land, arbor forest land, and industrial and mining construction land was mainly driven by the distance between main roads. The driving force of elevation and population density dramatically influenced the change in urban and rural residential construction land. The number of shrub forest land continued the trend of decreasing over time, which was greatly influenced by elevation and population density, indicating that the disturbance to this land type in the Fuxian Lake basin was sustainable and conformed to the actual situation of urban construction site selection and economic development occupation in the Fuxian Lake basin. However, the driving effect of the PLUS model on lake area changes cannot be simulated. The reason is that the net change of the lake was small, and the area change was less than 7 hm2 from 1990 to 2018, which is almost unchanged compared with other land types.




3.4. Land-Use Prediction Results under Multiple Scenarios


The PLUS model was used to simulate the changes in land use under three different scenarios, driven by the demand for future land use to obtain land-use predictions for the Fuxian Lake basin in 2048. According to the analysis of the land-use type transfer matrix table (Table 2), the spatial distribution of predicted land-use types in 2048 (Figure 4), and the percentage of predicted changes in land use under three scenarios (Figure 5), it can be concluded that in the natural trend development scenario, the demand for food from urban construction development and population growth occupied forest land by a large margin, whereas construction land, farmland, and grasslands increased by a large margin. Specifically, the area of arbor forest land that was converted to other construction land and farmland was 190.55 hm2, 474.23 hm2, and 2286.99 hm2, respectively. Shrub forest land was degraded to grassland. In the production protection scenario, less farmland was converted to other types of land. The traffic and transportation land used to assist agricultural production activities increased, while forest land was still decreased. The area of arbor forest land converted to farmland was 434.55 hm2, and the area of shrub forest land and urban and rural residential land converted to traffic and transportation land was 210.43 hm2 and 133.21 hm2, respectively. In the ecological protection scenario, the development of shrub forest land and arbor forest land increased compared with the natural trend. Urban construction and development were based on farmland expansion to reduce the occupation of arbor forest land and shrubbery forest land. Specifically, the area of farmland and grasslands that were converted to arbor forest were 383.04 hm2 and 102.19 hm2, respectively, while shrub forest land was rarely converted to other land types. The predicted land-type distribution of the lake surface of Fuxian Lake and the swamp wetland area distributed around it under the three scenarios was basically unchanged, which was consistent with the minimal changes of lake surface area and water volume in Fuxian Lake during the historical period. In general, the land-type changes in the Fuxian Lake basin had different land-use type transformation directions under different land-use management and control measures. Among them, farmland, arbor forest land, shrub forest land, urban and rural residential construction land, and transportation land were subject to frequent expansion and changes and were vulnerable to human control and management. The distribution law of production space was related to artificial land surface distribution space. At the same time, attention should be paid to the dynamic changes in ecological space types and structures caused by continuous urbanization.




3.5. Analysis of Land-Use Change Hotspots in the Study Area


Figure 6 shows the comparison of land types in critical areas with respect to land-use changes under the three scenarios. Figure 7 shows the spatial distribution of hotspots of land-use changes. In terms of land use, the number of hotspots in the ecological protection scenario was the largest, with an area of 2369.34 hm2. The number of hotspots under the production protection scenario was second, with an area of 1498.41 hm2. Farmland and forest land were the hotspots in the Fuxian Lake basin. The growth of farmland space was mainly at the cost of reducing the spatial development of urban and rural residential construction land. The number of hotspots under the natural trend development scenario was the least, with an area of only 1086.21 hm2. Farmland, arbor forest land, urban and rural residential construction land, and grasslands were all hotspots in the Fuxian Lake basin. The development of farmland and forest land was relatively strong, and there was a contradiction between squeezing and occupying land space.



In geographical space, the northern part of the study area consisting of the coast of the north Fuxian Lake and the southern land, was the hotspot of land-use changes. Under the ecological protection scenario, compared with the other two scenarios, shrubland had the smallest reduction and east of the northern bank of Fuxian Lake, the area with an average elevation of about 1800 m showed expansion. On the land north of Fuxian Lake, a large number of contiguous forest land showed a large number of infiltration expansions around the road. The land for construction and transportation of urban and rural residents was only dispersed and expanded from the original area. The reason is that this area was originally residential land and farmland, with gentle terrain and surrounded by forest land on three sides. In this situation, the development of forest land restricted the conversion of construction land outside the ecological space under the natural trend development scenario. The other forest land showed simultaneous expansion with forest land and shrub forest land on the south bank of the study area and west of the northern bank of Fuxian Lake; grassland, which had a reciprocal transformation relationship with arbor forest, expanded the most in this scenario. These results indicate that the conversion potential of the other forest land is very large and flexible, which can be used as the first consideration for the construction and occupation of the forest lands. At the same time, attention should be paid to the grassland to prevent the potential degradation of forest land into grassland. In the production protection scenario, the farmland in the northern part of the region with the highest annual rainfall presented a large and concentrated development trend. At the same time, artificial wetlands such as reservoirs and ditches, which are helpful for irrigation and auxiliary uses, and transportation land have a certain growth distribution along with the expanded cultivated land. It shows that regional production development is closely related to transportation land and artificial wetland, and it is important to consider the development of such land in land planning in regards to the development of production.





4. Discussion


4.1. Driving Forces and Suggestions for Land-Use Change


In this study, the PLUS model was used to explain the influence of driving factors on land use and land cover from a qualitative perspective. In the Fuxian Lake basin, the land type mainly involved in terrestrial ecological protection, such as arbor forest land, other forest land, and grassland, and the land type most suitable for product development, such as farmland, were greatly affected by the human factor of the distance between the main roads and the natural factor of rainfall. Natural factors such as elevation and soil distribution had a great influence on the wetlands, such as swamp wetlands and artificial wetlands. The land types mainly used for urban construction, such as transportation land, urban and rural residents’ construction land, other construction land, and industrial and mining construction land, were greatly affected by natural factors such as elevation and soil distribution, and human factors such as trunk road distance, per capita GDP, and population density. Based on the driving effects of land-use changes, the conflict between production development and ecological protection should be fully considered in the Fuxian Lake Basin [50] so as to reasonably update the main driving factors of land-use changes. In the future process of land-use development and protection, we can refer to the main driving factors of land-use changes in this study, and give the driving factors greater influence in planning, project construction site selection, and ecological service improvement.




4.2. Land Change Trends and Benefits in Different Scenarios


The predicted land-use types in the Fuxian Lake basin have continued the historical change trend since 1990. Lakes, arbor forests, farmland, and shrub forests are still the dominant land types in the Fuxian Lake basin. The lake area is relatively stable, and the artificial surface area is slightly growing. The land-use development changes are still dominated by ecological protection and production protection measures. Three land-use scenarios were adopted for simulation and prediction based on the characteristics of land-use development in the Fuxian Lake basin. The results of the multi-scenario simulation showed that the forecast direction of land-use change is quite different in different land-use control scenarios. The results of the multi-scenario simulations showed that under the natural trend development scenario, farmland took over a lot of arbor forests, shrubbery turned into grassland, and the construction land of urban and rural residents developed on farmland, swamp wetlands, and other types of land; under the production protection scenario, farmland expanded. Under the ecological protection scenario, arbor forest land expanded. Under the production protection scenario, farmland expanded. By predicting future land-use changes, the direction of regional land-use development can be mastered, which is helpful for decision makers to evaluate and plan regional land-use development modes and optimize land-use structure in future constructions [51]. The results of our simulations and predictions are also consistent with the current regional development pattern. Our model is a valuable reference for policies for future land-use space control, governance, and even restoration in the Fuxian Lake basin.




4.3. Fuxian Lake Basin Hotspot Changes and Land-Use Suggestions


Our results can provide a theoretical basis and methodological support for land-use prediction and future ecosystem service value calculation under different development constraints. The main direction of land-use change in the Fuxian Lake basin is the conversion between farmland and forest land and the continuous expansion of construction land. From the perspective of spatial distribution patterns, the hotspot change plots are mainly concentrated in the northern part of the basin and along the northern coast of Fuxian Lake. The analysis of the development direction of the different land types and the hotspots of land types in different scenarios helps provide theoretical support for land-use planning, ecological governance and restoration, and agricultural development and protection in the Fuxian Lake basin. The reduction of cultivable land will have an impact on food security. The red line of cultivated land protection should be strictly observed, the production efficiency of cultivated land should be improved, and existing cultivated land should be intensively used. Shrub forest land and forest land are the main types of forest land transfer, so attention should be paid to the protection and restoration of forest land in key ecological areas [52], and the direction of land-use conversion between ecological space and production space should be adjusted. Considering the current characteristics of regional urbanization development, on the one hand, the transfer of cultivated land should be restricted, and on the other, the transfer of forest land should be controlled to ensure that there will be no drastic changes in the ecosystem in urbanized areas [42] and effectively mitigate the continuous crowding out of ecological and production space by artificial surface expansion.




4.4. Consideration of Simulation Accuracy of Land-Use Change Based on PLUS Model


The overall simulation accuracy of land-use prediction in this study is slightly lower than that simulated by other researchers using the PLUS model. On the one hand, the historical data used in the study spans about 30 years, and the data resolution is not high enough due to the impact of data quality and technological development, which is an inevitable objective factor. On the other hand, although the influence of climate change, human activities, and other factors were comprehensively considered in the process of formulating the simulation rules, six driving factors, including natural and human factors, were extracted to improve the accuracy of the model as much as possible. However, due to the limitations of acquisition of some data, there are still some factors (such as settlement distribution data [53], mean annual temperature data [54], and soil organic carbon data [55]) that cannot be fully considered. In future studies, efforts will be made to collect higher-resolution land classification data and incorporating more drivers that include both natural and human factors. To improve its accuracy, the simulation of land-use changes may be made more scientific, reasonable, and pertinent. Thus, it may more effectively encourage the preservation, repair, and enhancement of land resources and contribute to the region’s sustainable development.





5. Conclusions


This study used the PLUS model to analyze the spatiotemporal evolution of land use/land cover and the driving factors of land-type change in the Fuxian Lake basin from 1990 to 2018. The present study predicted land-use quantity, spatial distribution characteristics, and change trends in three scenarios in 2048. Specifically, this study showed:



1. The land types in the Fuxian Lake basin, which mainly focused on land ecological protection and production development, were greatly affected by the natural factor of rainfall and the human factor of the distance from the trunk road. The land type dominated by urban construction was greatly affected by the natural factors of elevation and soil distribution, and human factors of trunk road distance, per capita GDP, and population density.



2. The predicted land-use types in the Fuxian Lake basin have continued the historical change trend since 1990. Lakes, arbor forests, farmland, and shrub forests are still the dominant land types in the Fuxian Lake basin. The lake area is relatively stable, and the artificial surface area is slightly growing. The land-use development type is still dominated by ecological and production protections.



3. The results of a multi-scenario simulation showed that under the natural trend development scenario, farmland occupied a large number of arbor forests, the shrub forest land largely degenerated into grassland, and the urban and rural residents’ construction land expanded onto farmland, swamp wetlands, and other land types. Farmland showed an increasing trend under the production protection scenario. Under the ecological protection scenario, the arbor forest land showed positive growth, while the negative growth rate of shrub forest land decreased. In the Fuxian Lake basin, the main direction of land-use changes is the exchange of farmland and forest land, as well as the constant growth of construction land.
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Figure 1. The map of the Fuxian Lake watershed. 
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Figure 2. Changes in the number of different categories in the Fuxian Lake basin from 1990 to 2018. 
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Figure 3. Contribution of driving factors to changes in various categories of land use. 
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Figure 4. Spatial distribution map of land-use types in 2048. The forecast performed according to the three scenarios. 
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Figure 5. Percentage of predicted land−use changes under different scenarios. 
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Figure 6. Comparison of land type area in hotspots. 
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Figure 7. Spatial distribution map of land types in hotspots of land-use changes. 
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Table 1. Relative annual change rate of various land-use types in the Fuxian Lake basin.
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	Study

Period
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	1990–1995
	3.76
	−0.49
	13.47
	0.54
	0.00
	3.94
	3.16
	3.68
	−0.94
	−0.35
	2.13
	−1.35



	1995–2000
	5.15
	1.47
	5.37
	−1.56
	0.00
	31.61
	−0.25
	0.56
	0.53
	−0.33
	0.17
	−1.95



	2000–2005
	0.66
	2.32
	−0.25
	−3.34
	−0.01
	7.60
	5.02
	2.86
	−0.70
	0.37
	−0.17
	−0.35



	2005–2010
	2.18
	−0.46
	0.99
	−2.32
	0.00
	0.05
	16.63
	−0.29
	4.77
	0.69
	−2.77
	0.40



	2010–2018
	2.90
	−0.69
	−2.62
	−2.32
	0.00
	14.86
	4.49
	9.93
	6.16
	−0.10
	8.00
	6.17







Note: 1—Construction land for urban and rural residents; 2—Farmland; 3—Industrial and mining construction land; 4—Shrub forest land; 5—Lake; 6—Transportation Land; 7—Grassland; 8—Other construction land; 9—Other forest land; 10—Arbor forest land; 11—Artificial wetland; 12—Swamp wetland.
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Table 2. Land-use type transfer matrix from 2018 to 2048.
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Scenario

Type

	
Land Category

in 2018

	
Land Category in 2048

	
Total




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
Production protection scenario

	
Construction land for urban and rural residents

	
1892.38

	
9.80

	

	
25.21

	
1.72

	
133.21

	
11.85

	
69.31

	
1.03

	
20.94

	
14.79

	
64.64

	
2244.88




	
Farmland

	
6.81

	
12,352.94

	
0.44

	
7.30

	

	
8.13

	
3.09

	
1.15

	
0.89

	
27.40

	
1.19

	
1.35

	
12,410.69




	
Industrial and mining construction land

	

	
0.99

	
200.47

	
4.39

	

	
7.21

	
8.05

	

	
0.31

	
16.40

	

	

	
237.81




	
Shrub forest land

	
0.81

	
90.58

	
0.48

	
5808.31

	
0.56

	
210.43

	
203.88

	
0.59

	
36.06

	
390.39

	
5.31

	
56.50

	
6803.90




	
Lake

	
0.56

	

	

	
0.41

	
21,623.80

	
0.65

	

	
0.19

	

	
0.25

	
0.03

	
11.36

	
21,637.26




	
Transportation Land

	
25.93

	
7.28

	
6.08

	
2.33

	
0.99

	
357.38

	
7.81

	
8.51

	
0.24

	
16.39

	
2.39

	
16.77

	
452.09




	
Grassland

	
0.03

	
5.43

	
0.18

	
10.72

	

	
5.85

	
654.16

	
0.09

	
0.92

	
70.38

	
0.99

	
1.11

	
749.85




	
Other construction land

	
10.61

	
2.29

	

	
16.73

	
0.11

	
62.00

	
1.60

	
654.39

	
0.32

	
25.75

	
2.90

	
7.73

	
784.45




	
Other forest land

	
0.64

	
1.86

	
0.12

	
3.19

	

	
0.13

	
1.23

	
0.13

	
2380.08

	
12.11

	
0.02

	
0.14

	
2399.64




	
Arbor forest land

	
3.24

	
434.55

	
4.90

	
610.73

	
0.17

	
28.30

	
222.13

	
3.19

	
95.24

	
18,162.93

	
36.81

	
27.91

	
19,630.08




	
Artificial wetland

	
0.04

	
1.78

	

	
28.86

	

	
0.24

	
8.84

	
0.13

	

	
60.03

	
193.18

	
2.16

	
295.25




	
Swamp wetland

	
2.96

	
0.89

	

	
2.09

	
4.45

	
6.69

	
0.01

	
0.23

	
0.11

	
3.59

	
0.05

	
1058.01

	
1079.07




	
Total

	
1944.00

	
12,908.40

	
212.66

	
6520.26

	
21,631.80

	
820.22

	
1122.63

	
737.91

	
2515.20

	
18,806.56

	
257.66

	
1247.67

	
68,724.96




	
Natural development scenario

	
Construction land for urban and rural residents

	
2071.95

	
18.21

	

	
10.52

	
1.50

	
2.41

	
15.82

	
7.68

	
0.80

	
9.31

	
13.76

	
92.93

	
2244.88




	
Farmland

	
51.76

	
12,280.73

	
1.49

	
8.10

	

	
11.58

	
4.83

	
3.24

	
3.82

	
40.89

	
2.05

	
2.21

	
12,410.69




	
Industrial and mining construction land

	

	
2.04

	
225.36

	
0.49

	

	
0.45

	
0.18

	
0.07

	
0.54

	
8.67

	

	

	
237.81




	
Shrub forest land

	
246.62

	
98.07

	
18.26

	
5546.92

	
0.83

	
151.83

	
286.99

	
100.89

	
35.12

	
235.15

	
5.34

	
77.87

	
6803.89




	
Lake

	
2.28

	

	

	
0.69

	
21,622.20

	
0.45

	

	
0.47

	
0.06

	
0.23

	
0.03

	
10.91

	
21,637.31




	
Transportation Land

	
88.29

	
14.53

	
0.37

	
2.34

	
1.07

	
290.02

	
11.69

	
10.77

	
0.26

	
14.07

	
2.16

	
16.54

	
452.09




	
Grassland

	
1.94

	
9.75

	
4.62

	
7.96

	

	
5.06

	
666.72

	
3.56

	
1.09

	
47.00

	
1.15

	
1.00

	
749.85




	
Other construction land

	
190.55

	
4.08

	

	
10.58

	
0.49

	
12.52

	
1.94

	
528.63

	
0.48

	
19.09

	
2.50

	
13.59

	
784.45




	
Other forest land

	
1.03

	
3.47

	
0.16

	
3.41

	

	
0.09

	
1.45

	
0.30

	
2376.47

	
13.12

	
0.00

	
0.14

	
2399.64




	
Arbor forest land

	
87.91

	
474.23

	
22.07

	
351.56

	
0.26

	
21.15

	
121.63

	
31.45

	
95.31

	
18,381.60

	
17.79

	
25.10

	
19,630.06




	
Artificial wetland

	
10.66

	
2.54

	

	
24.74

	

	
0.97

	
11.02

	
30.08

	

	
27.06

	
183.31

	
4.86

	
295.25




	
Swamp wetland

	
57.31

	
1.25

	

	
1.99

	
5.21

	
3.71

	
0.05

	
3.28

	
0.23

	
3.55

	
0.02

	
1002.48

	
1079.07




	
Total

	
2810.27

	
12,908.90

	
272.34

	
5969.31

	
21,631.55

	
500.24

	
1122.32

	
720.41

	
2514.18

	
18,799.73

	
228.12

	
1247.62

	
68,724.99




	
Ecological protection scenario

	
Construction land for urban and rural residents

	
1999.61

	
115.40

	

	
9.86

	
0.76

	
19.10

	
3.90

	
11.88

	
0.53

	
28.29

	
2.18

	
53.39

	
2244.88




	
Farmland

	
850.99

	
10,741.43

	
4.77

	
57.81

	
0.13

	
216.62

	
51.82

	
46.72

	
2.30

	
383.04

	
33.59

	
21.44

	
12,410.68




	
Industrial and mining construction land

	

	
23.43

	
188.93

	
2.13

	

	
0.66

	
1.56

	
0.06

	
0.35

	
20.69

	

	

	
237.81




	
Shrub forest land

	
1.28

	
7.18

	
0.54

	
6163.20

	
0.41

	
1.00

	
40.57

	
0.83

	
35.52

	
499.31

	
0.46

	
53.60

	
6803.90




	
Lake

	
0.32

	
0.20

	

	
0.36

	
21,624.10

	
0.22

	

	
0.08

	

	
0.25

	

	
11.74

	
21,637.27




	
Transportation Land

	
45.41

	
45.27

	
0.67

	
3.27

	
0.54

	
306.39

	
2.07

	
6.96

	
0.04

	
23.18

	
1.27

	
17.01

	
452.09




	
Grass land

	
0.25

	
4.87

	
0.21

	
14.50

	

	
0.83

	
624.55

	
0.13

	
1.00

	
102.19

	
0.60

	
0.70

	
749.85




	
Other construction land

	
21.58

	
34.55

	

	
3.96

	
0.14

	
15.23

	
0.17

	
667.95

	
0.27

	
33.81

	
0.71

	
6.08

	
784.45




	
Other forest land

	
0.51

	
1.42

	
0.10

	
2.97

	

	
0.00

	
1.00

	
0.07

	
2383.64

	
9.70

	
0.00

	
0.22

	
2399.64




	
Arbor forest land

	
5.74

	
39.68

	
0.96

	
399.10

	
0.09

	
2.67

	
159.13

	
2.99

	
89.68

	
18,884.61

	
25.45

	
19.95

	
19,630.05




	
Artificial wetland

	
0.20

	
0.85

	

	
3.01

	

	
0.04

	
2.05

	
0.31

	

	
61.32

	
225.55

	
1.92

	
295.25




	
Swamp wetland

	
3.42

	
1.11

	

	
2.12

	
4.15

	
0.67

	
0.05

	
0.34

	
0.23

	
4.09

	
0.01

	
1062.88

	
1079.07




	
Total

	
2929.30

	
11,015.40

	
196.19

	
6662.28

	
21,630.34

	
563.43

	
886.88

	
738.32

	
2513.56

	
20,050.49

	
289.82

	
1248.92

	
68,724.94








Note: 1—Construction land for urban and rural residents; 2—Farmland; 3—Industrial and mining construction land; 4—Shrub forest land; 5—Lake; 6—Transportation Land; 7—Grassland; 8—Other construction land; 9—Other forest land; 10—Arbor forest land; 11—Artificial wetland; 12—Swamp wetland.
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