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Abstract

:

Analysis of land use sustainability (LUS) coupling socioeconomic and ecological systems has drawn the interest of researchers and decision-makers concerned with sustainable development. Exploring the relationships between land use systems can offer a coordinated route for localized and effective land governance strategies. We proposed a new theoretical framework for LUS considering coordinated development between socioeconomy and ecology. We applied it further to the Xiongan New Area, typical of a new region with government-led construction in eastern China, to explore in depth the coupling and coordination relationship among land use systems and their driving factors. Results revealed that: (1) ecological sustainability grew while socioeconomic sustainability declined in most areas of Xiongan New Area during 2010–2020 at the township level, (2) relationships among land use systems in 2010–2020 showed a trend of coordinated development, but generally, their coordination was still only at a primary and moderate level, with a shift from prominent ecological lag to prominent socioeconomic lag, (3) economic factors are critical to the coordinated development of land use systems, while the influence of ecological factors is also increasing, and (4) four development types were identified for the towns: coupling and developed, coupling and undeveloped, tradeoff and developed, and tradeoff and undeveloped. Policymakers can better appreciate the importance of government interventions in future land use planning in terms of sustainable development with the help of land use zoning optimization and sustainable land governance.
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1. Introduction


Critical land use benefits including crop output, economic advancement, and ecological security play an indispensable part in guaranteeing the basic survival and development of human beings [1]. However, constrained by the limited resources of the land system, these benefits might lead to tradeoffs and potential conflicts because of divergent demands [2,3,4]. For instance, pursuing economic benefits blindly leads to disorderly urban expansion, contributing to the irrecoverable loss of ecological services and undermining the social and environmental benefits of land use [5,6]. Also, the blind pursuit of high crop yields generates high levels of greenhouse gases (GHGs) and other land ecological problems [7]. Hence, a fundamental norm to realize mutually beneficial results of various benefits of land use such as grain output, economic growth, and environmental protection is to promote coordination among them. For a long time, contradictions between socioeconomic progress and the ecological protection generated by land use patterns emphasizing economic outcomes in China have been prominent [8,9,10]. Hence, it has been prioritized to create a harmonious relationship between people and the land through scientific and prudent land development. According to the idea of ecological civilization, the core of harmonious cohabitation between human beings and nature is to focus on the LUS during the urbanization process, creating an ecologically safe regional model, and improving the interactions between beings and nature [11].



Currently, relevant studies on sustainable land use mainly focus on the definition of the connotation of sustainable land use, the construction of the evaluation index system, and the identification of influencing factors [12,13,14,15]. In the context of the definition of content, numerous frameworks have been established and used locally, regionally, and globally to achieve sustainability, such as the vulnerability framework developed by Turner et al. [16] and the socioecological systems framework of Ostrom [17]. However, as of today, the connotation of sustainable development remains fuzzy [18,19], and this lack of a single definition is often recognized as an advantage that provides the flexibility necessary to respond to changes in a specific context [20]. However, this definitional ambiguity also leads to an overly broad concept of sustainable development, which is a disadvantage for monitoring sustainable development targets [21]. Concerning the selection of indicators for evaluating LUS, some studies have selected indicators for evaluation from the perspective of the ecological-economic-social dimension, the production-living-ecological space, the global sustainable development goals, and the soil quality [22,23,24,25,26]. The United Nations 2030 Agenda for Sustainable Development depicts the global sustainable development goals (SDGs) considering socioeconomic and ecological aspects. The 17 SDGs involving land use include SDGs 1, 2, 6, 8, 9, 11, and 15. Since the introduction of the SDGs, little research has examined the system of sustainable development indicators from the standpoint of land use. Simultaneously, existing research mostly focuses on the relationship between land use systems and external factors of the system, such as climate change, urbanization, rural revitalization, human activities, water quality, and surface temperature [2,27,28,29]. These studies emphasize the potential for establishing mutually reinforcing states, specifically coupling and coordination. However, there is a notable scarcity of research exploring the interaction within the internal systems [30,31]. In particular, few studies have specifically examined the links between ecological security and socioeconomic growth within land use. If the main determinants and mechanisms underlying coupling and coordination within the land use system cannot be scientifically identified, it won’t be easy to lead the system on a sustainable development path.



Previous studies on the evaluation of sustainable land use and factor interactions have used a variety of methods, each of which has its advantages and disadvantages. In the context of the evaluation of sustainable land use, indicator estimation methods have been frequently utilized in land sustainability evaluation [24,32] because they provide comprehensive information directly to decision-makers through a set of indicators. In exploring the interaction between two or more elements/systems, commonly used methods include the coupled coordination degree model [33], structural equation modeling [34], etc. Among them, the coupled coordination degree model is most frequently utilized to examine the relationships between many aspects, including urban environmental sustainability, regional development coordination [31,35], etc. because it can be easily visualized and compared regionally [36].



New urban area refers to the new urban areas expanded on undeveloped land, original suburbs, or development zones. It is undertaken to align with the demands of social and economic growth, seeking fresh development space to achieve diverse objectives, including relieving or transferring urban functions, stimulating regional economic development, enhancing the level of innovation, etc. With the continuous expansion of cities, problems such as “big city disease” have become more and more prominent, and the theory and practice of new urban areas have been enriched and improved. At the moment, the research on new urban areas mainly centers on the innovation of investment and financing modes of new areas [37], ecological construction [38,39], land use planning [40,41,42], and land policy research [43], and the research on LUS and management in new zones still needs to be deepened. Since the establishment of the Xiongan New Area, obvious progress has been made in the preparation of territorial spatial planning and the undertaking of non-capital functions. Nonetheless, the current allocation of blue and green spaces within the Xiongan New Area constitutes a relatively small percentage of the total area, with a significant proportion dedicated to arable land. Therefore, in-depth research is required to explore and coordinate the timing of the construction of land for production, living, and ecological purposes.



This paper used Xiongan New Area as a case study to evaluate the changes in the subsystem of LUS and its coupling and coordination connection before and after the progression of Xiongan New Area, taking into account the constraints described above. The main objectives consist of (1) orienting to the framework of sustainable development goals, formulating the evaluation indicator system, and putting forward the theoretical framework of sustainable development of land use from the viewpoint of the relationship between socioeconomic development and ecological protection; (2) evaluating the spatial-temporal distribution, coupling coordination, and its driving variables of the subsystem of LUS at the township level in Xiongan New Area; (3) dividing Xiongan New Area into four different development patterns based on the level of coupled coordination and proposing corresponding policy recommendations. This study added a few things to evaluate LUS compared to earlier ones. Existing research on LUS is more concerned with comprehensive evaluation, and little research has been conducted on the relationship between human well-being and ecological performance in the land use system, therefore, this paper mainly contributes to the integrated consideration of the mutual harmonization of land use between socioeconomic development and ecological protection. Also, Xiongan New Area is a representative new area in China to ease the non-capital functions and promote the coordinated development of urban areas through providing comprehensive policy suggestions. This study is expected to provide valuable references on sustainable land use and management for policymakers in countries or regions at the same stage of development.




2. Construction of an LUS Index System Based on Social-Ecological Systems Theory and SDGs


2.1. Theoretical Framework


The term “social-ecological system” refers to the coupling system formed by the interaction between people and nature, sometimes referred to as a “complex human-earth system” or “human-nature coupling system”, which has the characteristics of complexity, nonlinearity, uncertainty, and multi-layer nesting [44,45]. This theory, put out by Nobel Laureate Ostrom [46], offers a fresh analytical approach and a new theoretical viewpoint for addressing the issue of sustainable resource management. According to the theory, human actions alter and change the structure and function of the ecosystem, resulting in ecosystem products and services that improve human well-being. Humans and nature are intertwined and dependent on one another [47].



We built the land use system using the theory of the social-ecological system. Humans use land sophisticatedly for both commercial and natural reproduction to produce goods and sustain themselves. The land use system contains the socioeconomic system, which has human activities at its core, and the ecological system, which has land ecological products and services at its center. Ecosystems can give high-quality ecological products, services, and protection, whereas socioeconomic systems can offer economic advantages, social security, and life services [48]. There is interaction between the two subsystems. Among them, the social and economic system can increase the effectiveness of resource exploitation through technological advancement, and financial assistance can restore ecological balance. The ecological system, in turn, serves as the social and economic foundation for growth and ensures and supports how those systems function. Geographically, the terms “socioeconomic development system” and “ecosystem” refer to the entirety of the territorial space, including all agricultural, undeveloped, and construction land.



In land utilization, land users can realize rational and efficient use of land through territorial planning, among other ways, to enhance the quality of human life as much as possible, protect land resources from harm, and gain the best social-economic benefits and ecological benefits. The United Nations’ 2030 Agenda for Sustainable Development guides a new development direction for land sustainability. The objectives related to land use can be summarized into two main categories: fair and efficient land use, and improvement of the ecological habitat. The main socioeconomic goals related to land use include SDGs 1 (no poverty), 2 (zero hunger), 3 (good health and well-being), 8 (economic growth), and 11 (social security). The main ecological goals related to land use include SDGs 6 (water conservation) and 15 (life on land).



The notion of coupling coordination degree (CCD) was proposed to explore the intricate interactions between the socioeconomic system and the ecosystem in a sustainable land use system. “Coordination” denotes the level of consistency between subsystems and the degree of proximity to the desired goal. At the same time, “coupling” represents the phenomena of two or more systems interacting with one another in different modes of motion [49]. To gauge the degree of synergy among interacting subsystems, the level of coupling coordination serves as an index. The synergy between subsystems is more potent when the value is higher.



In conclusion, this paper linked the SDGs with the social-ecological systems theory to explore the level of LUS and used the coupling coordination degree model to examine the interactions between sustainable land use subsystems (Figure 1). The graphic illustrates how human activities can combine several components of the land use system to create a closed-loop system. Ideally, each of the subsystems should be in some state of equilibrium, suggesting that a high degree of connectivity and coordination between the different subsystems is necessary for the regional land-use system to continue functioning correctly. However, coordination among land use subsystems is uncommon. One cause could be that excessive human activity greatly strains the equilibrium point. Therefore, local governments would be assisted in adopting targeted policies and actions to manage the link between various land use systems and bolster the joint development of the socioeconomy and ecology.




2.2. Construction of Indicator System


Drawing on existing research and following the norms of systematization, scientificity, representativeness, and accessibility, we developed the evaluation indicator system of LUS by using the above theoretical framework (Table 1) [1,50]. Based on SDG 1, 2, 8, and 11, four indicators were selected for the socioeconomic aspects, including population density [24,51,52], average GDP per km2 [53], grain output, and output of agriculture, forestry, animal husbandry, and fisheries (AFAHF). Among them, population reflects the size of a region’s labor force and the scale of demand for social services and market potential, and changes in population size are of great significance for social stability and high-quality development of the population and economy. GDP is a core indicator of the size of a region’s economy. These two indicators correspond to the entire national land space, including arable land, construction land, ecological land, and unused land. Grain output is the basis for social development, reflecting the region’s food security situation, and the proportion of cultivated land in the Xiongan New Area consistently accounts for more than 50%. The AFAHF reflects the economic vitality of the agricultural sector, helping to increase employment opportunities and improve the economic situation of farmers. These two indicators mainly refer to arable land, namely paddy fields and drylands.



Based on SDG6 and SDG15, four indicators were selected in terms of ecological sustainability, including normalized difference vegetation index (NDVI), soil conservation, net ecosystem productivity (NEP), and water production [54,55,56,57]. Among them, NDVI reflects the ecological characteristics of the region, and the ecological performance of the region can be traced by measuring NDVI [58]. Water yield and soil conservation are the main ecosystem services in Xiongan New Area, which are important for the sustainable development of the land [59]. Land use change can not only change the carbon sequestration in the land ecosystem but also change the carbon emission in the anthropogenic intensive area [60]. The sustainable development of the Beijing-Tianjin-Hebei region pays much attention to the carbon cycle and is committed to improving the ecosystem’s carbon sink function [61]. Therefore, NEP is chosen as an indicator to measure the carbon balance of the Xiongan New Area.





3. Materials and Methods


3.1. Study Area


The middle Hebei province location of Xiongan New Area is 55 km from Beijing Daxing Airport, 155 km from Shijiazhuang, and 105 km from Tianjin (Figure 2). Xiong County, Anxin County, Rongcheng County, and the neighboring areas make up the region, which has a total size of 1770 km2. In the northwest and southeast, the terrain is high and low, respectively. At the end of 2020, Xiongan New Area had 1.29 million people, a per capita GDP of 20,294 yuan, and a 42.75% urbanization rate. The Chinese government vigorously pushed for the Xiongan New Area in 2017 after the Shenzhen Special Economic Zone and the Pudong New Area in Shanghai. Since its founding, over 800 billion yuan has been allocated to important projects that Xiongan New Area has planned and supported. The Master Plan of Xiongan New Area of Hebei Province (2018–2035) states that Xiongan New Area will take over Beijing’s non-capital functions, explore and implement new development modes, and deal with urban sprawl and “urban diseases”. Xiongan New Area would unavoidably undergo significant land use cover/change due to the forthcoming massive urban building, and will also have to deal with issues like population change, industrial transformation, and mounting strain on natural resources [40,62]. The research areas for this study were Rongcheng, Xiong County, and Anxin County.




3.2. Data Sources


In this paper, data from 2010 and 2020 were collected, respectively. Heterogeneous data from multiple sources in this research include socioeconomic statistical data and spatial data. All data are converted to township-based statistical units using the ArcGIS “subdistrict statistics”.



The spatial data includes land use, NDVI, DEM, meteorological, soil, depth of bedrock, and Net Primary Productivity (NPP) data in 2010 and 2020. The land use data of 30 m in the Xiongan New Area was obtained from the 30 m annual land cover in China (http://doi.org/10.5281/zenodo.4417810, accessed on 28 November 2023). The dataset utilizes LandSat data, which consists of nine land use types. The NDVI data with 30 m resolution are from the National Data Center for Ecological Sciences (https://earthdata.nasa.gov/esds/competitive-programs/measures/nasadem, accessed on 28 November 2023). DEM data is from the National Aeronautics and Space Administration (NASA) global 30-m resolution DEM data (https://earthdata.nasa.gov/esds/competitive-programs/measures/nasadem, accessed on 28 November 2023). Meteorological data covers 1 km of monthly precipitation (1960–2020), 1 km of mean monthly temperature (1901–2022), China’s annual spatially interpolated dataset of meteorological elements, and 1 km of monthly potential evapotranspiration data. They are from the National Earth System Science Data Center (http://www.geodata.cn/data/datadetails.html?dataguid=34595274939620&docid=1065, accessed on 28 November 2023; http://www.geodata.cn/data/datadetails.html?dataguid=34595274939620&docid=1065, accessed on 28 November 2023) and Resource and Data Science Center of the Chinese Academy of Sciences (https://www.resdc.cn/DOI/DOI.aspx?DOIID=96, accessed on 28 November 2023). Soil data are obtained from the 1:1 million soil map of China in the Harmonized World Soil Database (https://cuesdata.pku.edu.cn/index.php?c=content&a=show&id=730, accessed on 28 November 2023). Root depth data were obtained from 100 meters depth-to-bedrock map of China (https://wwwnature.53yu.com/articles/s41597–019-0345–6, accessed on 28 November 2023). NPP data at 500 m resolution were obtained from MODID MOD17A (https://lpdaac.usgs.gov/product_search/?view=list, accessed on 28 November 2023).



Socioeconomic statistics include grain production, AFAHF, population, and GDP for Xiongan New Area in 2010 and 2020. Grain production and AFAHF are based on townships as statistical units, and they are from the Hebei Rural Statistical Yearbook and Baoding Economic Statistical Yearbook. Population data and GDP data were provided by the Resources and Environmental Sciences and Data Center, Chinese Academy of Sciences (https://www.resdc.cn/DOI/DOI.aspx?DOIID=32, accessed on 28 November 2023).




3.3. Methods


3.3.1. Calculation of Indicators of LUS


The indicators of LUS include two dimensions: socioeconomic sustainability and ecological sustainability, of which the socioeconomic sustainability indicators and NDVI in ecological sustainability, totaling five indicators, can be obtained directly through the field calculator of ArcGIS. Three indicators of soil conservation, water yield, and NEP are calculated as follows.



	(1)

	
Soil conservation model







The soil conservation function is calculated using the InVEST model and integrates land use data, soil attributes, and data such as DEM data, rainfall data, and vegetation cover factors. It also operates on a raster basis, and produces two assessment results based on the watershed and the raster cells. Two kinds of evaluation results are based on watershed and raster cells.


    S E D R E T   x   =   R K L S   x   −   U S L E   x   +   S E D R   x    



(1)






    R K L S   x   =   R   x   ·   K   x   ·   L S   x    



(2)






    U S L E   x   =   R   x   ·   K   x   ·   L S   x   ·   C   x   ·   P   x    



(3)






    S E D R   x   =   S E   x     ∑  y = 1   x − 1      U S L E   y       ∏  z = y + 1   x − 1    ( 1 −   S E   x   )    



(4)




where     S E D R E T   x     is the amount of soil retention (t) of grid x.     S E D R   x     is the sediment retention of grid x (t).     R K L S   x     is the actual erosion amount of grid x and its upslope grid y (t).     R   x     factor denotes rainfall erosive force factor;     K   x     denotes soil erodibility coefficient; L denotes slope length coefficient;     S   x     denotes slope degree coefficient;     C   x     denotes vegetation cover coefficient (dimensionless);     P   x     denotes preservation measures coefficient (dimensionless).     S E   x     is the sediment retention effectiveness of grid x.



	(2)

	
Water Production Model







The water production module of the InVEST model determines the amount of water produced for each unit by deducting the actual evapotranspiration from the precipitation for that unit. The formula is:


    Y   x j   =   1 −   A E T   x j   /   P   x     ×   P   x    



(5)






    A E T   x j   /   P   x   =   1 +   ω   x     R   x j     /   1 +   ω   x     R   x j   + 1 /   R   x j      



(6)






    ω   x   = Z   ∗   P   A W C   x   /   P   x    



(7)






    R   x j   =   K   x j     E T     0   x     /   P   x    



(8)




where     Y   x j     denotes the water yield of unit x of land cover type j;     A E T   x j     denotes the actual evapotranspiration of unit x of land cover type j;     P   x     denotes the annual precipitation of unit x,     R   x j     is the ratio of the potential evapotranspiration to the precipitation,   P   A W C   x     denotes the effective utilization of water content of the plant in mm,     E T     0   x       denotes the potential evapotranspiration of unit x in mm,     K   x j     denotes the evapotranspiration coefficient of a vegetation type.



	(3)

	
Net ecosystem productivity (NEP) estimation methods







NEP is essential for determining carbon sources/sinks in vegetated ecosystems and is calculated from the difference between NPP of vegetation and soil dissimilarity respiration (Rh). The calculation formula is as follows:


  N E P = N P P −   R   h    



(9)




where     R   h     is soil dissimilarity respiration, and the unit of the above parameters is gC/m2. When NEP > 0, it means that vegetation absorbs more carbon than respiratory emission, which is manifested as a carbon sink. On the contrary, it is a carbon source.


    R   h   = 0.22 ×   e x p   0.0913 T   + L n   0.3145 R + 1     × 30 × 0.465  



(10)




where T is the temperature (°C) and R is precipitation (mm).




3.3.2. Global Entropy Method


The weight of each index is determined in this study using the global entropy approach (Table 1). The following are specific calculation steps:



Construct the global evaluation matrix X:


  X =       x   i j       m T × n    



(11)




where m denotes towns, n denotes evaluation indicators, and T denotes years.



Data standardization. For the positive indicators, the bigger the better, the formula is adopted:


    y   i j   t   =     x   i j   t   −   x   j m i n     /     x   j m a x   −   x   j m i n      



(12)




where i = 1, 2…, m; j = 1, 2…, n; t = 1, 2…, T.



For negative indicators, the smaller the better, the formula is adopted:


    y   i j   t   =     x   j m a x   −   x   i j   t     /     x   j m a x   −   x   j m i n      



(13)







The proportion of the ith index in the jth index in the t year was calculated using Equation (14).


    p   i j   t   =   y   i j   t   /   ∑  t = 1   T      ∑  i = 1   m      y   i j   t        



(14)







Equation (15) were used to determine the entropy of the jth index.


    e   j   = − k   ∑  i = 1   t      ∑  i = 1   m      p   i j   t         ln  ⁡    p   i j   t      



(15)




where 0 ≤     e   j     ≤ 1; K = 1/ln(mT).



The weight was calculated using Equation (16).


    w   j   =   1 −   e   j     /   ∑  j = 1   n      1 −   e   j        



(16)




where     w   j     is the weight of the jth index, 0 ≤     w   j     ≤ 1; (  1 −   e   j    ) is known as the difference coefficient.



The sustainability of the land use subsystem was calculated using Equations (17) and (18).


    S E S   i   t   =   ∑  j = 1   n      w   j       y   i j   t    



(17)






    E S   i   t   =   ∑  j = 1   n      w   j       y   i j   t    



(18)




where     S E S   i   t     is the socioeconomic sustainability of the ith township in the t year, and     E S   i   t     is the ecological sustainability of the ith township in the ith year.




3.3.3. Coupling Coordination Degree Model


Physics is the source of coupling coordination, which describes the degree of system interaction and is used to determine whether there is a coordination relationship between various elements. Therefore, using Equations (19)–(21), the degree of linkage coordination among the subsystems of land sustainable use was estimated.


    C   i   t   =    S E S   i   t   ×   E S   i   t   /   (   L U S   i   t   )   2    = 2    S E S   i   t   ×   E S   i   t   /       S E S   i   t   +   E S   i   t       2     



(19)






    C C D   i   t   =    C   i   t   ×   L U S   i   t     



(20)






     L U S   i   t         0.5 (   S E S   i   t     +   E S   i   t   )   



(21)




where     C C D   i   t     is the degree of coupling and coordination between sustainable land use subsystems in the year t of the i town, 0 ≤     C C D   i   t     ≤ 1. When the value of the     C C D   i   t     is larger, it denotes a higher degree of coordination of the sustainable land use system. To comparatively analyze the characteristics of CCD in various geographic areas, we divide the CCD into six levels based on previous studies [30,63]. To further understand the aspects of relative lag that impede the coordinated development of coupling, we compare the relative sustainability of the socioeconomic and ecological subsystems [49] (Table 2).




3.3.4. Geographical Detectors


In this paper, the geographic detector model was used to examine the influence degree of main factors on CCD [64]. The formula is:


  q = 1 −   ∑  h = 1   L      N   h     σ   h   2     / N   σ   2    



(22)




where q is the degree of influence of each factor on the coupling coordination; h is the classification number of the independent variable X, h = 1, 2… L;     N   h     and N are the number of samples of the independent variable type h and the number of samples in the whole study area, respectively     σ   h   2     and     σ   2     are the variances of h and R, respectively. The range of q’s value is 0 to 1.






4. Results


4.1. Spatial-Temporal Pattern of Sustainable Land Use Subsystems at the Township Level


To examine the changing features of four socioeconomic indicators, four ecological indicators, and the sustainability performance of the land use subsystem in each town, data from Xiongan New Area were collected in 2010 and 2020.



With the construction and development of Xiongan New Area, half of the socioeconomic indicators—population density and average GDP per square kilometer—increased in most of the towns, while the other half—grain output and the output of AFAHF—decreased in most of the towns from 2010 to 2020. This is according to the perspective of the change characteristics of various indicators regarding social economy (Figure 3). It suggests that while the new area’s economy is more robust and its population is growing, the agricultural output, particularly the yield of grain, is somewhat impacted. Ecology-wise, following the development of the new district, except NDVI, which significantly decreased, soil conservation, water production, and net ecosystem productivity all exhibited a trend toward growth, indicating that the service functions of water and soil conservation, water supply, and carbon sequestration gradually improved. Based on the land use transfer matrix (Table 3), it can be found that cropland and impervious surfaces are the land use types with the largest increase or decrease in area. Specifically, the decrease in NDVI is due to the continuous occupation of cropland and grassland by the development of new areas, and the significant decrease in the area of cropland and grassland, resulting in a decrease in vegetation cover. The increase in soil conservation services is mainly related to the increase in the area of forested land, where vegetation can reduce soil erosion and improve soil conservation capacity. The increase in water production is related to the increase in precipitation in the region, in addition to the increase in water area, which enhances ecosystem diversity to provide ecosystem services such as water production. The increase in NEP is mainly related to the increase in forested land area and the improvement of forested land quality, and the increase in the rate of plant photosynthesis, which accelerates the efficiency of ecosystems in absorbing and storing carbon.



From the standpoint of the socioeconomic sustainability of the subsystem of land use, Xiongan New Area exhibits regional disparities (Figure 4a,b) and the imbalance of socioeconomic growth is still pronounced. Compared to Xiong County and Anxin County, Rongcheng County has a much better economic advantage. The southern townships of Anxin County show a more pronounced increase in socioeconomic sustainability between 2010 and 2020 (Figure 4e), with about half of the townships showing a decreasing trend. In general, the Xiongan New Area is still under development, has little industrial transformation, and has more room for social and economic sustainability growth.



From the standpoint of ecological sustainability, towns in the western Xiongan New Area are always better than those in the east (Figure 4c,d). Environmental sustainability has increased during the last 10 years in all municipalities, mainly in the southern parts of Xiong County and Anxin County (Figure 4f). The findings demonstrate that Xiongan New Area follows the planning philosophy of ecological priority and sustainable development and actively pursues ecological quality improvement projects like “Millennium Forest” and reclaiming farmland from lakes against the backdrop of China’s ecological civilization construction.




4.2. Coupling Coordination between Sustainable Land Use Subsystems at the Township Level


4.2.1. Spatial and Temporal Coupling Coordination Degree of Sustainable Land Use Subsystems at the Township Level


Xiongan New Area’s total coupling coordination improved between 2010 and 2020 as indicated in Table 4, with a trend of “primary coordination narrowing and moderate coordination expanding”. Regarding primary coordination, the aggregate mean across the 29 research units increased from 0.61 to 0.65. The extreme value increased to varying degrees (both the maximum and minimum values did as well).



From 2010 to 2020, we looked at the spatial-temporal changes in the connection between socioeconomic sustainability and ecological sustainability in all of the towns in the Xiongan New Area (Figure 5). In 2010, the spatial pattern of CCD in Xiongan New Area was enhanced from the southeast to the northwest (Figure 5a), with high-value areas centered primarily in Rongcheng County, and low-value areas primarily centered in Anxin Town, Duancun Town, Tongkou Town, and Quantou Town in Baiyangdian Basin. In 2020, the geographical heterogeneity of the coupling coordination degree was evident (Figure 5b), with high-value areas dispersed in Rongcheng County, the south of Anxin County, and Xiong County, all of which had a significant synergistic impact, namely moderate cooperation. The Quantou Town and Anxin Town had a weak coupling coordination. We used the linear regression method to examine the trends of CCD from 2010 to 2020 to depict the trend more fully. CCD increased in 24 out of 29 towns between 2010 and 2020 (Figure 5c), especially in the southern part of Anxin County, showing that Xiongan New Area has made significant progress toward realizing the coordinated growth of the land use system.



The transfer matrix model and chord diagram were used in this work to quantitatively quantify and visually express the changes during the study period from 2010 to 2020 to illustrate the type of transformation of the CCD (Table 5 and Figure 6). In 2010, there were three towns with incoordination, however by 2020, Quantou township and Anxin township in Anxin county remained incoordination, while Tongkou township in Anxin county transitioned to primary coordination. Eighteen towns were in primary coordination in 2010, and by 2020, eleven of those towns—mainly in the northeastern parts of Anxin County and northwestern parts of Xiong County—will still be in primary coordination. Seven towns mainly in the southern parts of Anxin County were in moderate coordination. In 2010, there were seven towns with moderate coordination, but by 2020, three townships in Rongcheng County and one township in Xiong County were still in moderate coordination, and three townships in Rongcheng County transitioned to higher coordination. In conclusion, the level of coordination of the sustainable land use subsystem in Xiongan New Area has improved things significantly in general, and in particular, the rate of improvement of the level of coordination in the townships in southern Anxin County has been faster.




4.2.2. Relative Sustainability Performance of Land Use Subsystems at the Township Level


We compared and analyzed the changes in each town’s socioeconomic and ecological performance using the transfer matrix and string diagram to investigate further the relative lagging factors that impede the growth of the CCD. In this work, the transformation of lag types is examined using a transfer matrix and chord diagram (Table 6 and Figure 7). In 2010, there were nine towns with ecological lag. By 2020, Rongcheng Township and Xiaoli Township in Rongcheng County remained in ecological lag, Xiongzhou Township in Xiong County shifted to socioeconomic lag, and six townships, mainly in Rongcheng County, shifted to socioeconomic and ecological synchronization. In 2010, there were eight townships with socioeconomic lag, and by 2020, these townships were still in their original state. In 2010, there were 12 townships with socioeconomic and ecological synchronization. By 2020, seven towns remained the same type, while five towns, mostly in Anxin County, transitioned to socioeconomic lag. Xiongan New Area generally exhibits “overall coordination, ecological lag to socioeconomic lag” between 2010 and 2020. The main factor hindering the coordination of sustainable land use subsystems changed from ecological lag in 2010 to socioeconomic lag in 2020.





4.3. Impact Factors of CCD between Sustainable Land Use Subsystems


The q-values for eight factors in 2010 and 2020 are displayed in Table 7. The significance test was passed for the following variables from 2010 to 2020: population density, average GDP per square kilometer, water yield, and NEP. In 2010 the grain output passed the significance criteria, but in 2020, it failed. In 2010, the output of AFAHF and soil conservation did not pass the significance criteria, however, it did in 2020.



Three indicators of socioeconomic factors all had q values that, from 2010 to 2020, more than adequately explained the coupling coordination degree. This suggests that socioeconomic factors, particularly population density, were the primary forces behind the coupling coordination of the subsystem of LUS. At the same time, the impact of ecological factors is also on the rise. Specifically, in 2010, only two indicators, water yield and NEP, had a significant influence on the coordination level, but by 2020, the impact of soil and water conservation, NEP, and water yield on the coordination level remained in the range of 0.385 to 0.562.




4.4. Development Patterns of Towns in Xiongan’s New Area


According to the coupling coordination level (i.e., the coupling level in Figure 5b) and its changing trends (i.e., the development level in Figure 5c), the towns in Xiongan New Area are classified into four categories: coupling and developed, coupling and undeveloped, tradeoff and undeveloped, and tradeoff and developed (Figure 8a). Eleven of the twenty-nine towns in Xiongan New Area are in Quadrant Ⅰ, mostly in southern Anxin County, western and eastern Rongcheng County, and southern Xiong County (Figure 8b). These regions exhibit excellent coupling and developmental performance and are in a highly coordinated stage. Three towns in Rongcheng County in the second quadrant exhibit mutual coupling and early development. Two townships are located in the third quadrant, one in the northern part of Xiong County and the other in the northeastern part of Anxin County, and these townships reflect balanced and preliminary development. Eleven townships are in the fourth quadrant, which is at the mature stage of balance and development. These townships are mainly located in the northern parts of Xiong and Anxin counties.





5. Discussion


5.1. Insight into the Sustainability Level, Coupling Coordination Degree, and Driving Mechanisms of Land Use Subsystems


Based on the sustainability level, coupling coordination level, and driving mechanisms between land use systems, we have gained further insights in the following three areas.



First, the findings reveal a less optimistic trend in the socioeconomic sustainability level, with half of the townships experiencing a decline, primarily manifested in a substantial decrease in grain production and the AFAHF. From 2010 to 2020, Xiongan New Area witnessed a reduction in arable land, leading to a certain degree of damage to agricultural production. Simultaneously, as part of the efforts towards developing a new model for inclusive cities in China, Xiongan New Area has closed thousands of high-energy-consuming and high-emission enterprises to enhance environmental quality. In the long term, these measures are anticipated to attract high-tech industries and outstanding talents, promoting the upgrade of industrial structure and the improvement of economic levels in Xiongan. However, as a millennium strategic initiative and a national priority, Xiongan New Area is currently in the early stage of construction [65] and its economic level is inevitably subject to a certain degree of impact. The ecological sustainability level in Xiongan New Area continued to improve, with all townships showing varying degrees of upward trends, consistent with findings from Xu’s research [58]. This positive development is attributed to the persistent commitment to the construction philosophy of “restoration before development” in the Xiongan New Area. This implementation of key greening projects such as the “Millennial Beautiful Forest”, suburban parks, and environmental improvement along major transportation corridors has played a crucial role. The initiation of a series of ecological safeguard projects following the establishment of the Xiongan New Area is identified as a significant factor driving the positive transformation of the ecological environment. In conclusion, the overarching objective of the construction of Xiongan New Area remains the core focus on socioeconomic development.



Second, although the socioeconomic and ecological aspects of the Xiongan New Area are moving towards harmonization in terms of temporal evolution, interactions, and their spatial transformations, they are still in general at a moderate level of coupling coordination, and there is much room for improvement [40,62]. The greatest improvement in coupling coordination was seen in southwestern Anxin County, which is mainly because the sustainability of both socioeconomic and ecological subsystems in this region was significantly optimized, rather than just improved in a single dimension. The coordinated development of LUS in the Xiongan New Area reveals greater spatial heterogeneity from 2010 to 2020. The regions with higher coupling coordination are mainly located in Rongcheng County, which could be explained by the fact that these regions usually have more favorable geographic locations, modern technology, dense human resources, and advanced socioeconomic development. The areas with low coupling coordination were mainly concentrated in the northeast of Anxin County, which may be because the rate of improvement of the natural environment was far higher than the rate of socioeconomic development. During the study period, the county attached great importance to the ecological environment protection and ecological restoration of Baiyangdian, protected the wetlands and ecological functional areas around Baiyangdian, and the ecological quality was significantly improved. However, the investment in infrastructure construction is insufficient, and the industrial structure is in urgent need of transformation. Compared with ecological protection, the degree of socioeconomic progress is relatively backward.



Thirdly, we observe that socioeconomic factors significantly impact the coordination of sustainable land use subsystems (Table 7), which aligns with Jin and Liu’s research [66]. According to Liu Jing and colleagues, economic factors are crucial in the coordination level of land use efficiency. They emphasize the significance of innovative, intensive, and environmentally friendly economic development modes for the optimizing of land use layout, as well as the need for designing industrial- and population-related policies in these economic modes.




5.2. Policy Implications for Sustainable Development


We propose the sustainable development strategy of Xiongan New Area. Firstly, all townships in the Xiongan new area are subjected to systematic cluster analysis, and focused management actions are implemented. The study’s findings indicate that there are differences in the relationships between the land use subsystems in the various regions of the Xiongan New Area. Coupling and developed townships have a higher degree of coupling coordination and level of growth, and they also offer more ecological goods or services while growing the social economy. Land use management should make further advancements or maintain the status quo. For coupling and undeveloped townships, their coupling level is above the demarcation mark for these towns at the initial coupling development stage, but there is a declining trend. The strategy of further improvement should be followed. An emphasis should be placed on increasing investment and resource allocation in underdeveloped regions, securing adequate funding sources to ensure infrastructure construction, improving the standard of living for residents, and fostering the harmonious development of land use between socioeconomic development and environmental protection. For tradeoffs and undeveloped townships, the coupling level and development level are below the cut-off threshold for these towns. To support regional economic growth, they rely on traditional manufacturing sectors like paper production, apparel, luggage, and bags. However, they also encounter significant challenges like an irrational industrial structure, antiquated machinery, and limited capacity for research and development. There is a clear conflict between economic growth and the scarcity of resources. It is essential to encourage the intense, economical, and effective use of land while upholding stringent environmental protection through macro-control and internal exploitation. To achieve the spatial optimization of land the government can, on the one hand, utilize specific administrative techniques such as spatial planning, usage control, etc. On the other hand, we should speed up the adoption of the innovation-driven development strategy, actively promote regional superior industries, set up a framework for introducing talent, stop path dependence, and achieve industrial transformation and upgrading. For tradeoff and developed townships, the gap-filling approach should be used for these towns. The current ecological space should be strictly safeguarded in these places, and a reasonable red line should be created for ecological conservation.



Secondly, it will consider the coordinated development of regional socioeconomic and ecological aspects and categorize and formulate planning and implementation measures to promote economic development, ecological security, and social equity. (1) With regard to the implementation of territorial spatial planning and construction, more precise planning and implementation measures have been formulated to improve the efficiency of planning and implementation. At present, the planning and construction of Xiongan New Area is faced with such challenges as insufficient funds for infrastructure construction, a large gap in services for taking over Beijing’s non-capital functions, imperfect industrial support, and misalignment of functions. Therefore, according to the development positioning defined in the Outline of the Plan for Xiongan New Area of Hebei, the detailed control plan for the starting area and the detailed control plan for the launching area should be followed, and the smooth landing of the plan should be ensured through the innovation of infrastructure investment and financing modes, the precise undertaking of Beijing’s non-capital functions, and the building of an industrial innovation ecosystem to continue to push forward the construction of the Xiongan New Area to a high standard and the development of high quality. (2) Regarding the implementation of socioeconomic development plans, each region should, by the outline of the Fourteenth Five-Year Plan for the National Economic and Social Development of Hebei Province and the Visionary Goals for the 2035 Period, formulate different regional development goals based on the degree of sustainable socioeconomic development. For example, in the case of Xiong County, where the level of sustainable socioeconomic development is relatively poor, the local government can strengthen the mechanism of interregional industrial interaction and stimulate the economic vitality of Xiong County through measures such as increased investment promotion and tax incentives. (3) In ecological environment management and protection planning, local governments should recognize the need for ecological construction and actively implement it. In accordance with the Xiongan New Area Ecological Environment Protection Plan, emphasis is being placed on strengthening the protection of wetland ecosystems in the Baiyangdian watershed, and on improving the coverage of forests and grasses, while at the same time strengthening the monitoring of spatial and temporal changes in different ecosystem services.



In addition, the administrative management system determines how the government manages land resources in the Xiongan New Area. The pursuit of interests by different levels of government determines whether the territorial space within Xiongan New Area can achieve coordinated development in social, economic, and ecological aspects. Specifically, at the central government level, the construction of the Xiongan New Area is a significant strategic initiative led by the central government, representing a major decision and deployment by the central leadership to advance the coordinated development of the Beijing-Tianjin-Hebei region [67]. The central government leads the New Area Management Committee, establishing a comprehensive institutional system that reflects central authority from the establishment of the New Area to planning approval and plan execution. Additionally, it oversees the Leading Group for the Coordinated Development of Beijing-Tianjin-Hebei and its office, guiding the New Area Management Committee. At the provincial government level, the Hebei provincial government has established the Hebei Xiongan New Area Management Committee, responsible for the main tasks outlined in the “Outline of the Hebei Xiongan New Area Plan.” The New Area Management Committee is characterized as an agency dispatched by the provincial government, operating under its leadership. At the level of the Xiongan New Area government, the New Area Management Committee follows the governance model of the administrative committee found in previous national-level new areas. Serving as the sole administrative body within the New Area, it adopts a “large department system, flat organization, and appointment system.” Overall, the central government plays a strategically supportive role in sustainable land use, and the ability of different departments within the New Area Management Committee to achieve collaborative governance has a decisive impact on sustainable land use.




5.3. Limitations and Prospects for Future Research


The following five areas need more attention in future research. First, we need to create a more valuable and organized indexing system. Due to the limitations of the indicators, this study should have considered some legitimate data, such as the rate of urbanization, employees in different industries, etc. To evaluate LUS in the future more thoroughly, it will be required to consider updating the indicators. Second, the optimal level for each indicator was not considered in this analysis, nor was the development positioning of various municipalities. Future indicator levels should take into account the differences in town development features. Third, additional time nodes’ anomalous changes within the study period were not taken into account, instead, only the data from the two periods were examined. Characterizing the characteristics of sustainable land use change in a more thorough manner using long-term time series data should be considered in the future. Xiongan New Area is still undergoing a period of intense construction and the upcoming period will see significant changes, which is only tracked in our study until 2020. With the rapid development of the Xiongan New Area, we will concentrate on monitoring the level of LUS and the interaction between subsystems. Finally, the motivations behind various development models should be examined to create more focused policy suggestions.





6. Conclusions


As a case study area, we used Xiongan New Area. We evaluated the level of sustainable land use subsystems and used the coupling coordination degree model and geographic detector to assess the interaction between sustainable land use subsystems and their driving mechanism. The findings revealed that from 2010 to 2020, half of the townships in the Xiongan New Area had a decreasing trend in the sustainable use of socioeconomic systems while the level of the ecosystem was increasing. This suggests that the area’s potential for sustainable land use is high, and it is imperative to enhance the socioeconomic performance of the land use system in particular. In the Xiongan New Area, primary coordination and moderate coordination were the most common form, and there was an increase in the level of coordination among the subsystems of LUS. A tendency of “ecological lag shrinking, social and economic lag expanding”, can be seen in the relative performance of subsystems of sustainable land use in the Xiongan New Area. Furthermore, socioeconomic elements, particularly population density and GDP, are essential for the sustainable use and coordinated growth of territorial space. Based on the coordination level and its trends of the sustainable land use system, the towns in Xiongan New Area are classified into four different modes: coupling and developed, coupling and underdeveloped, tradeoff and developed, and tradeoff and underdeveloped. We argue that differentiated development strategies should be proposed for different development modes, focusing on ecological civilization construction, industrial structure optimization, and infrastructure construction to achieve a more sustainable Xiongan New Area. The research findings can serve as a guide for stakeholders and decision-makers as they develop effective land use management plans and tailored protection regulations based on the social ecosystem theory and the framework of the Global Sustainable Development Goals. This study argues that to encourage effective and sustainable land use, sensible and varied land policies should be developed, with special emphasis on the coupling and coordination between social economics and ecology.
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Figure 1. Theoretical framework of the coordination relationships between sustainable land use subsystems. 
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Figure 2. Location of Xiongan New Area. 
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Figure 3. Change rate of the index of each town in the Xiongan New Area from 2010 to 2020. 
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Figure 4. Sustainability and change of land use subsystem in Xiongan New Area in 2010 and 2020. (a,b) represent the spatial distribution of socio-economic sustainability in 2010 and 2020, respectively, (c,d) represent the spatial distribution of ecological sustainability in 2010 and 2020, respectively, and the (e,f) represent changes in socio-economic sustainability and changes in ecological sustainability, respectively. 
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Figure 5. Spatial distribution and trend of CCD in Xiongan New Area in 2010 and 2020. (a,b) represent the spatial distribution of coupling coordination degree in 2010 and 2020, respectively, and (c) represents the trend of coupling coordination degree from 2010 to 2020. 
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Figure 6. Transfer map of coupling coordination type of land use subsystem in Xiongan New Area from 2010 to 2020. Clockwise rotation from the yellow arc at the top of the chord diagram, which in turn represents: serious incoordination (2010); moderate incoordination (2010); primary coordination (2010); moderate coordination (2010); higher coordination (2010); serious incoordination (2020); moderate incoordination (2020); primary coordination (2020); moderate coordination (2020) and higher coordination (2020). 
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Figure 7. Transfer map of the relative sustainability performance of land use subsystem. Clockwise rotation from the yellow arc at the top right of the chord diagram, which in turn represents: Ecological lag (2010); Socioeconomic lag (2010); Socioeconomic and ecological synchronization (2010); Ecological lag (2020); Socioeconomic lag (2020) and Socioeconomic synchronization (2020). 
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Figure 8. Development patterns of towns in Xiongan New Area. (a) illustrates the quadrants and types of townships, with townships in Quadrant I being coupling and developed, Quadrant II being coupling and undeveloped, Quadrant III being tradeoff and undeveloped, and Quadrant IV being tradeoff and developed and (b) illustrates the spatial distribution of township types. 
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Table 1. Indicatory system for land use sustainability.
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Goals Corresponding to SDGs

	
Targets (A)

	
Indicators (B)

	
Unit

	
Corresponding Land Use Types

	
Property

	
Weight






	
Goal 11

Social security

	
Socioeconomic sustainability

(A1)

	
Population density (B1)

	
Capita/km2

	
All types of

land use

	
+

	
0.169




	
Goal 1

No poverty

	
Average GDP per km2 (B2)

	
10,000 RMB/km2

	
+

	
0.289




	
Goal 2

Zero hungry

	
Grain output (B3)

	
Kg/km2

	
Cultivated land

	
+

	
0.253




	
Goal 8

Decent work and economic growth

	
Output of AFAHF (B4)

	
10,000 RMB/km2

	
Agricultural

land

	
+

	
0.289




	
Goal 15

Life on land

	
Ecological

sustainability

(A2)

	
NDVI (B5)

	
#

	
All types of land use

	
+

	
0.281




	
Soil retention (B6)

	
t/m2

	
+

	
0.342




	
Goal 6

Water conservation

	
Water yield (B7)

	
mm/m2

	
+

	
0.273




	
Goal 15

Life on land

	
NEP (B8)

	
g C/m2/yr

	
+

	
0.103








Note: “+” denotes positive indicators, and “#” denotes that the unit of this indicator is dimensionless.













 





Table 2. Level of the CCD.
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Category

	
Level

	
Subcategory

	
Function

	
Type






	
Uncoordinated development

	
0.0 < D ≤ 0.4

	
serious incoordination

	
ES < SES

	
Ecological lag




	
ES > SES

	
Socioeconomic lag




	
ES = SES

	
Socioeconomic and ecological synchronization




	
0.4 < D ≤ 0.55

	
moderate incoordination

	
ES < SES

	
Ecological lag




	
ES > SES

	
Socioeconomic lag




	
ES = SES

	
Socioeconomic and ecological synchronization




	
Transformative development

	
0.55 < D ≤ 0.65

	
primary coordination

	
ES < SES

	
Ecological lag




	
ES > SES

	
Socioeconomic lag




	
ES = SES

	
Socioeconomic and ecological synchronization




	
0.65 < D ≤ 0.75

	
moderate coordination

	
ES < SES

	
Ecological lag




	
ES > SES

	
Socioeconomic lag




	
ES = SES

	
Socioeconomic and ecological synchronization




	
0.75 < D ≤ 0.85

	
higher coordination

	
ES < SES

	
Ecological lag




	
ES > SES

	
Socioeconomic lag




	
ES = SES

	
Socioeconomic and ecological synchronization




	
Coordinated development

	
0.85 < D ≤ 1

	
optimal coordination

	
ES < SES

	
Ecological lag




	
ES > SES

	
Socioeconomic lag




	
ES = SES

	
Socioeconomic and ecological synchronization








Note: ES represents ecological sustainability. SES represents socioeconomic sustainability. ES = SES means to     E − S     ≤ 0.1.













 





Table 3. Land use transition matrix of Xiongan New Area from 2010 to 2020 (km2).
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2010

	
2020




	
Cropland

	
Forest

	
Grassland

	
Water

	
Impervious

	
Sum






	
Cropland

	
1151.52

	
2.42

	
0.00

	
29.11

	
67.84

	
1250.89




	
Forest

	
0.22

	
0.85

	
0.00

	
0.13

	
0.01

	
1.21




	
Grassland

	
0.00

	
0.00

	
0.00

	
0.00

	
0.02

	
0.02




	
Water

	
2.39

	
0.19

	
0.00

	
23.89

	
0.42

	
26.89




	
Impervious

	
8.14

	
0.01

	
0.00

	
1.16

	
269.07

	
278.38




	
Sum

	
1162.27

	
3.47

	
0.00

	
54.29

	
337.36

	
1557.39











 





Table 4. Measurement results of the CCD of Xiongan New Area in 2010 and 2020.
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Year

	
2010

	
2020






	
Number of units

	
29




	
Serious incoordination (%)

	
3.45

	
3.45




	
Moderate incoordination(%)

	
6.90

	
3.45




	
Primary coordination(%)

	
62.07

	
37.93




	
Moderate coordination(%)

	
24.14

	
44.83




	
Higher coordination(%)

	
3.45

	
10.34




	
Max

	
0.76

	
0.82




	
Min

	
0.30

	
0.34




	
Mean

	
0.61

	
0.65











 





Table 5. Transfer Matrix of coupling coordination type of land use subsystem in Xiongan New Area from 2010 to 2020 (%).






Table 5. Transfer Matrix of coupling coordination type of land use subsystem in Xiongan New Area from 2010 to 2020 (%).





	

	
2020




	
Year

2010

	
Serious Incoordination

	
Moderate Incoordination

	
Primary Coordination

	
Moderate Coordination

	
Higher Coordination

	
Sum






	
Serious incoordination

	
3.45 (1)

	
0.00 (0)

	
0.00 (0)

	
0.00 (0)

	
0.00 (0)

	
3.45 (1)




	
Moderate incoordination

	
0.00 (0)

	
3.45 (1)

	
0.00 (0)

	
3.45 (1)

	
0.00 (0)

	
6.90 (2)




	
Primary

coordination

	
0.00 (0)

	
0.00 (0)

	
37.93 (11)

	
24.14 (7)

	
0.00 (0)

	
62.07 (18)




	
Moderate coordination

	
0.00 (0)

	
0.00 (0)

	
0.00 (0)

	
13.79 (4)

	
10.34 (3)

	
24.14 (7)




	
Higher coordination

	
0.00 (0)

	
0.00 (0)

	
0.00 (0)

	
3.45 (1)

	
0.00 (0)

	
3.45 (1)




	
Sum

	
3.45 (1)

	
3.45 (1)

	
37.93 (11)

	
44.83 (13)

	
10.34 (3)

	
100.00 (29)











 





Table 6. Transfer Matrix of the relative performance of land use subsystem sustainability in Xiongan New Area in 2010 and 2020.
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Year

2010

	
2020




	
Ecological Lag

	
Socioeconomic Lag

	
Socioeconomic and Ecological Synchronization

	
Sum






	
Ecological lag

	
6.90 (2)

	
3.45 (1)

	
20.69 (6)

	
31.03 (9)




	
Socioeconomic lag

	
0.00 (0)

	
27.59 (8)

	
0.00 (0)

	
27.59 (8)




	
Socioeconomic and ecological synchronization

	
0.00 (0)

	
17.24 (5)

	
24.14 (7)

	
41.38 (12)




	
Sum

	
6.90 (2)

	
48.28 (14)

	
55.17 (16)

	
100.00 (29)











 





Table 7. Impact factors affecting the coupling coordination between sustainable land use subsystems.
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	Year
	Factors
	Population Density (B1)
	Average GDP per km2 (B2)
	Grain Output (B3)
	Output of AFAHF (B4)
	Normalized Difference Vegetation Index (B5)
	Soil Retention (B6)
	Water Yield (B7)
	NEP (B8)





	2010
	q
	0.649
	0.581
	0.725
	0.536
	0.240
	0.141
	0.764
	0.490



	
	p-value
	0.000
	0.000
	0.000
	0.326
	0.116
	0.927
	0.000
	0.012



	2020
	q
	0.603
	0.565
	0.410
	0.571
	0.208
	0.385
	0.562
	0.534



	
	p-value
	0.000
	0.000
	0.759
	0.000
	0.250
	0.096
	0.007
	0.000
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