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Abstract

:

The contribution of biodiversity to the global economy, human survival, and welfare has been significantly increasing. However, nature reserves have long been subject to a sequence of ecological environmental issues caused by human activities. Therefore, quantitatively assessing the spatiotemporal evolution characteristics of habitat quality due to land use changes and exploring the mechanisms of potential influencing factors can provide a scientific basis for the stable and sustainable development of natural ecosystems. This study aims to analyze 18 nature reserves in Hubei Province to identify the spatiotemporal evolution of habitat quality within these reserves and to explore the influence of multifactorial dynamics from nature, humanity, and policy on this evolution. Initially, the study utilizes land use transition matrices and land use dynamic degree methods to understand the spatiotemporal characteristics of land conversion within the study area. Subsequently, it analyzes the spatiotemporal changes in habitat quality from 2000–2020 based on the InVEST model and tools like spatial autocorrelation (Moran’s I) in ArcGIS. Finally, 14 potential influencing factors are selected from natural environment, socio-human, and policy regulation aspects and analyzed in the Geodetector software to understand the factors affecting the spatiotemporal evolution of habitat quality. The results show that, during the study period, the land area of 18 nature reserves in Hubei Province increased from 2000 to 2020, while the water area decreased. There were slight increases in farmland, construction land, and forest land, with significant decreases in grassland and water areas. This reveals the erosion of water bodies due to artificial lake filling during rapid urbanization, leading to a decline in overall habitat quality within the reserves and a gradual increase in spatial heterogeneity. Among the influencing factors, single-factor influences such as land use intensity and distance to county roads and slopes have a strong negative linear relationship with habitat quality, with land use intensity being the most significant human activity factor. The interaction strength among different types of influencing factors in the bivariate interaction detection results is ranked as follows: the interaction between natural geographical and socio-human factors > the interaction within socio-human factors > the interaction within natural geographical factors. This study has diverged from the past focus on the selection of a single continuous natural reserve as the empirical subject. Consequently, it allows for an integrated analysis of physical geographical dimensions such as locational topography with socio-cultural and policy elements including land use and transportation facilities, thereby facilitating a multifactorial assessment of the interactive impacts on habitat quality.
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1. Introduction


Biodiversity is the foundation of human survival and development, with all other ecosystem services relying on robust biodiversity [1,2]. Statistics indicate that biodiversity’s contribution to the global economy, human survival, and welfare has increased in recent years [3,4]. However, rapid urbanization and associated land use changes have led to significant losses in biodiversity, massive declines in ecosystem services, and severe impacts and alterations to the quality of biological habitats (i.e., ecological environmental quality), presenting great challenges to biodiversity conservation [5,6]. Habitat quality (HQ) refers to the ability of an ecosystem to provide resources and suitable conditions for the survival and reproduction of individuals or populations, representing a crucial ecosystem service function. It can characterize the region’s biodiversity and the degree of human disturbance to ecosystems to some extent [7,8]. Land use dynamics, a primary activity through which humans modify the natural environment and disturb habitat quality, reflect the intensity of human activities [9,10]. Changes in land use have become one of the significant risk factors affecting the natural environment and the quality of biological habitats. In particular, the expansion of urban construction and agricultural lands exacerbates the destruction of natural environments and biological habitats, hinders habitat connectivity, and intensifies habitat fragmentation and degradation, leading to habitat loss [11,12,13,14]. Therefore, studying the spatiotemporal evolution of land use changes and habitat quality, as well as exploring the impact mechanisms of multifactorial dynamics from nature, humanity, and policy, can provide a basis for analyzing the sustainable use of regional ecological environments.



Two conceptual methods exist for assessing habitat quality: The first is an indirect measurement method, involving field surveys of population variables in different habitats to reveal changes in habitat quality, which often requires substantial human and material resources [15,16,17]. The second method is a direct measurement method, which consists of building models to assess habitat quality. Some commonly used assessment models include the InVEST model (Integrated Valuation of Ecosystem Services and Tradeoffs), SoLVES model (Social Values for Ecosystem Services), and SDM (Species Distribution Model) [18,19]. The second method is more efficient and convenient than the first, hence its widespread application by scholars both domestically and internationally. The InVEST model is extensively used due to its low data requirements, strong spatial visualization, and high precision in computational results. The model can reflect habitat distribution under various landscape patterns, of which the habitat quality module evaluates habitat quality by analyzing land use/cover (LUCC) maps. Specifically, it can determine the degree of threat from different land use types to biodiversity [20,21,22]. For instance, Sallustio et al. assessed the habitat quality and degradation of current protected areas in Italy by InVEST [23]. Terrado et al. assessed terrestrial habitat quality and extended it to freshwater habitats in different scenarios of river basins with the upgrading of InVEST [24]. Li et al. simulated urban expansion in Changzhou City under scenarios preserving areas of high habitat quality with integrated application of the InVEST and the SLEUTH models [25]. Chen et al. assessed the evolution of habitat quality in China’s first batch of five national parks and proposed management zones using InVEST [26]. Liu Chunfang et al. assessed the evolution of habitat quality in Yuzhong County from 1995–2015 by InVEST and analyzed some urbanization factor impact mechanisms on habitat quality with the Geodetector model [27].



Overall, scholars both domestically and internationally have conducted multifaceted and multi-scale research on the assessment of habitat quality at different scales. The methodology and indicator system of the INVEST model for habitat quality assessment has been continuously improved through multiple validations. However, the previous studies still suffer from the following limitations: (1) The selection of empirical objects often focuses on continuous areas with typical geographical features, such as biological habitats [14,23], watershed areas [12,24], urban agglomerations [5,6], national park areas, etc. [26]. These areas have strong homogeneity and multiple human factors within them. Therefore, it is difficult to draw scientific conclusions from continuous areas as a research object for exploring the sustainability of humans and nature. On the contrary, nature reserves have the following characteristics: diversity of protected objects, advantages of natural geographical location, the integrity of the ecosystem, diversity of protective properties, and combination of multiple functions, etc. These characteristics provide complete and direct support for studying the sustainability and stability of natural ecosystems. (2) In the analysis of factors affecting habitat quality, the models often incorporate single-factor dimensions such as topographic gradients [28,29], soil and water conservation [19], urbanization [30], biological communities [31], etc. Single-factor dimensions cannot comprehensively clarify the spatiotemporal mechanisms of habitats because the evolution of habitats is the result of multiple factors such as human participation, changes in natural conditions, policies, etc. In addition, the single-factor dimension cannot comprehensively reflect the comprehensive ability and specific perspective of the evaluated object. Furthermore, single-factor assessment cannot detect the interaction between different factors. Therefore, the reliability of conclusions drawn from examining a single factor is somewhat affected, and the inferential nature is also greatly limited. (3) Application research on nature reserves mainly focuses on the habitat quality assessment and influencing factors of individual reserves [32,33,34]. The major concern brought by a single case is whether the research findings can be applied to a broader range. The evaluation of a single area cannot explain the large-scale spatiotemporal patterns because the spatiotemporal evolution mechanisms caused by a single protected area are highly likely to be sporadic and have not been validated. Overall, these limitations make it difficult for research findings to effectively identify the diverse impacts of human activities on habitat quality. Moreover, whether historical research results can be fully generalized to the habitat quality conservation practices of nature reserves with different geographical characteristics is also debatable.



For this reason, this study intends to select multiple nature reserves within the same administrative jurisdiction as empirical objects and apply the INVEST and geographical detector models to explore the impact mechanisms on different types of nature reserves from dimensions of physical geography, socio-culture, and policy regulation, aiming to address the limitations of multi-factor impact analysis and multi-object comparative research present in existing studies.



To better achieve the research objectives, this study selects all 18 terrestrial-dominated national nature reserves in Hubei Province, China, as empirical objects. First, Hubei Province features a diversity of natural elements such as rivers, forests, mountains, grasslands, wastelands, tidal flats, and wetlands, with a significant range of altitudes, and nature reserves with various geographical characteristics, facilitating the identification of different natural geographic influencing factors. Second, the national nature reserves in Hubei Province adopt a hierarchical management policy of core areas, buffer zones, experimental zones, and operational zones [35,36]. The experimental and operational zones allow for business activities such as eco-tourism and visits under the management of regulatory authorities, making the study of human activity factors on habitat quality in these areas more identifiable. Third, Hubei Province spans approximately 740 km from east to west, with the economic development of the eastern plain areas significantly higher than that of the western mountainous regions. This results in greater pressure on the western counties and cities in provincial GDP assessments, forcing most nature reserves located in western Hubei to face more severe risks of economic development and policy regulation, such as eco-tourism and ecological value products [37,38], further increasing the identifiability of these two aspects of influencing factor analysis. Therefore, selecting the nature reserves in Hubei Province as the empirical area, where the ecosystem is more typically affected by socio-economic elements, is advantageous for better reflecting the impact effects of multidimensional factors on habitat quality.



Currently, research on habitat quality in Hubei Province focuses on the impacts caused by topography, land use, urban expansion, and other single elements in the continuous complete region of the same class. For instance, Pengnan Xiao and others have evaluated the spatiotemporal characteristics of habitat quality across Hubei Province and the impact of topographic gradients on habitat quality [39]. Shuaipeng Chen has assessed the influence of the expansion of prefecture-level cities and counties on the quantity, area, and quality of natural habitats, as well as the critical threshold distances affecting habitats [40]. Moreover, Meng-yao Li and others have evaluated the effects of topographic gradient on habitat quality in northwestern Hubei, using the city of Shiyan as a case study, by employing the topographic position index [41]. However, there is a lack of research on the spatiotemporal characteristics of habitat quality and the multi-factor influence mechanisms in nature reserves across different geographical features of Hubei Province against the backdrop of ecological civilization.



Therefore, our work proposes to further explore the 18 nature reserves in Hubei Province as empirical subjects, aiming to achieve two research objectives: Firstly, to analyze the spatiotemporal characteristics of land use and habitat quality within these 18 nature reserves from 2000 to 2020 based on remote sensing data, clarifying their consistent characteristics and distinctive differences. Secondly, to establish the hypothesis that the quality of habitat is influenced more by the interaction of multiple factors than by single factors, employing the InVEST model and the Geodetector model to quantitatively assess the impact of various factors from natural geography, socio-cultural, and policy regulation dimensions on habitat quality. This involves further analyzing the degree of impact of the interactions between various influencing factors on habitat quality, delving into the research on the mechanisms affecting habitat quality in nature reserves, and providing references for countries worldwide undertaking ecological transitions.




2. Overview of the Study Area and Research Methods


2.1. Overview of the Study Area


According to the Hubei Provincial Department of Ecology and Environment’s directory of nature reserves in Hubei Province, as of 2020, there were a total of 22 national-level nature reserves. Among these, the protection scope of aquatic wildlife reserves is delineated based on the highest historical water levels of the river’s main channel and its tributaries, with a disproportionately high ratio of water area within the reserves, making them unsuitable for habitat quality estimation using this model. Fossil relic reserves contain many exposed paleontological fossils, which have a high degree of similarity to bare ground in the process of land use type extraction from remote sensing images, making them difficult to distinguish and posing significant challenges to the interpretation of remote sensing images. Therefore, excluding these two types of reserves unsuitable for habitat quality estimation using the InVEST model’s Habitat Quality module, the study area includes 18 national nature reserves within Hubei Province (Table 1).



Hubei Province has a diverse array of protected natural areas, covering nearly 10% of the province’s total land area. However, many national-level nature reserves in Hubei are in impoverished regions such as the western Hubei mountain (Figure 1). These areas face heavy burdens due to economic development, ecological protection, and poverty alleviation tasks, leading to significant contradictions between regional ecological environmental protection and poverty alleviation needs. In some places, blind development and construction within the reserves have been pursued for economic gain, damaging ecosystem integrity and causing issues such as habitat fragmentation and a sharp decrease in species quantity and variety. For example, Xingdoushan National Nature Reserve houses nearly 80,000 residents and includes the Fubaosi Development Zone within its boundaries. Longgan Lake National Nature Reserve is home to many permanent basic farmlands, livestock farms, and enterprises, resulting in longstanding conflicts between humans, wetlands, and migratory birds.




2.2. Data Sources and Processing


In terms of data sources, all data were derived from official platforms. Specifically, the boundary data of the study area were sourced from the functional zoning map of Hubei Province national nature reserves provided by the Hubei Provincial Department of Ecology and Environment. The vectorized boundaries were extracted using the geo-registration tool of ArcGIS 10.5. The land use data for Hubei Province’s national nature reserves in 2000, 2010, and 2020 were obtained from the GlobeLand30 global land cover dataset with a 30-meter resolution, using the WGS-84 coordinate system. Road data were sourced from OpenStreetMap (OSM). The Digital Elevation Model (DEM), annual average temperature, annual average precipitation, and Point of Information (POI) data were all obtained from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences. Other data were sourced from the Hubei Provincial Department of Natural Resources and the official websites of municipal natural resources and planning bureaus (Table 2). Regarding data quality, the GlobeLand30 dataset employs remote sensing images from Landsat’s TM5, ETM+, OLI, and Gaofen-1 (GF-1) multispectral imagery. The selection principle for these images is to choose the best available multispectral images from the vegetation growing season within ±2 years of the baseline or update year, ensuring minimal to no cloud coverage. For areas where acquisition is challenging, the timeframe for obtaining images may be relaxed to ensure the completeness of global coverage. The accuracy assessment of the GlobeLand30 V2010 data, led by Tongji University, achieved an overall accuracy of 83.50% and a Kappa coefficient of 0.78. The GlobeLand30 V2020 data accuracy assessment, conducted by the Aerospace Information Research Institute of the Chinese Academy of Sciences, reached an overall accuracy of 85.72% and a Kappa coefficient of 0.82. The remaining data were sourced from open statistical platforms and have undergone rigorous data collection, processing, and verification processes, ensuring high accuracy and reliability. In summary, the research data have the following advantages: (1) The integrated use of multi-source data not only enhances the multi-dimensional perspective of the data but also increases its accuracy and reliability through cross-validation between different data sources. (2) Comprehensive geographic information coverage, encompassing various aspects of the natural environment and human activities, provides a holistic view of the research. (3) The use of advanced processing tools and techniques, such as the ArcGIS 10.5 geo-registration tool and the WGS-84 coordinate system, ensures the high quality and precision of the data.



Based on the classification system of the 30 m global land cover data GlobeLand30, and considering the actual situation of land use/land cover in the national nature reserves of Hubei Province, a reclassification was conducted. The 10 primary types of GlobeLand30 data were reclassified into six major categories, as shown in Table 3.




2.3. Research Methods


Our research methodology is divided into three stages encompassing five methods: (1) analyzing the land use change conditions in 18 nature reserves in Hubei Province for the years 2000, 2010, and 2020, including methods of land use transition matrix and land use dynamic degree analysis; (2) investigating the spatiotemporal distribution characteristics of habitat quality in the 18 nature reserves of Hubei Province for 2000, 2010, and 2020 using the INVEST model analysis and spatial autocorrelation analysis; and (3) examining the contribution rates of various factors to changes in habitat quality and exploring the main influencing factors and their evolutionary mechanisms of habitat quality evolution, employing the geographic detector analysis method. Figure 2 illustrates a schematic of our research methods.



	(1)

	
Land Use Transition Matrix







Before assessing the habitat quality index, this article first uses the land use transition matrix to represent the changes in direction and area for various land uses during 2000–2020 and two sub-periods (2000–2010 and 2010–2020) [42,43]. The land use transition matrix is not only a powerful analytical tool but also serves as a bridge between land change data and land management policies. Through in-depth analysis of the land use transition matrix, we can reveal with high precision the relationships and trends between different types of land use in the nature reserves of Hubei Province during 2000, 2010, and 2020. This analysis not only unveils the mutual conversions among various land use types within the reserves, such as arable land, forest land, and construction land but also intricately displays the specific conditions of these land use types after the implementation of certain policy measures, assisting in the analysis of habitat quality index results that follow. The formula for the land use transition matrix is presented as Equation (1):


    S   i j   =        S   11       S   12        …     S   1 n            S   21       S   21        …     S   2 n             …       S   n 1           …       S   n 2              …   …           …     S   n n               



(1)







In the equation,     S   i j     represents the total area of the initial land use type i that has changed to land use type j by the study’s end, with n denoting the count of land use categories.



	(2)

	
Land Use Dynamic Degree







Following the land use transition matrix, the analysis of land use dynamic degree becomes an important means to study the characteristics of land use change. The land use dynamic degree refers to the rate of quantitative change in land use types over a certain period, which can reflect the intensity and rate of land use changes within the nature reserves of Hubei Province between 2000, 2010, and 2020. This facilitates the analysis of the reasons behind subsequent changes in the habitat quality index within the reserve. The land use dynamic degree is divided into the single land use dynamic degree and the comprehensive land use dynamic degree [44,45,46,47]. The formulas are as follows:



A single index means the rate of change in a certain land use type in a specific time frame in the study area, focusing on analyzing the changes in each land use type. The calculation formula is shown as (2):


  M =     U   a   −   U   b       U   b     ×   1   T   × 100 %  



(2)







In the formula,   M   represents the dynamic degree of land type U within the study duration; T represents the study duration;     U   a     is the initial area of land type U; and     U   b      is the final area of land type U at the study’s conclusion. Where   M   is positive, it indicates an increase in the land type over the time   T  , and a negative   M   indicates a decrease. A higher absolute value of   M   indicates a faster rate of change, and a lower value suggests a slower rate.



The comprehensive index describes the overall rate of change in land use for the entire area, focusing on the study of regional variations in land use changes. The calculation formula is shown as (3):


  L c =       ∑  i = 1   n    ∆ L   U   i − j       2   ∑  i = 1   n    ∆ L     U   i       ×   1   T   × 100 %  



(3)







In the formula,   L c   represents the overall dynamic degree of land use in the study area,   ∆ L   U   i     is the initial area of the ith land use type,   ∆ L   U   i − j     is the absolute value of the area of the ith land use type converted to the jth land use type during the study period, n is the number of land types (n = 1, 2, 3, …), and T denotes the study period’s length.



	(3)

	
InVEST Model







The InVEST model is used to assess the habitat quality index of national nature reserves in Hubei Province. This model conducts an in-depth analysis of a key principle: by meticulously assessing the sensitivity of various land use types within the nature reserves of Hubei Province and the impact of various threat factors, it generates a detailed map of habitat quality distribution across the reserves. This approach enables us to clearly see the direct link between habitat quality and land use changes within the nature reserves, demonstrating how human land use practices within these areas directly influence the transformation of land use types and significantly impact habitat quality levels. Habitat quality is closely related to land use changes; human utilization of land alters land use types and affects habitat quality levels. The greater the intensity of human activities, the greater the threat to the quality of regional habitats, resulting in lower habitat quality and biodiversity levels. This model is a novel tool for assessing human-made threats to habitat quality in natural ecological areas and has several advantages over other models: (1) It has lower data intensity and relatively higher flexibility [48]. (2) It allows for data adjustments based on actual conditions [49]. (3) It can analyze the spatial habitat quality and connectivity of various land use types and quantify their sensitivity [50].



The model integrates the reclassification of land use data, combines land use data, habitat threat sources, and the habitat’s response to threat factors to generate a habitat quality index map. The calculations are as shown in Equations (4) and (5):


    Q   x j   =   H   j     1 −       D   x j   z       D   x j   z   +   K   z          



(4)
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In the formula,     Q   x j     represents the habitat quality index for the     x   t h     grid of the     j   t h     land use type, with values from 0 to 1, where higher values signify superior habitat quality;     H   j     represents the habitat suitability of the     j   t h     land use type, with values from 0 to 1;     D   x j     refers to the degradation score, indicating the level of degradation of the     x   t h     grid of the     j   t h     land use type; Z is the scale constant, set by default to 2.5; and k represents the half-saturation constant, calibrated by first running the model once with the InVEST model’s default value of 0.5, then using half of the maximum habitat degradation value as the model’s k value. Following the above steps, the final k value was determined to be 0.02.



R represents the count of threat factors;     ω   r      is the relative importance value of each threat factor; and Y is the total count of grid units for stressor r, with     Y   r     being the count of grid units affected by threat factor r.     r   y     is the value of the threat factor of type r;     β   x     is the accessibility of various threat factors to the habitat grid, with values ranging from 0 to 1;     S   j r      measures the sensitivity of the      j   t h     habitat type to threat factor r, with the value interval located ranging from 0 to 1; and     i   r x y     refers to the distance between the threat and the habitat grid, representing the threat’s impact on the habitat.



The influence of threat factors on habitat is categorized into linear (Equation (6)) and exponential (Equation (7)) distance decay formulas, as follows:


    i   r x y   = 1 −       d   x y       d   r m a x         L i n e a r    



(6)
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In the formula,     d   x y     is the straight-line distance between habitat grid x and y;     d   r     max represents the maximum distance threat r can impact.



To scientifically assess the habitat quality of the national nature reserves in Hubei Province, in conjunction with the actual geographic conditions of the study area, farmland, transportation land, residential areas, and bare land were selected as relevant threat factors based on the InVEST model’s recommended values and previous research [51,52]. Construction land, farmland, railways, expressways, and other roads were ultimately identified as stress factors. Following expert recommendations, the relative sensitivity of each habitat type to each threat factor, habitat suitability, maximum impact distance of threat sources, and the weights of different threat sources were determined, with specific assignments as shown in Table 4 and Table 5.



The determination of the weights of stress factors on habitat types is usually qualitatively based on previous experiences, with quantitative improvements made using the entropy weight method. Firstly, data on stress factors are recorded. Since stress factors lead to a decrease in habitat quality, the relationship between stress factors and habitat quality is negatively correlated. Subsequently, the data are standardized, and the information entropy of each stress factor is calculated using a formula. Finally, the entropy weight of each stress factor is calculated to serve as the weight of its impact on habitat quality.



	(4)

	
Spatial Autocorrelation Analysis







This study utilizes ArcGIS software to analyze the spatial correlation of habitat quality evolution among various grid units within the national nature reserves of Hubei Province. The analysis aims to uncover the fundamental patterns of habitat quality changes within the reserves, particularly how they develop and change geospatially, thereby providing a solid scientific basis for the formulation of conservation measures and the management of the ecological environment. Moran’s I index is a powerful statistical tool used to measure the spatial distribution patterns of specific characteristics (in this study, habitat quality) within an area, to determine whether these characteristics exhibit significant clustering trends or random distribution in space. Therefore, this paper adopts the global Moran’s I index for spatial autocorrelation analysis to reflect whether clustering or outliers occur in space. The hot spot analysis (Getis-Ord Gi*) can measure the spatial aggregation characteristics of habitat quality. The advantages of spatial autocorrelation are as follows: Firstly, it can calculate the similarity and correlation between neighboring areas to reveal the distribution changes in habitat quality in space. Secondly, it can clearly identify the spatial aggregation, which helps to determine the areas with high and low-quality habitats in the ecosystem, and provides substantial direction for ecological resource protection and restoration [53]. The formula for calculation is as follows:
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    X  ̄  =     ∑  j = 1   n      x   j       n    
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  S =      ∑  j = 1   n      x   j   2       n   −     X  ̄    2     
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In the formula, I means the Moran’s I index; Gi* is the hot spot index;     w   i j     means the spatial weight between the ith and jth spatial cells;     x   i     and     x   j     mean the values of the ith and jth cells; and     X  ̄    means the average value of the cells; n means the total number of cells in the study area. The Moran’s I index ranges from [−1, 1], with higher values indicating stronger spatial correlation, less than 0 representing negative correlation, and equal to 0 signifies a random distribution.



Subtract the habitat quality spatial distribution maps of 2020 from those of 2000, then calculate the change in habitat quality using a 300 m × 300 m grid, using the difference in habitat quality as the analysis variable for spatial autocorrelation (Moran I) and hot spot analysis in ArcGIS. Hot spot analysis is divided into seven categories based on Z-score values: Hot spot-99% confidence (Z-score ≥ 2.56), Hot spot-95% confidence (1.96 ≤ Z-score < 2.56), Hot spot-90% confidence (1.65 ≤ Z-score < 1.96), Not significant (Z-score ≤ 1.65 or Z-score ≥ −1.65), Cold spot-90% confidence (−1.96 ≤ Z-score < −1.65), Cold spot-95% confidence (−2.56 ≤ Z-score < −1.96), and Cold spot-99% confidence (Z-score ≤ −2.56). For the period 2000–2020, hot spot and cold spot areas indicate changes in habitat quality within nature reserves, where blue cold spots represent clusters of declining habitat quality and red hot spots represent clusters of increasing habitat quality.



	(5)

	
Geodetector







In the final phase of our study, which is also of paramount importance, we specifically focused on identifying and assessing various potential driving factors that affect the habitat quality index, for which we adopted the advanced statistical analysis method known as the geographical detector. The geographical detector method comprises two key components: the factor detector and the interaction detector. It aims to quantitatively assess the contribution of different factors to habitat quality changes and to delve into the main influencing factors behind habitat quality changes and their mechanisms of action. Compared with traditional statistical analysis methods, a significant advantage of the geographical detector method is its less stringent requirement for hypothesis conditions, allowing for more flexible application across various research domains. It is particularly suited for studying spatial differentiation phenomena and their underlying influencing factors, as it can effectively handle the complexity and variability of spatial data [54,55]. In this study, through the application of the geographical detector, we were not only able to identify the main factors affecting the habitat quality of national nature reserves in Hubei Province but we were also able to gain a deep understanding of how these factors collectively influence habitat quality evolution through various complex interaction mechanisms, providing a scientific basis and guidance for future conservation and management strategies [56,57].



The factor detector primarily measures the explanatory capacity of different influencing factors on the spatial heterogeneity of habitat quality evolution. The calculation formula is as follows:


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



(12)







In the formula, h takes values 1, 2, 3, …, L, where L indicates the number of partitions of variable Y or factor X;     N   h     and N represent the number of units in layer h and the total area, respectively; and q is the uniform driving explanatory power. For partition i, taking values 1, 2, 3, …, L, where L is the number of partition items; N is the total number of sample units in the area;     σ   h   2     is the variance in layer h; and     σ   2     is the variance of the Y values in the entire area. Q represents the explanatory power of factor X on variable Y, with q ranging from [0, 1]. A higher q value indicates a stronger explanatory power of influencing factor X on habitat quality (variable Y) and vice versa.



The interaction detector assesses whether the combined effect of two influencing factors increases or diminishes the explanatory capacity of the dependent variable Y. The relationship between the two factors is shown in Table 6.





3. Results and Analysis


3.1. Analysis of Land Use Change


3.1.1. Characteristics of Land Use Patterns


The land use distribution of the 18 national nature reserves in Hubei Province shows significant regional differences and is relatively dispersed, primarily due to the influence of the region’s natural geographical foundation (Figure 3). Among them, forest ecosystem-type national nature reserves are concentrated in the Daba Mountain foothills in northwestern Hubei and the Wuling Mountain Range area in southwestern Hubei, while wetland-type national nature reserves are located in the middle Hubei along with the Yangtze River (Table 7 and Figure 4).



From a spatial perspective (Figure 5), the main types of land use in the national nature reserves of Hubei Province include forest land, grassland, cultivated land, water body, and construction land. The areas of each land use type, in descending order, are forest land > cultivated land > water body > grassland > construction land.




3.1.2. Analysis of Land Use Transition


Looking at the overall land use transition map from 2000 to 2020 for the 18 nature reserves in Hubei Province (Figure 6), overall land use changes show a stable trend. As shown in Table 8, from 2000 to 2010, the largest land transfer area was from grassland to forest land, followed by cultivated land to forest land, with a significant increase in forest land area, possibly related to the implementation of the Grain for Green policy in Hubei Province starting in 2000. Meanwhile, land transfers from forest land, grassland, and water bodies to construction land indicate that small areas within the reserves were encroached upon by human development activities during this period. From 2010 to 2020, the largest land transfer was from water bodies to cultivated land, with a transfer rate of 31.3%, confirming that during the period of rapid urbanization, the study area experienced extensive land reclamation from the lake, leading to significant erosion of ecological water bodies by urban and rural development.



Overall, from 2000 to 2020, the various types of land use in the national nature reserves of Hubei Province were dynamically changing, with various land types interchanging. The overall trend shows significant encroachment of cultivated land on grassland and water bodies, and minor encroachment of construction land on other land types, indicating a clear impact of rapid urbanization on the nature reserves. A slight increase in forest land area indicates the initial effectiveness of Hubei Province’s Grain for Green policy and nature reserve protection policies, but the protection of grassland and water body land use areas is insufficient.




3.1.3. Analysis of Land Use Dynamic Degree


According to Table 9, for the national nature reserves in Hubei Province from 2000 to 2020, the overall dynamic degree of land use increased from 0.27 to 0.34, indicating an accelerated rate of land use change and relatively active land use between 2010 and 2020. The dynamic degrees of construction land, water body, and cultivated land increased, while those of forest land and grassland decreased. Combined with the land use transition matrix analysis, this suggests that rapid urban development has accelerated the encroachment of construction land on cultivated land and water bodies. The dynamic degree of forest land increased from 2000 to 2010 but decreased from 2010 to 2020, with a gradual decrease in area, indicating reduced protection and restoration efforts for forest land during this period, consistent with the previous land use analysis.





3.2. Spatiotemporal Distribution Characteristics of Habitat Quality


3.2.1. Temporal Evolution Analysis of Habitat Quality


The InVEST model was used to calculate the average habitat quality indices for Hubei Province’s national nature reserves in 2000, 2010, and 2020, which were 0.8147, 0.8196, and 0.8016, respectively (Figure 7). The average habitat quality was 0.8120, which is generally at a higher level. However, the standard deviations were 0.2520, 0.2516, and 0.2728, showing a gradually increasing trend. This indicates that the spatial heterogeneity of habitat quality within the nature reserves has been increasing, which aligns with the analysis of land use dynamics discussed earlier.



Using the equal interval method in ArcGIS, habitat quality was classified into four levels, and a table showing their area proportions was created (Table 10). Analysis in conjunction with Table 8 reveals that although the overall habitat quality in the study area is good, the distribution of high, medium, and low habitat quality areas within the nature reserves is uneven. Taking 2010 as an example, high-quality habitat areas accounted for 78.72% while the combined proportion of the lower and lowest quality areas was 17.42%, with a smaller proportion in the relatively high-quality category. From 2000 to 2020, the proportion of high-quality habitat areas first increased and then decreased, showing an overall downward trend. The proportion of relatively high-quality areas first decreased and then increased, showing an overall upward trend. The areas of low and relatively low-quality habitats continued to grow. The decrease in high-quality habitat areas, along with the increase in relatively high, relatively low, and low-quality areas, is consistent with the slightly declining trend in the habitat quality index mentioned earlier.



Between 2000 and 2020, 14 national nature reserves in Hubei Province experienced an improvement in habitat quality, while 4 saw a slight decline. The four reserves with declining habitat quality were Longgan Lake, Sanxia Dalao Ridge, Honghu, and Wudaoxia, with decreases of 0.0285, 0.0013, 0.4445, and 0.0167, respectively. Analysis of the land use transition matrix shows that the decline in habitat quality in these reserves was due to varying degrees of encroachment of farmland on forests, grasslands, and water bodies. This is attributed to practices where farmers sacrifice natural environments, such as clearing forests and grasslands, to obtain crop yields and economic benefits. This results in a significant loss of living and breeding conditions for many species within the reserves, posing a severe threat to biodiversity and leading to a decline in habitat quality.




3.2.2. Analysis of Spatial Evolution of Habitat Quality


Analysis of Changes in the Proportion of Cold and Hot Spots in Habitat Quality


Looking at the overall proportion of cold and hot spots in the study area (Figure 8), from 2000 to 2020, in Hubei Province’s national nature reserves, areas of insignificant change accounted for 90.2%, cold spot areas for 5.7%, and hot spot areas for 4.1%. The proportion of hot spot areas being slightly less than that of cold spots indicates that the area of habitat quality increase is smaller than that of decrease, aligning with the conclusion of habitat quality decline from 2000 to 2020. National nature reserves with more than 5% in cold spot areas include Honghu, Longgan Lake, Bengjianzi, Wudaoxia, Shishou Milu, Jiugong Mountain, and Xingdou Mountain, totaling seven reserves. The significant decline in habitat quality in these reserves is due to the conflict between poverty alleviation, wealth creation, and ecological conservation, where the residents blindly develop the reserves for economic benefits. As for the reserves with more than 5% in hot spot areas, these include Shishou Milu, Bengjianzi, Xingdou Mountain, Jiugong Mountain, and Qijie Mountain, totaling five reserves. Comparing these with the reserves having more than 5% in cold spots, four of them also exceed 5% in cold spots. The overall habitat quality index changes in these four reserves from 2000 to 2020 were 0.0692, 0.0314, 0.0813, and 0.0074, respectively. This indicates that although the overall habitat quality indices of these four reserves are stable, there exist drastic internal changes in habitat quality. The increases and decreases in different areas offset each other, leading to an overall stable trend in the habitat quality index.




Analysis of Spatial Distribution Characteristics of Cold and Hot Spot Areas


To investigate whether the habitat quality changes in Hubei Province’s national nature reserves between 2000 and 2020 exhibited spatial clustering, the ArcGIS 10.5 software was used for spatial autocorrelation (Moran’s I) analysis. The results showed that 13 nature reserves passed the significance test with a global Moran’s I index Z-score exceeding 2.58 and p < 0.01. Among them, Shennongjia, Wudaoxia, Shishou Milu, Xingdou Mountain, Badong Golden Monkey, and Longgan Lake had Z-scores greater than 8 with p < 0.01, indicating pronounced spatial clustering in habitat quality changes in these reserves, suggesting strong spatial aggregation. In contrast, Sai Wudang, Mulinzi, Shibalichangxia, Dalao Ridge, and Wufeng Houhe nature reserves had global Moran’s I index Z-scores <1.68 and p > 0.1, indicating that habitat changes in these five reserves were randomly distributed in space, without significant clustering.



Overall, the spatiotemporal evolution of habitat quality in the study area is characterized by an overall decline, phased changes, and spatial heterogeneity(Figure 9). The overall habitat quality increased from 2000 to 2010 and declined from 2010 to 2020, possibly due to the enhancement of habitat quality following the implementation of the Grain for Green policy in Hubei Province in 2000. However, post-2010, the indigenous people, driven by economic pressures and national food security policies, resumed deforestation and grass destruction for cultivation in other areas, leading to a decline in quality. Additionally, the intermingling of hot and cold spots within nature reserves may result from some development activities near major transport routes and tourist facilities, resulting in localized sharp declines in quality. Consequently, in the following sections, an analysis is conducted to detect the potential factors causing the aforementioned trends and to further discuss the factors and mechanisms affecting the spatiotemporal evolution of habitat quality.






3.3. Analysis of Spatiotemporal Evolution Influencing Factors of Habitat Quality Based on Geodetector


3.3.1. Construction of the Indicator System for Factors Influencing Habitat Quality


Establishing a habitat quality indicator system is fundamentally important. In light of the actual situation of Hubei Province’s national nature reserves [58], this study selects 14 indicators from three dimensions: natural environment, socio-cultural, and policy regulation, to explore the main factors affecting the habitat quality of national nature reserves in Hubei Province and their mechanisms of evolution (Table 11).



As shown in Table 10, elevation, slope, and terrain ruggedness are selected to represent topography, which is an important component of natural environmental factors and the basis of the formation, development, and evolution of the geographical environment. These are represented by elevation, the degree of steepness of the unit land surface, and the difference between the maximum and minimum elevations within the unit land surface. Distance from water bodies is chosen to represent hydrological factors. Mean patch size and patch density are selected to represent landscape pattern factors. Higher patch density and smaller mean patch size indicate more landscape fragmentation and heterogeneity, reflecting human interference with the natural landscape, a key cause of biodiversity loss in nature reserves. Annual average temperature and annual precipitation are selected to represent climatic conditions, which are fundamental factors affecting plant growth and development. Land use intensity is chosen to represent the activities of indigenous people; it is classified based on the impact on the natural environment, with forest, grassland, and water classified as 1, representing land use in a relatively natural state. Farmland is classified as 2 and constructed land as 3. By comparison, farmland and constructed land may represent areas of more intensive human activity, usually accompanied by large-scale land transformation, vegetation destruction, and habitat degradation, with significant impacts on ecosystems. Different types of land use have varying effects on the quality and function of habitats; for example, farmland and constructed land may have a more significant impact on habitat destruction, while forests and water bodies may offer better protection to ecosystems. The distance from tourist facilities is selected to represent the impact of tourism, with the proximity of these facilities reflecting the level of disturbance to nature reserves by tourism. Data on dining, cultural leisure and entertainment, shopping, and hotels from 2020 POI (Points of Interest) within the study area were extracted and analyzed using Euclidean distance in ArcGIS to indicate the degree of tourism disturbance to nature reserves. Closer proximity may imply higher visitor traffic, disturbance, and pressure, leading to ecosystem degradation, species disturbance, and landscape changes, which negatively affect the species and habitats within the reserves. The distance from highways, national and provincial roads, and county and township roads is chosen to represent traffic location factors, as accessibility is a key factor in human activities impacting habitat quality. The factor of returning farmland to forest is selected to represent policy control factors in nature reserves. Although there may be other factors associated with land use development policies, returning farmland to forest is often considered the most important regulatory measure in nature reserve policies. This significant ecological engineering project measures its regulatory effects by the scale of farmland converted to forest land.




3.3.2. Detection and Analysis of Factors Influencing Habitat Quality


	(1)

	
The Influence of Natural Geographical Factors







Natural geographical factors are the foundation of habitat quality evolution in Hubei Province’s national nature reserves, generally promoting or constraining the evolution of habitat quality. As the average values of factor contribution rates show (Figure 10), topographical conditions make a prominent impact, with slope being the factor with the largest contribution rate among natural geographical factors. The sum of the q-values for each reserve over three periods in descending order is slope (0.296) > fragmentation (0.658) > ruggedness (0.160) > mean patch area (0.153) > distance from water bodies (0.096) > elevation (0.094) > annual mean temperature (0.045) > annual precipitation (0.041). According to the data analysis of Figure 10, hydrological factors significantly influence the habitat quality of wetland-type reserves. The landscape pattern factors widely affect the habitat quality pattern. From 2000 to 2020, except for the contribution rate of terrain ruggedness to habitat quality, which decreased, the contribution rates of all other factors to habitat quality have risen to varying degrees, with annual average rainfall and landscape fragmentation showing the most significant increases in their contribution rates, with q-values rising from 0.031 and 0.203 to 0.060 and 0.227, respectively.



	(2)

	
The Influence of Socio-Cultural Factors







Socio-cultural factors are the fundamental drivers of habitat quality evolution in Hubei Province’s national nature reserves (Figure 10). Indigenous activity factors are the leading influencers of habitat quality evolution, with their explanatory power gradually increasing. Over 20 years, the overall q-value average of land use intensity has gradually increased, from 0.623 in 2000 to 0.945 in 2020. Tourism service facilities are important factors in habitat quality evolution, with significant differences among different reserves. Over 20 years, the average q-value of the tourism service factor has been increasing, with 14 reserves showing an increase and 4 a decrease in q-values, indicating the eco-tourism development influence is gradually increasing. Transportation location factors are key in habitat quality evolution, with lower-grade roads having higher q-values than higher-grade roads. Over 20 years, the average q-values of distance to highways, national/provincial roads, and county/township roads have shown a rising trend, increasing by 0.002, 0.031, and 0.033, respectively, indicating that the impact of transportation location factors is gradually strengthening.



	(3)

	
The Influence of Policy Regulatory Factors







The policy of returning farmland to forest is an effective means to restore damaged ecosystems and a key factor in improving habitat quality. The q-values for the policy in 2000, 2010, and 2020 were 0.145, 0.137, and 0.124, respectively, showing a gradual decline in explanatory power. Over 20 years, the q-value of the policy increased in 14 national nature reserves and decreased in 4, but the overall q-value still slightly declined. This aligns with the trend of initial increase and subsequent decrease in the overall habitat quality of Hubei Province’s national nature reserves from 2000 to 2020. The policy, initiated in 2000, had a significant overall effect, effectively improving habitat quality, but the implementation effectiveness worsened due to a weakening in policy regulation, leading to a decrease in habitat quality.




3.3.3. Detection and Analysis of the Evolution Mechanism of Habitat Quality


The previous section analyzed the contributions of 14 factors to the evolution of habitat quality in national nature reserves in Hubei Province. However, in practice, the complex interactions among different influencing factors jointly promote or constrain the change in habitat quality. Therefore, this section aims to use the interactive detector module of the Geodetector to analyze the interrelationships between the interactions of various influencing factors and the evolution of habitat quality. The detection results show that the interactions among the influencing factors over three years have a synergistic enhancing effect (Table 12, this article only lists the top five interaction values of the factors).



Firstly, the interaction between natural geographical factors and socio-cultural factors is a key driver. Over the past 20 years, there has been a strong interaction between natural geographical factors and socio-cultural factors, with the interaction mechanism among the influencing factors showing synergistic enhancement. Notably, the nonlinear enhancement effect is significantly greater than the dual-factor enhancement. The strength of the interaction effects of different types of influencing factors is ranked as follows: interaction between natural geographical and socio-cultural factors > internal interaction within socio-cultural factors > internal interaction within natural geographical factors.



Secondly, the land use intensity factor had the highest explanatory power among all influencing factors, and it also had the strongest interaction with both natural environmental and socio-cultural factors. Specifically, the interaction of the land use intensity factor with natural environmental factors was greater than its interaction with socio-cultural factors, especially with topographical factors and transportation factors. Land use intensity reflects the degree of human development and construction activities’ disturbance on habitat quality. Within national nature reserves, the strict protection of the ecological environment led to the loss of economic sources for indigenous residents, intensifying the contradiction between the need for poverty alleviation of the indigenous people and the conservation of the ecological environment. Therefore, the impact of land use intensity in conjunction with natural environmental and socio-cultural factors is the most complex.



The influence of policy regulatory factors has gradually weakened, as indicated by the diminishing interaction between the returning farmland to forest factor and natural geographical and socio-cultural factors, with the interaction between 2000 and 2010 being greater than between 2010 and 2020. However, the returning farmland to forest factor still interacts strongly with the land use intensity, especially in national nature reserves like Xingdou Mountain, Qijie Mountain, Sai Wudang, Mulinzi, Duheyuan, and Dabie Mountain.






4. Discussion


For nature reserves, frequent human activities inevitably lead to changes in land use. Historical research has identified land use changes as significant risk factors affecting habitat quality [9,10,11,12,13,14]. In recent years, numerous studies have further explored the impacts of other factors such as location, topography, landscape patterns, and urbanization on habitat quality. However, there are few studies on the comprehensive assessment and interaction effects of the above natural geographic factors with human activity factors such as socio-cultural aspects and policy implementation [28,29,30,31]. This study, focusing on the 18 nature reserves in Hubei Province, innovatively employs the geographical detector model and the InVEST evaluation model from three aspects: the natural environment, socio-cultural factors, and policy regulation, to perform a quantitative assessment and comparative analysis of the impacts on habitat quality in different types of nature reserves.



The research results make some theoretical contributions to the geographical study of habitat quality, which can be reflected in the following two aspects:



Firstly, natural geographic factors are the foundation of habitat quality evolution in nature reserves, having a stable and continuous impact. Socio-cultural factors are the most significant dimension of influence, whereas policy elements have a smaller direct impact but a significant temporal follow-up effect. From the single-factor detection results of the natural geographic dimension, slope is the factor with the largest contribution rate among natural geographic factors. Hydrology, water bodies, and landscape patterns also broadly affect habitat quality changes in various types of nature reserves. From the single-factor detection results of the socio-cultural dimension, although the study’s findings on the explanatory power of single factors in land use are consistent with the existing literature [28,29,30,31,39,40,41], this paper also makes further discoveries. Among subsequent influencing factors, the impact of open, lower-grade roads exceeds that of closed, higher-grade roads, showing an annually increasing trend, which reminds us to pay more attention to the control intensity of development along roads. From the policy dimension detection results, the effect of the Grain for Green policy implementation is consistent with the spatiotemporal evolution of habitat quality, highlighting the need to consider the potential impact of changes in policy implementation intensity on habitat quality.



Secondly, over the past 20 years, the interaction mechanism among influencing factors has shown a synergistic enhancement, collectively driving changes in the habitat quality of nature reserves. The strength of interactions is ranked as follows: the interaction between natural geographic and socio-cultural factors > the internal interaction of socio-cultural factors > the internal interaction of natural geographic factors. Among them, the interaction between the land use intensity factor and natural environmental factors is greater than that with socio-cultural factors; especially, the interaction with topographic features is the strongest. It is evident that in nature reserves with significant topographical variations, changes in land use intensity will further exacerbate the damage to habitat quality. This impact may arise from the indigenous population’s high dependency on limited arable land, where flat land as a means of production is scarcer in these areas, thereby mutually amplifying the impact effect.



The practical application value of this article lies in providing evidence for the formulation and management of territorial space development protection and land use planning. Specifically, it applies to the establishment, adjustment, and optimization of regional nature reserve systems. Based on the conclusions of this study, the interaction between physical geography and socio-cultural factors has a significant impact. Therefore, it is recommended that various nature reserves within the same geographical unit, which are adjacent and connected, could break through the unreasonable settings caused by administrative divisions or resource classifications, and be reorganized according to principles of ecological system integrity, species habitat connectivity, and unified protection management. The 2019 Chinese Government’s “Guidance on Establishing a Nature Re-serve System Centered on National Parks” [59] provides policy support for this. In the ongoing compilation of Hubei Province’s territorial space master plan, we have proposed corresponding adjustment suggestions based on the results of this study. For instance, Shennongjia and the Badong Golden Monkey national nature reserves, located in the Qinba Mountains and belonging to the forest ecological type of national nature reserves, are spatially adjacent to interconnected species habitats. The distribution of hot and cold spots of habitat quality within them shows a unified trend, and the structure of influencing factor contributions is similar. Therefore, they can be merged, with Shennongjia as the core, to establish a national park, integrating surrounding nature reserves for unified management.



On the other hand, this article can offer recommendations for categorizing strategies for the ecological restoration zoning, determination of ecological restoration units, and generation of land use planning strategies for nature reserves and their surrounding urbanized areas. Based on regions with significant spatiotemporal changes in habitat quality and intense transitions between land use types identified in this article, these areas should be classified as sensitive and key units for ecological restoration. Depending on the strength of influencing factors such as land use, county and township roads, and tourism service facilities within different nature reserves, a graded and differentiated list of territorial space development control measures and policies should be established. For example, due to the significantly higher impact of open county and township roads compared with closed highways, it is necessary to strengthen the development control along these roads to ensure regional ecological security.



Meanwhile, due to the selection of many study subjects and the difficulty in obtaining uniform and comprehensive socio-economic data, the impact of development activities with industrial characteristics has not been assessed. Further research could be conducted on specific areas in the next step.



This study has some limitations. First, the introduction of the InVEST model provides a feasible method for the quantitative assessment of habitat quality, but its results are based on remote sensing images, meteorological data, and vegetation data, and the accuracy of the habitat quality evaluation remains to be verified. Moreover, assessing habitat quality in large-scale regions is a complex issue, which is a common challenge for scholars. The future direction of quantitative habitat quality assessment will aim to establish a connection between habitat quality evaluations based on remote sensing images and on-the-ground habitat quality measurements. Second, in studying the factors affecting habitat quality and their evolutionary mechanisms using the geographic detector model, the author, drawing on previous research, discretized the independent variables using the natural break method in ArcGIS. Due to the lack of clear classification standards, different discretization methods may lead to different results. Future research needs to strengthen the classification standards for the discretization of independent variables to improve the reliability of detection results.




5. Conclusions


This study analyzed the spatiotemporal evolution characteristics of land use and habitat quality within 18 nature reserves in Hubei Province from 2000 to 2020, employing the INVEST model and the Geodetector model to quantitatively assess the extent of the impact and the interaction mechanisms of various elements within natural geography, socio-cultural, and policy regulation dimensions on habitat quality.



The results of this study indicate that the habitat quality of the 18 nature reserves in Hubei Province is superior, with an average habitat quality reaching 0.8120. The density changes in habitat quality evolution from 2000 to 2020 exhibit characteristics of periodicity and spatial heterogeneity. The spatiotemporal differentiation characteristics of habitat quality in the study area are influenced by the combined effects of natural, cultural, and policy factors, with the strength of their interactions ranked as follows: interaction between natural geographical and socio-cultural factors > interaction within socio-cultural factors > interaction within natural geographical factors. This finding is consistent with the understanding that ecosystems are easily and rapidly degraded by human activities, while natural restoration is difficult and slow. It reminds us of the need to pay more attention to the destructive impact of human activities on nature reserves. In future research, we must continue to focus on the complex process of how diverse elements related to human activities intervene in habitat quality.
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Figure 1. Location map of the 18 national nature reserves in Hubei Province. 
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Figure 2. Schematic diagram of research methods. 
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Figure 3. Topographic map of Hubei Province. 
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Figure 4. The 2020 land use status map of national nature reserves in Hubei Province. Note: The abbreviations stand for SWD—Saiwudang, NH—Nan River, WDX—Wudao Canyon, SBL—Shibali, DHY—Duheyuan, SNJ—Shennongjia, BDJSH—Badong Golden Monkey, DLL—Dalao Ling, XDS—Xingdou Mountain, QJMS—Qijiemei Mountain, MLZ—Mulinzi, WFHH—Wufenghou River, CYBJZ—Changyang Bengjianzi, SSML—Shishou Elk, HH—Hong Lake, JGS—Jiugong Mountain, LGH—Longgan Lake, DBS—Dabie Mountain. 
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Figure 5. The 2020 land use structure map of national nature reserves in Hubei Province. 
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Figure 6. Chord diagram of land use transition in national nature reserves of Hubei Province, 2000–2020. 
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Figure 7. Habitat quality in national nature reserves of Hubei Province from 2000 to 2020. Note: The red dotted line indicates an increase in habitat quality on the left and a decrease on the right. 
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Figure 8. Percentage of area in cold and hot spots of habitat quality changes from 2000 to 2020. 
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Figure 9. Spatial distribution map of habitat quality change hot spots from 2000 to 2020. 
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Figure 10. The contribution rate of factors influencing habitat quality evolution from 2000 to 2020. Note: X1: elevation; X2: slope; X3: terrain ruggedness; X4: distance from water systems; X5: average patch density; X6: landscape fragmentation; X7: annual mean temperature change; X8: annual mean precipitation change; X9: land use intensity; X10: distance from tourist service facilities; X11: distance from highways; X12: distance from national and provincial roads; X13: distance from county and township roads; and X14: scale of returning farmland to forest. 
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Table 1. Directory of national nature reserves in Hubei Province.
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Number

	
Type

	
Name of National Nature Reserve in Hubei

	
Area (ha)

	
Establishment Year

	
Conservation Targets

	
Selected






	
1

	
Forest ecology

	
Shennongjia

	
70,467

	
1986

	
Forest ecosystems, flora and fauna

	
Yes




	
2

	
Wufeng Houhe

	
10,340

	
2000




	
3

	
Xingdoushan

	
68,339

	
2003




	
4

	
Jiugongshan

	
16,608

	
2007




	
5

	
Qizimei Mountains

	
34,550

	
2008




	
6

	
Saiwudang

	
21,203

	
2011




	
7

	
Mulinzi

	
20,838

	
2012




	
8

	
Duheyuan National

	
47,173

	
2013




	
9

	
Shibalichangxia

	
25,605

	
2013




	
10

	
Nanhe

	
14,833

	
2014




	
11

	
Dabie Mountains

	
16,048

	
2014




	
12

	
Badong Golden Monkey

	
20,910

	
2016




	
13

	
Three Gorges Dalao Ridge

	
14,225

	
2017




	
14

	
Wudaoxia

	
20,860

	
2017




	
15

	
Changyang Bengjianzi

	
13,313

	
2017




	
16

	
Inland wetland

	
Longgan Lake

	
22,322

	
2009

	
Wetland plants, animals




	
17

	
Honghu

	
41,412

	
2014




	
18

	
Wildlife

	
Shishou Milu Deer

	
1567

	
1998

	
Wildlife resources




	
19

	
Aquatic wildlife

	
Hubei Yangtze River Xintan Baiji Dolphin

	
40,000

	
1992

	
Aquatic wildlife and habitats

	
No




	
20

	
Hubei Yangtze River Tian’ezhou Baiji Dolphin

	
15,250

	
1992




	
21

	
Hubei Zhongjian River Giant Salamander

	
1043

	
2012




	
22

	
Paleontological relics

	
Hubei Qinglongshan Dinosaur Egg Fossil

	
455

	
2001

	
Paleontological relics and fossils








Data Source: Compiled by the author based on the “Directory of Nature Reserves in Hubei Province”. Hubei Provincial Department of Ecology and Environment. Directory of Nature Reserves in Hubei Province [EB/OL] [19 November 2018].













 





Table 2. Research data and sources.
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Category

	
Name

	
Format

	
Time

	
Source






	
Land use data

	
Land Use Data

	
Raster data (30 m)

	
2000, 2010, 2020

	
30 Meters Global Land Cover Data GlobeLobe30 (http://globeland30.org, (accessed on 5 November 2022))




	
Basic geographic data

	
Road Data

	
Vector data

	
2020

	
OpenStreetMap (https://www.openstreetmap.org, (accessed on 10 December 2022))




	
Water System Data

	
Vector data

	
2020




	
Research Area Boundary

	
Image

	
2020

	
Hubei Provincial Department of Ecology and Environment (https://sthjt.hubei.gov.cn, (accessed on 11 December 2022))




	
Digital Elevation Model

	
Raster data (30 m)

	
-

	
Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn, (accessed on 7 January 2023))




	
Natural environment data

	
Annual Average Temperature

	
Raster data (1 km)

	
2000, 2010, 2020




	
Annual Average Precipitation

	
Raster data (1 km)

	
2000, 2010, 2020




	
Socio-cultural data

	
POI

	
Vector data

	
2000, 2010, 2020




	
Other

	
Hubei Province and Municipal Land and Space Planning

	
Document

	
2020

	
Hubei Provincial Department of Natural Resources and municipal natural resources and planning bureaus official website











 





Table 3. Classification of land use/cover in national nature reserves of Hubei Province.
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	Land Type Name
	GlobeLand30 Land Types and Codes





	01
	Cultivated land
	10 cultivated land



	02
	Forest land
	20 forest land, 40 shrubland



	03
	Grassland
	30 grassland



	04
	Water body
	50 wetlands, 60 water bodies, 100 glaciers and permanent snow



	05
	Urban, industrial, and residential land (construction land)
	80 artificial surfaces



	06
	Unused land
	90 bare land, 70 tundra







Note: There is no tundra (70) or bare land (90) within the study area.













 





Table 4. Habitat quality threat factor attributes.






Table 4. Habitat quality threat factor attributes.





	Threat Factor
	Maximum Impact Distance (Km)
	Weight
	Spatial Decay Type





	Cultivated land
	4
	0.5
	Exponential



	Construction land
	8
	0.8
	Exponential



	Railway
	2
	0.6
	Linear



	Expressway
	6
	0.5
	Linear



	Other roads
	5
	0.65
	Linear










 





Table 5. Relative sensitivity of each habitat type to each threat factor.
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Land Use Type

	
Habitat

Suitability

	
Threat Factor




	
Cultivated Land

	
Construction Land

	
Railway

	
Expressway

	
Roads






	
Cultivated land

	
0.3

	
0.3

	
0.4

	
0.35

	
0.35

	
0.3




	
Forest land

	
1

	
0.8

	
0.6

	
0.7

	
0.65

	
0.6




	
Grassland

	
0.7

	
0.5

	
0.6

	
0.7

	
0.65

	
0.6




	
Water body

	
0.9

	
0.65

	
0.7

	
0.6

	
0.6

	
0.65




	
Construction land

	
0

	
0

	
0

	
0

	
0

	
0











 





Table 6. Types of dual-factor interactions.
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	Judgment Type
	Type





	q(X1∩X2) < min(q(X1),q(X2))
	Nonlinear diminishing



	min(q(X1),q(X2)) < q(X∩X2) < max(q(X1),q(X2))
	Single-factor nonlinear diminishing



	q(X1∩X2) > max(q(X1),q(X2))
	Dual-factor enhancement



	q(X1∩X2) = q(X1) + q(X2)
	Independent



	q (X1∩X2) > q(X1) + q(X2)
	Nonlinear enhancement










 





Table 7. Classification of national nature reserves in Hubei Province.
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Location

	
Mountain Range or River System

	
Name of National Nature Reserves in Hubei Province






	
Western Hubei

(13)

	
Daba Mountains

	
Saiwudang, Nan River, Wudao Canyon, Shibalili, Duheyuan, Shennongjia, Badong Golden Monkey, Dalao Ling




	
Wuling Mountain Range

	
Xingdou Mountain, Qijiemei Mountain, Mulinzi, Wufenghou River, Changyang Bengjianzi




	
Central Hubei (2)

	
Middle Yangtze River

	
Shishou Elk, Honghu




	
Eastern Hubei

(3)

	
Dabie Mountains

	
Dabie Mountain




	
Middle and Lower Yangtze River

	
Longgan Lake




	
Mufu Mountain Range

	
Jiugong Mountain











 





Table 8. Land use transition matrix for national nature reserves in Hubei Province, 2000–2020 (ha).
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Time Period

	
Land Use

Type

	
Cultivated

Land

	
Forest Land

	
Grassland

	
Water Body

	
Construction Land

	
Total






	
2000–2010

	
Cultivated land

	
—

	
4709.07

	
432.99

	
3141.09

	
7.02

	
49,780.62




	
Forest land

	
5197.86

	
—

	
376.83

	
148.68

	
1.53

	
428,360.9




	
Grassland

	
584.82

	
14,452.56

	
—

	
53.01

	
4.86

	
22,042.8




	
Water body

	
492.93

	
113.67

	
44.28

	
—

	
1.44

	
51,734.07




	
Construction land

	
9.00

	
2.70

	
0.09

	
0.00

	
—

	
139.59




	
Total

	
47,775.06

	
441,914

	
7801.74

	
54,424.53

	
142.65

	
552,058




	
2010–2020

	
Cultivated land

	
—

	
5459.22

	
270.9

	
317.43

	
141.21

	
47,775.06




	
Forest land

	
5932.71

	
—

	
4411.62

	
587.07

	
46.8

	
441,914




	
Grassland

	
675.99

	
1472.76

	
—

	
196.56

	
28.71

	
7801.74




	
Water body

	
17,055.54

	
108.54

	
257.85

	
—

	
9.99

	
54,424.53




	
Construction land

	
95.94

	
4.05

	
0.63

	
0.99

	
—

	
142.65




	
Total

	
65,346.48

	
437,980.4

	
10,368.72

	
38,094.66

	
267.75

	
552,058




	
2000–2020

	
Cultivated land

	
—

	
5315.58

	
506.16

	
785.34

	
145.53

	
49,780.62




	
Forest land

	
6440.67

	
—

	
3294.09

	
572.76

	
43.2

	
428,203.5




	
Grassland

	
853.02

	
14,549.31

	
—

	
277.65

	
40.14

	
22,042.8




	
Water body

	
14,921.19

	
101.88

	
245.07

	
—

	
7.47

	
51,734.07




	
Construction land

	
103.59

	
3.42

	
0.72

	
0.45

	
—

	
139.59




	
Total

	
65,346.48

	
437,823

	
10,368.72

	
38,094.66

	
267.75

	
5520.58











 





Table 9. Land use dynamic degree of national nature reserves in Hubei Province, 2000–2020 (%).
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	Time Period
	Cultivated Land
	Forest

Land
	Grassland
	Water Body
	Construction Land
	Total





	2000–2010
	−0.40
	0.32
	−6.40
	0.50
	−1.28
	0.27



	2010–2020
	3.68
	−0.09
	3.25
	−3.01
	11.46
	0.34



	2000–2020
	1.56
	0.11
	−2.62
	−1.33
	4.35
	0.22










 





Table 10. Area proportions of each habitat quality level (%).
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Years

	
2000

	
2010

	
2020




	
Habitat Quality

	
Highest Level

	
Higher Level

	
Lower Level

	
Lowest Level

	
Highest Level

	
Higher Level

	
Lower Level

	
Lowest Level

	
Highest Level

	
Higher Level

	
Lower Level

	
Lowest Level






	
Shennongjia

	
92.39

	
4.21

	
3.40

	
0.00

	
93.99

	
2.64

	
3.36

	
0.00

	
93.30

	
3.39

	
3.28

	
0.03




	
Shishou Elk

	
65.13

	
12.28

	
22.59

	
0.00

	
74.22

	
12.44

	
13.34

	
0.00

	
77.17

	
10.29

	
12.54

	
0.00




	
Wufenghou River

	
95.45

	
0.65

	
3.90

	
0.00

	
95.98

	
0.43

	
3.59

	
0.00

	
95.96

	
0.44

	
3.60

	
0.00




	
Xingdou Mountain

	
2.51

	
12.60

	
65.16

	
19.74

	
3.38

	
11.14

	
66.38

	
19.10

	
6.36

	
23.67

	
68.43

	
1.54




	
Jiugong Mountain

	
88.12

	
8.39

	
3.49

	
0.00

	
88.13

	
8.37

	
3.51

	
0.00

	
87.97

	
7.78

	
3.18

	
1.07




	
Qijiemei Mountain

	
86.90

	
5.07

	
8.03

	
0.00

	
88.31

	
3.68

	
8.02

	
0.00

	
91.66

	
0.52

	
7.82

	
0.00




	
Longgan Lake

	
0.26

	
23.22

	
42.18

	
34.35

	
0.28

	
23.31

	
42.48

	
33.93

	
0.12

	
17.75

	
41.47

	
40.66




	
Saiwudang

	
95.67

	
2.16

	
1.78

	
0.38

	
97.57

	
0.06

	
1.99

	
0.38

	
97.00

	
0.72

	
2.28

	
0.00




	
Mulinzi

	
86.06

	
4.28

	
9.66

	
0.00

	
86.49

	
4.10

	
9.40

	
0.00

	
89.77

	
0.89

	
9.35

	
0.00




	
Duheyuan

	
92.51

	
1.50

	
5.69

	
0.31

	
92.92

	
1.06

	
5.71

	
0.31

	
92.85

	
1.05

	
6.03

	
0.06




	
Shibali Canyon

	
94.12

	
1.42

	
4.46

	
0.00

	
94.55

	
1.03

	
4.43

	
0.00

	
94.43

	
1.11

	
4.46

	
0.00




	
Hong Lake

	
89.02

	
3.86

	
7.12

	
0.00

	
98.20

	
0.18

	
1.62

	
0.00

	
5.07

	
19.93

	
43.23

	
31.77




	
Nan River

	
92.24

	
3.78

	
3.88

	
0.10

	
95.45

	
0.00

	
4.41

	
0.14

	
95.46

	
0.00

	
4.50

	
0.04




	
Dabie Mountain

	
94.52

	
1.36

	
4.12

	
0.00

	
94.29

	
1.34

	
4.37

	
0.00

	
94.37

	
1.26

	
4.28

	
0.09




	
Badong Golden Monkey

	
93.08

	
3.36

	
3.56

	
0.00

	
94.88

	
1.33

	
3.80

	
0.00

	
93.12

	
3.13

	
3.76

	
0.00




	
Dalao Ling

	
97.58

	
0.43

	
1.99

	
0.00

	
97.26

	
0.13

	
2.61

	
0.00

	
97.28

	
0.14

	
2.59

	
0.00




	
Wudao Canyon

	
92.23

	
0.88

	
6.89

	
0.00

	
90.54

	
0.00

	
9.46

	
0.00

	
90.51

	
0.00

	
9.49

	
0.00




	
Changyang Bengjianzi

	
87.18

	
1.94

	
10.47

	
0.40

	
88.61

	
0.66

	
10.32

	
0.40

	
88.95

	
0.66

	
10.38

	
0.00




	
Total

	
77.10

	
5.20

	
13.95

	
3.75

	
78.72

	
3.85

	
13.77

	
3.66

	
71.77

	
6.70

	
17.29

	
4.23











 





Table 11. Table of indicators for factors influencing habitat quality changes.
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Category

	
Element

	
Code

	
Factor

	
Calculation Method and Dimension






	
Dependent variable

	
Habitat quality

	
Habitat quality

	
Y1

	
Habitat quality in 2000

	
—




	
Y2

	
Habitat quality in 2010

	
—




	
Y3

	
Habitat quality in 2020

	
—




	
Independent variable

	
Natural geography

	
Topography

	
X1

	
Elevation

	
DEM data extraction (m)




	
X2

	
Slope

	
Elevation Difference/water Distance × 100% (%)




	
X3

	
Terrain Ruggedness

	
Highest elevation—lowest elevation (m)




	
Hydrology

	
X4

	
Distance from water bodies

	
Euclidean distance (m)




	
Landscape pattern

	
X5

	
Average patch area

	
Total patch area/number of patches




	
X6

	
landscape fragmentation

	
Number of patches/total patch area




	
Climatic conditions

	
X7

	
Annual average temperature

	
°C




	
X8

	
Annual average precipitation

	
mm




	
Socio-cultural

	
Indigenous activities

	
X9

	
Land use intensity

	
Forest, grassland, water = 1; farmland = 2;

construction land = 3




	
Tourism facilities

	
X10

	
Distance from tourist service facilities

	
Euclidean distance (m)




	
Transportation location

	
X11

	
Distance from highways

	
Euclidean distance (m)




	
X12

	
Distance from national and provincial roads




	
X13

	
Distance from county and township roads




	
Policy regulation

	
Returning farmland to forest

	
X14

	
Scale of returning farmland to forest

	
Scale of returning farmland to forest (ha)











 





Table 12. The results of factor interactions in habitat quality evolution.
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	Years
	Shennongjia
	Shishou Elk
	Wufenghou River
	Xingdou Mountain
	Jiugong Mountain
	Qijiemei Mountain
	Longgan Lake
	Saiwudang
	Mulinzi





	2000
	X9∩X12(0.69284)
	X10∩X12(0.45401)
	X9∩X12(0.89728)
	X9∩X13(0.72173)
	X6∩X9(0.71834)
	X9∩X13(0.74724)
	X9∩X13(0.62373)
	X9∩X14(0.73629)
	X9∩X13(0.83875)



	
	X9∩X13(0.68929)
	X9∩X10(0.42885)
	X1∩X9(0.89455)
	X9∩X12(0.71407)
	X9∩X12(0.71684)
	X9∩X12(0.73822)
	X9∩X12(0.61644)
	X9∩X13(0.72731)
	X9∩X12(0.82016)



	
	X6∩X9(0.64037)
	X9∩X12(0.41950)
	X4∩X9(0.89270)
	X9∩X14(0.68752)
	X9∩X13(0.71572)
	X9∩X14(0.72442)
	X6∩X9(0.59673)
	X6∩X9(0.72551)
	X9∩X14(0.81820)



	
	X5∩X9(0.62275)
	X6∩X12(0.41668)
	X9∩X13(0.89241)
	X6∩X9(0.68518)
	X5∩X9(0.70724)
	X6∩X9(0.70839)
	X5∩X9(0.59470)
	X5∩X9(0.72529)
	X6∩X9(0.80644)



	
	X9∩X14(0.61566)
	X2∩X12(0.40804)
	X9∩X10(0.89227)
	X4∩X9(0.67897)
	X7∩X9(0.70632)
	X5∩X9(0.89608)
	X4∩X9(0.59057)
	X2∩X5(0.71967)
	X7∩X9(0.90439)



	2010
	X9∩X13(0.83911)
	X9∩X10(0.64501)
	X9∩X13(0.96939)
	X9∩X13(0.81878)
	X9∩X12(0.87879)
	X9∩X13(0.83680)
	X9∩X12(0.63406)
	X9∩X13(0.81680)
	X9∩X13(0.79255)



	
	X9∩X12(0.82957)
	X9∩X13(0.57896)
	X8∩X9(0.94814)
	X9∩X12(0.80917)
	X9∩X13(0.86913)
	X9∩X12(0.82933)
	X9∩X12(0.62736)
	X9∩X12(0.80933)
	X9∩X12(0.78181)



	
	X6∩X9(0.82245)
	X9∩X12(0.56823)
	X9∩X12(0.94606)
	X6∩X9(0.72852)
	X2∩X12(0.73371)
	X9∩X14(0.74499)
	X2∩X9(0.59948)
	X9∩X14(0.74499)
	X9∩X14(0.76069)



	
	X1∩X9(0.82239)
	X5∩X9(0.55707)
	X1∩X9(0.94375)
	X9∩X14(0.72674)
	X6∩X9(0.71462)
	X6∩X9(0.72829)
	X6∩X9(0.59899)
	X6∩X9(0.72829)
	X3∩X9(0.75468)



	
	X5∩X9(0.81734)
	X2∩X12(0.53877)
	X4∩X9(0.93614)
	X5∩X9(0.71561)
	X2∩X13(0.73060)
	X3∩X9(0.71878)
	X5∩X9(0.59774)
	X3∩X9(0.72278)
	X6∩X9(0.75380)



	2020
	X9∩X13(0.98701)
	X9∩X13(0.93165)
	X2∩X9(0.81092)
	X9∩X12(0.73380)
	X9∩X13(0.91368)
	X9∩X13(0.96443)
	X9∩X13(0.72295)
	X1∩X9(0.98947)
	X9∩X13(0.98505)



	
	X9∩X12(0.94731)
	X9∩X13(0.93091)
	X2∩X12(0.75188)
	X9∩X13(0.68441)
	X9∩X12(0.90447)
	X4∩X9(0.96197)
	X9∩X12(0.71187)
	X6∩X9(0.98370)
	X9∩X12(0.97423)



	
	X9∩X10(0.84571)
	X1∩X9(0.91038)
	X3∩X12(0.73858)
	X4∩X9(0.59726)
	X6∩X9(0.86004)
	X9∩X12(0.95682)
	X10∩X13(0.69542)
	X5∩X9(0.98284)
	X9∩X10(0.96403)



	
	X1∩X9(0.84439)
	X9∩X10(0.91006)
	X2∩X13(0.73634)
	X7∩X9(0.59535)
	X5∩X9(0.85328)
	X9∩X10(0.94953)
	X9∩X10(0.65182)
	X9∩X12(0.98162)
	X4∩X9(0.96247)



	
	X5∩X9(0.84194)
	X6∩X9(0.90809)
	X9∩X13(0.73285)
	X12∩X13(0.58457)
	X1∩X9(0.85045)
	X1∩X9(0.94011)
	X10∩X12(0.64741)
	X9∩X13(0.98132)
	X8∩X9(0.96033)



	
	Duheyuan
	Shibali Canyon
	Hong Lake
	Nan River
	Dabie Mountain
	Badong Golden Monkey
	Dalao Ling
	Wudao Canyon
	Changyang Bengjianzi



	2000
	X9∩X13(0.72497)
	X9∩X13(0.68024)
	X9∩X13(0.58189)
	X9∩X13(0.66915)
	X9∩X13(0.82347)
	X9∩X12(0.89805)
	X9∩X13(0.81997)
	X9∩X13(0.64312)
	X6∩X9(0.59884)



	
	X9∩X12(0.71118)
	X9∩X12(0.67392)
	X12∩X13(0.52352)
	X1∩X9(0.64730)
	X9∩X12(0.81622)
	X9∩X13(0.88878)
	X9∩X12(0.80938)
	X9∩X12(0.62065)
	X1∩X9(0.58435)



	
	X7∩X9(0.70103)
	X6∩X9(0.65879)
	X9∩X12(0.51559)
	X9∩X12(0.64002)
	X9∩X14(0.81403)
	X7∩X9(0.72928)
	X7∩X9(0.79232)
	X9∩X11(0.60312)
	X9∩X13(0.58429)



	
	X6∩X9(0.70056)
	X2∩X9(0.66685)
	X2∩X13(0.61138)
	X4∩X9(0.63907)
	X6∩X9(0.79715)
	X1∩X9(0.72809)
	X3∩X9(0.78677)
	X1∩X9(0.57042)
	X9∩X10(0.58197



	
	X9∩X14(0.70002)
	X9∩X14(0.63453)
	X8∩X13(0.50749)
	X9∩X10(0.63826)
	X8∩X9(0.79619)
	X8∩X9(0.71170)
	X5∩X9(0.77686)
	X7∩X9(0.56542)
	X5∩X9(0.57601)



	2010
	X9∩X13(0.81572)
	X9∩X13(0.99616)
	X9∩X13(0.67113)
	X9∩X13(0.64528)
	X9∩X13(0.86025)
	X9∩X13(0.64902)
	X9∩X13(0.91732)
	X9∩X13(0.57821)
	X9∩X13(0.77273)



	
	X9∩X12(0.80788)
	X9∩X12(0.98664)
	X9∩X12(0.66411)
	X9∩X12(0.62937)
	X9∩X12(0.85861)
	X6∩X9(0.64189)
	X9∩X12(0.90545)
	X9∩X12(0.56664)
	X9∩X12(0.76301)



	
	X1∩X9(0.72739)
	X6∩X9(0.96887)
	X6∩X9(0.53571)
	X4∩X9(0.62351)
	X6∩X9(0.83706)
	X9∩X14(0.63782)
	X5∩X9(0.87690)
	X6∩X9(0.53776)
	X6∩X9(0.74430)



	
	X6∩X9(0.72641)
	X7∩X9(0.96788)
	X2∩X13(0.53559)
	X4∩X9(0.62351)
	X9∩X14(0.83218)
	X9∩X12(0.63539)
	X9∩X14(0.88156)
	X9∩X10(0.49617)
	X9∩X13(0.741998



	
	X9∩X14(0.72038)
	X3∩X9(0.96782)
	X9∩X10(0.53348)
	X9∩X10(0.62242)
	X2∩X9(0.82873)
	X1∩X9(0.62391)
	X1∩X9(0.88033)
	X7∩X9(0.49503)
	X7∩X9(0.73718)



	2020
	X9∩X12(0.97985)
	X8∩X9(0.94521)
	X9∩X13(0.76203)
	X9∩X13(0.99979)
	X9∩X12(0.96925)
	X9∩X13(0.96787)
	X9∩X13(1.00000)
	X9∩X13(0.99993)
	X9∩X11(0.98745)



	
	X9∩X13(0.97692)
	X1∩X9(0.94282)
	X9∩X12(0.74298)
	X9∩X12(0.99979)
	X6∩X9(0.95779)
	X9∩X12(0.94340)
	X9∩X12(0.99992)
	X9∩X12(0.99561)
	X1∩X9(0.98410)



	
	X9∩X10(0.96012)
	X7∩X9(0.84260)
	X8∩X9(0.72411)
	X6∩X9(0.99801)
	X4∩X9(0.95632)
	X1∩X9(0.93658)
	X1∩X9(0.99970)
	X9∩X11(0.98666)
	X4∩X9(0.98726)



	
	X4∩X9(0.95917)
	X4∩X9(0.94023)
	X12∩X13(0.64128)
	X1∩X9(0.99798)
	X1∩X9(0.95550)
	X7∩X9(0.93393)
	X9∩X10(0.99963)
	X8∩X9(0.98648)
	X8∩X9(0.98478)



	
	X6∩X9(0.95705)
	X9∩X13(0.93035)
	X8∩X13(0.60275)
	X3∩X9(0.99796)
	X5∩X9(0.95433)
	X8∩X9(0.91218)
	X4∩X9(0.99948)
	X4∩X9(0.98567)
	X8∩X9(0.98478)
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