

  forests-14-01427




forests-14-01427







Forests 2023, 14(7), 1427; doi:10.3390/f14071427




Article



Study on the Spatial Heterogeneity of the Impact of Forest Land Change on Landscape Ecological Risk: A Case Study of Erhai Rim Region in China



Mengjiao Wang, Yingmei Wu *, Yang Wang, Chen Li[image: Orcid], Yan Wu, Binpin Gao and Min Wang





Faculty of Geography, Yunnan Normal University, Kunming 650500, China









*



Correspondence: 2287@ynnu.edu.cn







Academic Editor: Panteleimon Xofis



Received: 12 June 2023 / Revised: 28 June 2023 / Accepted: 10 July 2023 / Published: 12 July 2023



Abstract

:

As an important ecological ecotone of water and land ecosystems, the lakeside is characterized by a variety ecosystem services and high vulnerability. Forest land is important in resolving the ecological risks of the lakeside area and building its ecological base. It is important to explore the effect of change in forest land on landscape ecological risk in the lakeside area, alleviate the contradiction between ecological protection and construction and development in the area, and realize sustainable development. The present study attempted to explore the spatial and temporal evolutionary features of forest land in the Erhai rim region from 2000 to 2020 using bivariate spatial autocorrelation and multi-scale geographical weighted regression (MGWR) models. The following are the findings of this investigation of the 2000–2020 period: (1) the forest land area in the region generally decreased, first increasing and then decreasing, and was mainly occupied by cultivated land and artificial surfaces; (2) the total landscape ecological risk in the region presented an upward trend, and medium- and higher-risk areas were the main risk areas, with the latter increasing; (3) the impact of forest land expansion and contraction intensity on landscape ecological risk exhibited spatial and temporal heterogeneity. The main forms of forest land change at different stages differed, and the impacts on landscape ecological risk were also different. Reasonable forest land expansion can effectively alleviate the growth in landscape ecological risk, whereas the shrinkage of forest land would aggravate the landscape ecological risk in the Erhai rim region. Moreover, the findings can offer reference for the exploration of ecological protection and coordinated optimization of economic development in Erhai Lake.
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1. Introduction


Forest land is a vital part of the forest ecosystem and a basic part of ecological environment construction [1]. It plays a vital part in regulating the regional climate, regulating the hydrological cycle, maintaining the global carbon balance, protecting biodiversity, improving ecological security barrier functions, and promoting sustainable social development [2,3,4,5]. Changes in forest land directly affect the construction of national ecological security patterns and the global ecological environment [6]. In recent years, the protection of forest ecosystems has become a consensus worldwide [7,8,9]. China has also carried out a series of ecological construction projects around forest land protection, including returning farmland to forests, natural forest protection, and the development of the Three-North Shelter Forests Project. These constructions have effectively restored forest ecosystems, increased the area of forest land, protected the diversity of forest species, and significantly improved the quality of the ecological environment [10,11,12]. However, with the rapid increase in population and rapid development of industrialization and urbanization, human beings have also increased the development and utilization of forest land, resulting in serious damage to the forest ecosystem, which directly or indirectly brings many risks to the regional ecological environment [13,14].



The organization and structure of the ecosystem are influenced by various land-use patterns and intensities, which have regional and cumulative effects on ecology [15]. Currently, the ecological risks resulting from changes in natural ecosystems and land-use types are important factors affecting regional ecological security [16]. As an important tool for macroecological management, ecological risk assessment has gradually become a prominent topic in research [17]. As a significant component of ecological risk assessment, landscape ecological risk assessment specifically concentrates more on the spatial and temporal heterogeneity of ecological risks and possible adverse results of scale effects. It examines the spatial and temporal differentiation patterns of risks and risk expression of specific spatial patterns for ecological functions and processes [18,19]. Landscape ecological risk assessment is of great significance for research on mountains, rivers, forests, farmlands, lakes, grasslands, and deserts as part of the community of life, and is also an effective means of regional ecological risk prevention and management. Kapustka et al. (2001) used the landscape ecology theory to evaluate ecological risks and proposed corresponding control strategies [20]. Paukert et al. (2011) proposed a landscape-scale ecological risk index from the perspective of landscape structure and land-use change. [21]. Ayre et al. (2012) introduced the Bayesian method for landscape ecological risk assessment to assess the ecological risk in the upper reaches of the Grand River in Oregon [22]. With the landscape ecological risk assessment, which is based on land-use change and is becoming a research hotspot, researchers worldwide have furthered the research on the topic [23,24]. Most research areas are concentrated in key risk control regions, such as urban [25] and administrative [26] areas, watersheds [27], industrial and mining areas [28] and nature reserves [29]; however, landscape ecological risk assessment around lakeside areas needs to be further developed.



In addition, as human understanding of the structure and function of forest land continues to advance, the ecological and environmental issues brought on by changing forest lands have gradually attracted the attention of many scholars. Iroume et al. (2005) studied the relationship between forest coverage and summer floods [30]. Lombaerde et al. (2022) concluded that a forest cover has a buffering effect on the temperature of future climate [31]. Hu et al. (2020) evaluated the effects of poplar ecological retreat initiatives on the water content of Dongting Lake wetlands using the InVEST model [32]. Shi et al. (2007) adopted the soil classification category (SCS) model for exploring the impact of forest land change on watershed runoff in Shenzhen [33]. Shi et al. (2016) investigated how changing forest land affected the value of ecosystem services using a price inversion technique [34]. Yao et al. (2006) used geographic information system (GIS) spatial analysis and traditional statistical analysis to analyze the impact of forest land change on soil erosion [35]. The existing research focuses more on the effect of forest land change on climate regulation, water conservation, soil conservation, and habitat maintenance, and rarely on the spatial heterogeneity of the impact of changing forest land on ecological risk in a landscape.



The lakeside area is an important ecological ecotone between aquatic and terrestrial ecosystems and shows high sensitivity to human activities [36,37]. The total landscape pattern there is relatively fragmented and poorly stabilized. Changes to it are significant and rapid under the influence of natural conditions and human activity [19]. As one of the nine plateau lakes in Yunnan, the resources and environmental conditions of the lake are good, economic development has occurred early, and the degree of urbanization is high. At the same time, the implementation of a series of ecological actions, like closing hillsides to facilitate afforestation and returning farmland to forests, as a part of China’s “Natural Forest Resources Protection Project” has greatly improved the forest coverage of Eryuan County in the north of Erhai Lake and Cangshan Mountain in the east coast. Nevertheless, with the acceleration of urbanization, the demand for urban space land, particularly in the central cities in western Yunnan and mountainous cities in Haidong, is increasing daily. Forest land on the low hills and gentle slopes on the south and east banks of Erhai Lake is occupied, and the land-use types have changed fundamentally, posing a great threat to the ecosystem in the region. Improving the ecological function of lakeside areas has become a focus of increasing attention [38].



Forest land accounts for the largest proportion of the land-use type in the Erhai rim region. Compared with those in other land-use types, changes in forest land can more obviously reflect the effect of human activities on landscape structure and function. However, with the fast development of urbanization and the implementation of ecological projects, the forest land area in the Erhai rim has changed considerably; therefore, what are the changes of forest land and landscape ecological risks in the Erhai rim from 2000 to 2020? How did the woodland changes affect the landscape ecological risk? These ate urgent questions that need to be addressed at present. Therefore, in this study, we considered the Erhai rim region as an example, measured and investigated the intensity of forest land change from 2000 to 2020, constructed a landscape ecological risk model through a landscape pattern index, and discussed the spatial and temporal distribution characteristics of landscape ecological risk in the region. Furthermore, a multi-scale geographically weighted regression (MGWR) model was adopted for revealing the spatial heterogeneity of the impact of forest land change intensity on landscape ecological risk change to enrich empirical studies on the internal mechanisms of forest land change and landscape ecological risk. Our study offers a scientific basis for promoting the exploration of high-quality development paths oriented toward ecological priority and green development in the Erhai rim region.




2. Materials and Methods


2.1. Study Area


The Erhai rim region is located in the western part of Yunnan Province, China, in the central part of Dali Bai and Bai Autonomous Prefecture (100°5′ E–100°17′ E, 25°36′ N–25°58′ N). There is a high altitude in the west and a low altitude in the east of the terrain; the difference in relative altitude is 2554 m, and mountains surround it to the west. From northwest to southeast, it presents an irregular strip, including 18 towns in Dali City and Eryuan County, and the total area is about 2565 km2 (Figure 1). The Erhai rim region is a typical area with overlapping characteristics, such as the fragile ecological environment of plateau lakes, diversified integration of ethnic cultures, and active rural economic and social development [39]. With the rise in tourism and rapid advancement of urbanization in the region in recent years, this region presents high requirements for ecological and environmental protection. As a vital part of the region’s community life, the stability of the function and structure of its mountains, rivers, forests, fields, lakes, and sands is of great significance for the sustainable development of the region. Therefore, it is important to study the spatial heterogeneity of the effect of forest land change on landscape ecological risk in this area to promote the prevention of regional ecological risks.




2.2. Data Source


Considering the time node of China’s policy of return of cultivated land to forest and the implementation of China’s natural forest resource protection project, land-use data from 2000 to 2020 were selected. The data were derived from the Globeland30 global land cover database (http://www.globallandcover.com/, accessed on 15 December 2022), including three periods of data from 2000, 2010, and 2020, with a spatial resolution of 30 m × 30 m. The dataset covered a long period and had high overall accuracy, and the Kappa coefficient was 0.78 [40]. In accordance with the classification system of Globeland30, there are seven land-use types in the study area, including cultivated land, forest land, grassland, shrubland, wetland, water body, and artificial surface. The World Geodetic System 1984 (WGS84) Universal Transverse Mercator (UTM) Zone 47 Northern Hemisphere projection was used.




2.3. Research Methods


The content of the present study mainly includes the intensity of forest land change, landscape ecological risk and the effect of forest land change intensity on landscape ecological risk, and the relevant research methods are used to conduct the study around the research content as follows (Figure 2):



2.3.1. Forest Land Change Intensity Index


The intensity index of forest land change refers to the percentage of the changed area of forest land within a specific period out of the total area of regional land. It is a common quantitative index that reflects the degree and speed of forest land change [41,42,43]. The formula used to calculate the change intensity index was as follows:


  K =     U   b   −   U   a     U × T   × 100 % ,  



(1)




where K denotes the intensity index of forest land change during the study period; Ua and Ub are the areas of forest land at the beginning and end of the study period, separately; U refers to the total area of the study zone; and T indicates the length of the study period, generally in years.




2.3.2. Ecological Risk Zoning


With the purpose of reasonably dividing the ecological risk area based on spatial heterogeneity, patch size, and size of the study area, according to the principle of two–five times the average patch [44,45], the study area was classified into 836 2 km × 2 km grids, and the ecological risk value of the center point of each grid was used as the ecological risk index of that ecological risk plot.




2.3.3. Construction of Landscape Ecological Risk Model


As a commonly used quantitative research method, the landscape pattern index method describes landscape patterns and their changes through a combination of multiple indices. In line with previous research results [46,47], the present study used the landscape disturbance index, landscape vulnerability, and landscape loss indices to construct an ecological risk assessment model that could be used to analyze the temporal and spatial evolution features of landscape ecological risk in the Erhai rim region. The formula is written as follows:


    L E R I   i   =   ∑  i = 1   N        A   k i       A   k         R   i   ,  



(2)




where     L E R I   i     represents the landscape ecological risk index of the risk area   i  ,   N   denotes the number of landscape types,     A   k i     represents the area of landscape type   i   in the   k  th risk plot,     A   k     denotes the total area of the   k  th risk cell, and     R   i     refers to the loss index of landscape type   i  .



	(1)

	
Landscape Disturbance Index (    U   i    )







The landscape disturbance index is adopted for describing the degree of interference of different landscape types with external factors. The formula is as follows:


    U   i   = a   C   i   + b   S   i   + c   F   i   ,  



(3)




where     C   i     refers to the landscape fragmentation index;     S   i     refers to the landscape separation index;     F   i     is the landscape dominance index; and a, b, and c represent the weights of the corresponding landscape indices, with a + b + c = 1. Based on existing research results [48], we assigned the following values: a = 0.5, b = 0.3, and c = 0.2.



	(2)

	
Landscape Vulnerability Index (    E   i    )







The landscape vulnerability index represents the sensitivity of different landscape types to external interference. In line with the existing research results and expert scoring, the vulnerability indices of six landscape types were scored from low to high [49]: forest land = 1; water body = 2; wetland = 3; shrub land = 4; grassland = 5; and cultivated land = 6. The vulnerability indices of each landscape type were obtained after normalization.



	(3)

	
Landscape Loss Index (    R   i    )







The landscape loss index was employed to represent the degree of loss for each landscape type when disturbed. The formula is as follows:


    R   i   =   U   i   ×   E   i   .  



(4)








2.3.4. Bivariate Spatial Autocorrelation


Geoda 1.20 is superior in the calculation of spatial autocorrelation; it can be applied to investigate the spatial distribution characteristics of an attribute and the correlations between variables. Generally, the spatial correlation is measured and tested using global and local spatial autocorrelations [50,51]. The formula is as follows:


  I =   n     ∑  i = 1   n      ∑  j = 1   n      W   i j         ×     ∑  i = 1   n      ∑  j = 1   n      W   i j   (   x   i   −   x  ¯  ) (   x   j   −   x  ¯  )         ∑  i = 1   n      (   x   i   −   x  ¯  )   2       ,  



(5)




where     x   i     and     x   j     are the observed values,     x  ¯    represents the average of     x   i    ,     W   i j     is the spatial weight adjacency matrix of spatial cells   i   and   j  (  i     j =  1, 2, 3, …), and the global Moran’s I value is generally [−1, 1]. A Moran’s I value greater than 0 suggests that the spatial unit attributes are positively associated. A value of less than 0 suggests that the spatial unit attributes are negatively correlated; a value of 0 suggests that the spatial units are randomly distributed, and there is no correlation. The p-value was used for the significance test—when p > 0.1, it indicates that it is not significant, while p < 0.1 indicates significance.


    I   k l   i   =   Z   k   i     ∑  j = 1   n      w   i j     Z   l   j   ,    



(6)




where     w   i j     is the spatial connection matrix between spatial elements;     Z   k   i   =     x   k   i   −     x  ¯    k       λ   k      ;     Z   l   i   =     x   l   i   −     x  ¯    l       λ   l      ;     x   k   i     refers to the value of attribute   k   of spatial cell   i  ;     x   l   i     is the value of attribute   l   of spatial cell   i  ;       x  ¯    k    and       x  ¯    l     represent the average of   k   and   l  , respectively; and     λ   k     and     λ   l     represent the variance of attributes   k   and   l  , respectively.



Based on the local Moran’s I index, the H-H stands for high–high clusters, the L-L stands for low–low clusters, the H-L stands for high–low clusters, the L-H stands for low–high clusters.




2.3.5. Construction of MGWR Model


MGWR is an improvement over the geographically weighted regression model (GWR). It differs from GWR, which assumes that the local relationship within each model changes on the same spatial scale. MGWR permits the relationship between response variables and different predictors to change at different spatial scales [52,53], which is more in line with spatial heterogeneity [54]. Therefore, the MGWR model is more conducive to an in-depth analysis of the effect of forest land change on the spatial differentiation of landscape ecological risk. The formula for the MGWR model can be expressed as follows:


    y   i   =   ∑  j = 1   k      β   b w j   (   u   i   ,   v   i   )   x   i j   +   ε   i     ,  



(7)




where     y   i     represents the explained variable;   (   u   i   ,   v   i   )   denotes the coordinates of the center point at   i  ;   b w j   indicates the broadband used by the   j  th variable regression coefficient;     β   b w j     denotes the regression coefficient of the   j  th variable at   i  .






3. Results


3.1. Analysis of Forest land Change Characteristics in the Erhai Rim Region


Based on Figure 3 and Table 1 and Table 2, we know that the land-use structure in the Erhai rim region changed obviously, and there were frequent and complex mutual transformation phenomena among various land-use types. The evolutionary features of the landscape pattern were further analyzed in terms of changes in the number of patches, fragmentation, separation and dominance indices of land-use types. Regarding the number of patches, the overall number of patches in the study area decreased, while the number of patches in wetlands, cultivated land and artificial surfaces increased, and the number of patches in forest land, grassland, shrubland and water bodies presented an overall decreasing trend. From the dominance index, forest land, as the dominant land-use type in the study area, has the highest dominance value and has a relatively strong influence on the landscape pattern of the whole area. In 2000, 2010, and 2020, the area of forest land was 112,227.03 hm2, 113,239.08 hm2, and 109,728.54 hm2, accounting for 37.97%, 38.32%, and 37.12% of the overall land area, respectively. It was mainly located in areas with less human activity at the periphery of the study area and crossed with grassland and shrubland. From 2000 to 2020, the change in forest land in the study area presented a development trend of an initial expansion and subsequent contraction, with the total area decreasing by 2498.49 hm2. From 2000 to 2010, the forest land mainly expanded by 1012.05 hm2. The number of patches in forest land increased, and its fragmentation, separation, interference, vulnerability, loss, and dominance also increased significantly. From 2010 to 2020, the change in forest land was mainly due to a shrinkage of 3510.54 hm2. The number of patches in forest land decreased, and the degree of fragmentation, separation, interference, vulnerability, loss, and dominance also decreased significantly. Based on the area of forest land change, the expansion of forest land mainly occurred in Fengyu Town, north of Erhai Lake; the most significant area of forest land shrinkage was on the east and south shores of Erhai Lake, and the area with the smallest change in forest land area was in the Cangshan National Nature Reserve, west of Erhai Lake.



The conversion matrix of land-use types was used to explore the interconversion of land-use types in the Erhai Rim from 2000 to 2020 (Table 2). Different degrees of mutual transformation were observed between the land-use types in the study area. Moreover, the findings demonstrate that although the implementation of the policy of returning farmland to forests has led to the conversion of cultivated land to forest land in a small part of the Erhai rim region, overall, the transfer to forest land was still mainly from shrubland and grassland. Affected by urbanization, the cultivated land was also converted to artificial surfaces. Among them, the most significant area of forest land shrinkage was in the northeast and south of Erhai Lake, and most of it has been converted to cultivated land and artificial surfaces that are closely related to the economy and society, indicating that the intervention of human activities on forest land in the Erhai rim region is still large.




3.2. Analysis of Spatial and Temporal Variation Characteristics of Landscape Ecological Risk


In 2000, 2010, and 2020, the mean landscape ecological risk index values in the Erhai rim region were 0.0448, 0.0453, and 0.0457, respectively, indicating a total upward trend. This shows that with the advancement of urbanization and tourism, the ecological risk in the Erhai rim has increased. Meanwhile, to compare the grade changes of landscape ecological risk in the Erhai rim, the spatial distribution of landscape ecological risk in 2000, 2010, and 2020 was acquired via Kriging interpolation of the landscape risk index of 836 landscape ecological risk communities. To show and compare the changes in ecological risk intuitively, we combined the natural breakpoint method and divided it into five risk grades based on the values of 2010 (Figure 4): the lowest risk area (LERI < 0.024), lower risk area (0.024 ≤ LERI ≤ 0.034), medium risk area (0.034 ≤ LERI ≤ 0.043), higher risk area (0.043 ≤ LERI ≤ 0.051), and the highest risk area (LERI > 0.051).



From the area share of ecological risk in each landscape (Table 3), from 2000 to 2020, the overall ecological risk in the Erhai rim was high, with the area share of medium-risk and higher-risk areas accounting for more than 60%, whereas the area share of low ecological risk area was less than 10%. From the perspective of the area change at each landscape’s ecological risk level, the higher-risk and highest-risk areas presented a gradual upward trend. Among them, the higher-risk area increased the most, from 92,044.67 hm2 in 2000 to 105,638.47 hm2 in 2020, an increase of 13,593.8 hm2, and the proportional area ratio also increased from 31.50% in 2000 to 36.11% in 2020, becoming the largest ecological risk area in this region. However, the lowest-, lower-, and medium-risk areas tended to be lower. Among them, the medium-risk areas experience the most significant decrease, by 5969.81 hm2. The area change in the landscape ecological risk level shows that the landscape ecology in the Erhai rim region generally tends to deteriorate. In the future, in order to prevent an increase in risk levels, more attention should be focused on the ecological protection of areas with medium risk and above. From 2000 to 2020, the spatial distribution of landscape ecological risk level in the Erhai rim region was comparatively stable and formed a “multi-polar” distribution pattern in space. The distribution of ecological risks in the landscape showed significant spatial heterogeneity. The landscape ecological risk in the Haixi area was significantly lower than that in the Haidong area, and it was mainly in the lowest- and lower-risk areas. From 2000 to 2020, the spatial distribution of the lowest-risk areas in the Erhai rim region remained essentially unchanged, being mainly concentrated in the waters of the Erhai Sea, the Cang Mountains on the western side of the Erhai Lake, and the Jizu Mountain area on the northeastern side, and remained highly consistent with the scope of the nature reserve. Within the study period, the west coast of Erhai Lake was dominated by low- and medium-risk areas, and the lowest-risk areas were distributed in a ring. However, with the development of tourism in Xizhou Town, land-use types have changed greatly, the landscape pattern has become increasingly complex, and the ecological risk areas have deteriorated, showing the transformation of the lowest- and lower-risk areas to higher-level ecological risk areas. The townships in Eryuan County north of Erhai Lake were mainly highest-risk areas, relatively highest-risk areas, and medium-risk areas, and there existed little change between the ecological risk levels. The ecological risks on the eastern and southern sides of Lake Erhai changed significantly. The highest-risk areas on the eastern side of Erhai Lake are mainly were distributed in mountainous forest areas with relatively fragmented landscapes. Although Dali Bai Autonomous Prefecture has increased its ecological protection and restoration efforts in recent years, they are affected by karst landforms. The soil is barren, the survival rate of tree species is low, ecological restoration is difficult, the landscape vulnerability index is high, and the ecosystem has poor resistance to external interference. Therefore, the risk of ecosystem deterioration increased, which is manifested by the transformation of the landscape ecological risk level to a higher level, with the increase in ecological risk south of Erhai Lake mainly due to the construction of innovative industrial parks. There have been significant conversions of forest and agricultural land into artificial surfaces. High-intensity human activities make landscape patches on the edge of artificial surface expansions more fragmented, leading to an increase in high-risk areas. In contrast, in the courtyard office area of the innovation industrial park on the south bank of Erhai Lake, due to stable land development, the space is connected to a piece, the landscape patches are gradually aggregated and regular, and the landscape fragmentation is reduced. This leads to a reduction in landscape loss; thus, the landscape ecological risk value is reduced from the highest to a lower risk area. Despite a number of ecological conservation initiatives having been conducted, high-intensity economic activities and special geological features in the region have led to a continuous reduction in forest land, shrubland, and grassland, a significant reduction in lake ecosystem functions, and an increased risk of ecosystem deterioration.




3.3. Impact Analysis of Forest Land Change on Landscape Ecological Risk Based on MGWR Model


Forest land, the most obvious type of land use in Erhai rim region, has the largest area and is crucial as an ecological barrier. Its change may threaten regional ecological security. From 2000 to 2020, the main forms of forest land change in the Erhai Lake area were forest land expansion and shrinkage, and the intensity index can better characterize the degree and speed of forest land change; therefore, this study will explore the impact of forest land expansion intensity and shrinkage contraction intensity on landscape ecological risk and offer a scientific foundation for the future development of differentiated forest land protection strategies in the Erhai Lake area of China.



3.3.1. Effects of Forest Land Expansion Intensity on Landscape Ecological Risk


	(1)

	
Spatial correlation between forest land expansion intensity and landscape ecological risk







This study used the Geoda spatial analysis tool and the k-nearest neighbor spatial weight matrix. Taking the land expansion intensity index as the first variable and the landscape ecological risk value as the second variable, the bivariate global spatial autocorrelation Moran’s I index of forest land expansion intensity and landscape ecological risk in the Erhai rim region from 2000 to 2010 and 2010 to 2020 were 0.053 and −0.053, respectively, and significant at the 0.005 level. There existed an obvious positive spatial correlation between forest land expansion intensity and landscape ecological risk in 2000–2010, and the increase in forest land expansion intensity would aggravate the increase in landscape ecological risk; nevertheless, there existed a significant negative spatial relationship between forest land expansion intensity and landscape ecological risk in the study area in 2010–2020. The spatially significant negative correlation between the intensity of forest land expansion and landscape ecological risk in the study area from 2010 to 2020 was significant, and the increase in forest land expansion intensity did not aggravate the increase in landscape ecological risk in this period. The bivariate global spatial autocorrelation test suggests that there is a significant spatial dependence effect between forest land expansion intensity and landscape ecological risk. Consistent with the results, there was an obvious space-dependent effect between forest land expansion intensity and landscape ecological risk.



We used the Geoda spatial analysis tool to draw a bivariate local index of a spatial autocorrelation (LISA) cluster diagram with the purpose of further exploring the local spatial correlation features of the impact of forest land changes on landscape ecological risk in the Erhai rim region (Figure 5). From 2000 to 2010, the effect of forest land expansion intensity on landscape ecological risk in the Erhai rim region was mainly low forest land expansion intensity–low landscape ecological risk area in local spatial agglomeration mainly distributed on the west and east coasts of Erhai Lake, around the towns of Cuose and Haidong and southeast of Fengyi Town. From 2010 to 2020, the impact of forest land expansion intensity on landscape ecological risk was mostly based on low forest land expansion intensity–low landscape ecological risk areas and high forest land expansion intensity–low landscape ecological risk areas. The low forest land expansion intensity–low landscape ecological risk area is mostly concentrated in Xizhou Town, Dali Town, Xiaguan Town, and Shuanglang Town on the east coast of Erhai Lake. The high forest land expansion intensity–low landscape ecological risk areas are distributed in Shuanglang Town, Yinqiao Town, Dali Town, and Xiaguan Town.



	(2)

	
Spatial heterogeneity of the effect of forest land expansion intensity on landscape ecological risk







In the current work, the forest land expansion intensity index was used as the explanatory variable, and the landscape ecological risk value was the dependent variable (Figure 6). The MGWR model was adopted for analyzing the two variables. From the perspective of time scale, from 2000 to 2010, the regression coefficient of the impact of forest land expansion intensity on landscape ecological risk in the Erhai rim region was mainly positive, and the positive area accounted for 75.40%; that is, the forest land expansion intensity and the number of forest land landscape patches increased, the landscape fragmentation was large, and the landscape ecological risk value continued to increase. During the period from 2010 to 2020, all the regression coefficients of the influence of forest land expansion intensity on landscape ecological risk in the Erhai rim region were negative; that is, the increase in forest land expansion intensity causes the forest land to present a concentrated and contiguous distribution, which will not aggravate the increase in landscape ecological risk but will promote the reduction in landscape ecological risk. In line with the aspect of spatial distribution, the spatial differences in the impact of forest land expansion on landscape ecological risk were large. During the period from 2000 to 2010, the wider area of the Erhai Rim was positive and the smaller area was negative. The high-value areas are mostly concentrated in Xizhou, Wanqiao, and Yinqiao Towns on the west bank of Erhai Lake, and in Xiaguan and Fengyi Towns on the south bank. The expansion of forest land in these areas was mainly due to cultivated land and artificial surfaces. The intensity of forest land expansion was large, the distribution of forest land changed from concentration to dispersion, and the degree of landscape fragmentation and separation and the landscape ecological risk increased. The low value area is distributed in Shangguan, Shuanglang, and Wase Towns northeast of Erhai Lake. Forest land expansion was mostly in areas where the distribution of forest land and grassland was relatively concentrated. It is mainly due to the optimization and adjustment of land-use types within the forest land. The intensity of forest land expansion hs increased, the area of forest land increased significantly, fragmentation and separation within forest land decreased, and the landscape ecological risk decreased accordingly. From 2010 to 2020, the impact of forest land expansion intensity on landscape ecological risk in the Erhai rim region was negative, and the difference between regression coefficients was small, indicating that forest land expansion stabilized during this period and had little impact on landscape ecological risk. Meanwhile, the regression coefficient of the impact of forest land expansion on landscape ecological risk was shown to be high in the southwest and low in the northeast and was distributed in the northwest–southeast band.




3.3.2. Effects of Forest Land Shrinkage on Landscape Ecological Risk


	(1)

	
Spatial correlation between forest land shrinkage intensity and landscape ecological risk







Similarly, the forest land shrinkage intensity index was used as the first variable, and the landscape ecological risk value was the second variable. The Geoda spatial analysis tool was employed to analyze the bivariate global spatial autocorrelation Moran’s I index of the effect of forest land shrinkage intensity on landscape ecological risk, −0.048 and 0.059, respectively, and was of significance at the 0.005 level. There existed an obvious negative spatial correlation between forest land shrinkage intensity and landscape ecological risk in the study area from 2000 to 2010, indicating that forest land shrinkage intensity increased and landscape ecological risk decreased. From 2010 to 2020, there was a significant positive spatial correlation between forest land shrinkage intensity and landscape ecological risk in the Erhai rim region, and an elevation in the forest land shrinkage intensity aggravated the increase in landscape ecological risk. Based on the obtained results, there was a significant spatial relationship between the intensity of forest land shrinkage and landscape ecological risk regarding spatial dependence.



From the bivariate local spatial autocorrelation LISA clustering map of the effect of forest land shrinkage intensity on landscape ecological risk (Figure 7), from 2000 to 2010 and 2010 to 2020, the impact was mainly in low forest land shrinkage intensity–low landscape ecological risk areas in the local spatial agglomeration. From 2000 to 2010, the low forest land shrinkage intensity–low landscape ecological risk areas were mostly distributed in nature reserves with higher altitude and better forest coverage, namely the Cangshan Mountain on the west coast of Erhai Lake and the Jizu Mountain in Shuanglang Town on the northeast shore of Erhai Lake. In addition, from 2010 to 2020, the area of low forest land shrinkage intensity–low landscape ecological risk increased obviously and was mainly distributed in the Cangshan Mountains and flat urban areas on the west shore of Erhai Lake, with a small-scale distribution on the east coast of Erhai Lake and south of Fengyi Town.



	(2)

	
Spatial heterogeneity of the impact of forest land shrinkage intensity on landscape ecological risk







The forest land shrinkage intensity index was used as the explanatory variable to further investigate the spatial heterogeneity of the impact of forest land shrinkage intensity on landscape ecological risk, and the landscape ecological risk value was the dependent variable (Figure 8). The MGWR model was used for the regression analysis. From the aspect of time scale, from 2000 to 2020, the regression coefficient of the impact of forest land shrinkage intensity on landscape ecological risk in the Erhai rim region was mainly positive, and the regression coefficient rose from 0.20 to 0.42. The positive impact of forest land shrinkage intensity on landscape ecological risk was even more significant. However, from the perspective of spatial distribution, the effect of forest land shrinkage intensity on landscape ecological risk showed significant spatial differences. From 2000 to 2010, except for some negative grids in Xizhou, Fengyu, Cibihu, and Xiaguan Towns and Niujie Township, all regions were positive. The land-use types in the low-value areas were mainly forest land and grassland, and most of the forest land was converted to grassland. Grasslands increased over a large area, the fragmentation of landscape patches decreased, and the landscape ecological risk was low. The high-value area is primarily distributed northeast of Shuanglang Town. Forest land shrinkage in this area was mainly concentrated at the edge of the junction between cultivated and forest land. Forest land is occupied by cultivated land; the landscape fragmentation and degree of interference are large, and the landscape ecological risk is high. From 2010 to 2020, the range and depth of the impact of forest land shrinkage intensity on landscape ecological risk in the Erhai rim region increased, and the spatial differences were more complex. The high-value areas were mainly distributed in the towns of Xizhou, Wanqiao, Yinqiao, and Xiaguan and southwest of Fengyi and Cibihu on the western shore of Erhai Lake. The high-value distribution areas are mostly at the edge of the junction of forest land and other land-use types. The degree of landscape fragmentation and separation is high, and the shrinkage of forest land can lead to an increase in the landscape ecological risk in this area. The low-value areas were mostly located in the marginal areas of the eastern part of the study area. These areas had smaller forest land shrinkage and higher landscape ecological risk, indicating that the higher landscape ecological risk in these areas may have been caused by other factors.






4. Discussion


As one of the three major forest regions in China and one of the key areas of the ecological security barrier in Southwest China, the Erhai rim region is abundant in ecological resources. However, with the development of urbanization and tourism, cultivated land and artificial surfaces occupy a large amount of ecological space. The area of ecological lands, such as forest land, grassland, shrub land, and water bodies, is decreasing, posing a threat to the security of the regional ecological environment. As the most important land-use type in the Erhai rim region, forest land plays a critical part in maintaining regional ecological functions, including water and soil conservation, water quality improvement, habitat maintenance, and other ecological functions. However, its changes were influenced by natural factors and human activities, which has a great effect on the landscape pattern and landscape ecological risk of Erhai rim region.



	(1)

	
The construction of an ecological civilization in the Erhai rim has achieved remarkable results, and government policies and economic development have had a profound impact on forest land changes. The years 2000, 2010, and 2020 are important time points for the implementation of China’s natural forest resource protection project, and forest land change in the Erhai rim region also shows important characteristics at these stages. From 2000 to 2010, due to the effective implementation of the first phase of the National Natural Forest Resources Protection Project and the policy of returning cultivated land to forest land, the area of forest land in the Erhai rim increased from 112,227.03 hm2 in 2000 to 113,239.08 hm2 in 2010, showing an expansion in forest land change. From 2010 to 2020, despite the implementation of the second phase of the Natural Forest Resource Protection Project, construction projects such as the central city of western Yunnan, mountainous city of Haidong, Dali Expressway, railway, and innovative industrial park were launched because of the acceleration of urbanization. The forest land on the low mountainous gentle slope and the suburban area was required for urban and industrial construction land, and the area occupied ecological land such as forest land, grassland, shrubland, and water bodies was significantly reduced. Most of it was converted to artificial surfaces and cultivated land closely related to human activities. During the period from 2000 to 2020, the spatial distribution of forest land changes in the Erhai rim region varied. The expansion of forest land mainly occurred in Fengyu Town, north of Erhai Lake. Large-scale planting of walnut trees had a vital impact on the stability and increase in forest land. The shrinkage of forest land was mainly in the construction area of Haidong Mountain City and an innovative industrial park, in line with the economic development of the Erhai rim region. The change in forest land area in the Cangshan National Nature Reserve on the western shore of Erhai Lake was not obvious due to the protection of the ecological environment in the Erhai rim region that guaranteed the protection of forest land and improvement of ecological environment quality.




	(2)

	
The landscape ecological risk in the Erhai rim region deteriorated overall but partially improved. The landscape ecological risk value in the Erhai rim region presented a gradual upward trend, and the ecological risk level in the region was mainly due to medium- and higher-risk areas. Clearly, the areas of higher and highest risk increased, whereas the lowest- areas, lower- areas, and medium-risk areas decreased. There existed significant spatial heterogeneity in the distribution of ecological risk levels. The ecological risk levels in the Haixi area were mainly the lowest- and lower-risk areas and the total ecological risk was significantly lower than that in the Haidong area. The lowest-risk areas were mostly concentrated in nature reserves such as Erhai Lake, Cangshan Mountain, and Jizu Mountain, where the landscape pattern was relatively smooth, whereas the highest-risk and higher-risk areas were mostly distributed in the northern, eastern, and southern parts of Erhai Lake. The landscape patterns of these areas were complex; in most of them, the landscape patches of forest land, grassland, and shrubland were staggered, and land-use changes were the most frequent and significant. Landscape patches exhibited high fragmentation, high separation, and poor connectivity. The interaction between different landscapes was blocked, resulting in high landscape ecological risk. In some areas, the ecological environment has exhibited a positive development trend. The Patio Office of the Innovative Industrial Park on the southern shore of Erhai Lake has a stable artificial surface development; landscape patches were spatially connected, landscape fragmentation decreased, and the ecological risk level changed from high to low.




	(3)

	
Forest land changes in the Erhai rim region profoundly affect the ecological risk in the region. The bivariate global spatial autocorrelation Moran’s I index of forest land change and landscape ecological risk showed a significant positive correlation between forest land expansion and landscape ecological risk, which gradually became negative over time. The correlation between forest land shrinkage and landscape ecological risk was the opposite and gradually changed from negative to positive. High forest land expansion intensity–low landscape ecological risk areas and low forest contraction intensity–low landscape ecological risk areas indicate that ecological protection measures in the Erhai rim region are effective. Areas with low forest land expansion intensity and high landscape ecological risk, and high forest contraction intensity and high landscape ecological risk need to focus on forest land change dynamics to strengthen ecological restoration in the future. The driving mechanisms of landscape ecological risk changes caused by high forest land expansion intensity, high landscape ecological risk areas, high forest contraction intensity, low landscape ecological risk areas, and low forest contraction intensity and high landscape ecological risk areas deserve further exploration. From 2000 to 2020, the impact of forest land change on landscape ecological risk in the Erhai rim region was spatially heterogeneous. Reasonable forest land expansion can effectively alleviate the increase in landscape ecological risk and is closely related to the expansion of forest land. Forest land expansion has gradually shifted from fragmentation to concentration, and its impact on landscape ecological risk has gradually changed from positive to negative. The negative area spread from the northeast and north of Erhai Lake to the entire study area. The shrinkage of forest land aggravates the increase in landscape ecological risk, the positive impact of forest land shrinkage on landscape ecological risk is becoming increasingly significant, and the positive area is expanding. Therefore, in order to increase the area of forest land and lower the regional eco-logical risk, the Erhai rim region should highlight the development strategy of forest land with ecological priority, pay attention to the formulation of forest land protection and utilization planning, strive to deal with the conflicts between forest land resources, urban construction and agricultural production, etc., and promote intensive forest land expansion on the basis of keeping the “red line” of forest land. In addition, researchers should also pay attention to the selection of tree species in the karst landscape of the eastern coast of the Erhai Sea to improve the survival rate of trees and forest coverage in the region, thus promoting the high-quality development path of the Erhai rim region with ecological priority and green development as the guides.







The present study investigated the spatial heterogeneity of the impact of forest land change on landscape ecological risk in the Erhai rim region, and these results are highly reliable and provide significant guidance for forest land protection in the Erhai rim region. However, deficiencies remain in the research process and are subject to improvement.



	(1)

	
With regard to the setting of the research scale, a variety of scales can be used for comparative research in the future to explore the correlation and influence between different variables at different scales, to enhance the accuracy of ecological protection planning, and scientifically coordinate the correlation between ecological protection and economic development.




	(2)

	
Regarding the construction of the landscape ecological risk model, the present study only considered the area weights of each landscape from the aspect of land use without considering the influence of other ecological factors, thus reducing the ecological meaning of representation of landscape ecological risk; future research needs to be further supplemented and improved.




	(3)

	
This study only discussed the influence of forest land change intensity on landscape ecological risk and did not consider the influence of other forest land change indices on landscape ecological risk. At the same time, research on impact models needs to be further explored, and a better impact model needs to be developed to investigate the impact of forest land change on landscape ecological risk.








5. Conclusions


In accordance with the land-use data of the Erhai rim region from 2000 to 2020, the present study analyzed the change in forest land in the region from 2000 to 2020, evaluated and analyzed the landscape ecological risk with a landscape ecological risk model, bivariate spatial autocorrelation, and an MGWR regression model. The degree of influence of forest land change intensity on landscape ecological risk in the Erhai rim region was discussed. The key conclusions are as follows:




	(1)

	
Forest land is the main land-use type in the Erhai rim region and is mostly distributed in the periphery of the study area with less human activity and cross-distribution with grassland and shrubland. From 2000 to 2020, the area of forest land decreased by 2498.49 hm2, with significant spatial and temporal heterogeneity. From 2000 to 2010, the change in forest land in the study area was dominated by expansion, which mostly occurred in Fengyu Town in the northern Erhai Lake. From 2010 to 2020, the demand for urban construction land increased, forest land shrank significantly, and most lands were converted into cultivated and construction land. The most evident shrinkage occurred in the relatively flat areas on the east and south shores of Erhai Lake.




	(2)

	
During the period from 2000 to 2020, the overall landscape ecological risk in the Erhai rim region presented an upward trend. The landscape ecological risk levels in the region were mostly medium- and high-risk areas. The landscape ecological risk levels showed a “multi-polar” distribution pattern, and the changes in higher-risk and highest-risk areas increased, while the lowest-, lower-, and medium-risk areas decreased.




	(3)

	
From 2000 to 2020, forest land changes made an obvious impact on landscape ecological risk. The influence of forest land expansion intensity on landscape ecological risk gradually changed from positive to negative. The high-value areas were mostly distributed on the west and south shores of Erhai Lake, whereas the low-value areas were mainly concentrated on the east and north shores of Erhai Lake. The effect of forest land shrinkage intensity on landscape ecological risk is positive and significant. Local small-scale areas have negative effects. The high-value areas changed from the northeast of Shuanglang Town and Fengyi Town on the south shore of Erhai Lake to the north and south of the study area and the west coast of Erhai Lake.
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Figure 1. Location of the Erhai rim in China. 
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Figure 2. Research processes. 
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Figure 3. Distribution of land-use types in the Erhai rim at different times. 
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Figure 4. Distribution of ecological risks in Erhai rim region at different periods. 
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Figure 5. Spatial LISA cluster diagram of forest land expansion intensity and landscape ecological risk in the Erhai rim region. 
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Figure 6. Distribution of regression coefficient between forest land expansion intensity and landscape ecological risk in the Erhai rim region. 
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Figure 7. Spatial LISA clustering map of forest land shrinkage intensity and landscape ecological risk in the Erhai rim region. 
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Figure 8. Distribution of regression coefficient of forest land shrinkage intensity and landscape ecological risk in the Erhai rim region. 
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Table 1. Landscape pattern index 2000–2020 for the Erhai Rim Region.
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Landcover

Class

	
Year

	
Number of Plaques

	
Area/hm2

	
Fragmentation

	
Separation Degree

	
Dominance

	
Disturbance Degree

	
Vulnerable Degree

	
Loss Degree






	
Cultivated land

	
2000

	
1968

	
66,301.02

	
0.0297

	
0.0861

	
0.5884

	
0.1584

	
0.2143

	
0.0339




	
2010

	
1997

	
67,958.01

	
0.0294

	
0.0857

	
0.5956

	
0.1595

	
0.2143

	
0.0342




	
2020

	
2229

	
69,641.37

	
0.0320

	
0.0895

	
0.6116

	
0.1652

	
0.2143

	
0.0354




	
Forest land

	
2000

	
17,076

	
112,227.03

	
0.1522

	
0.1950

	
0.9144

	
0.3175

	
0.0357

	
0.0113




	
2010

	
19,123

	
113,239.08

	
0.1689

	
0.2055

	
0.9902

	
0.3441

	
0.0357

	
0.0123




	
2020

	
16,962

	
109,728.54

	
0.1546

	
0.1966

	
0.9642

	
0.3291

	
0.0357

	
0.0118




	
Grassland

	
2000

	
14,998

	
47,316.78

	
0.3170

	
0.2815

	
0.5164

	
0.3462

	
0.1786

	
0.0618




	
2010

	
15,553

	
41,723.55

	
0.3728

	
0.3053

	
0.5339

	
0.3847

	
0.1786

	
0.0687




	
2020

	
14,618

	
39,954.87

	
0.3659

	
0.3024

	
0.5182

	
0.3773

	
0.1786

	
0.0674




	
Shrub land

	
2000

	
26,791

	
29,889

	
0.8963

	
0.4734

	
0.4519

	
0.6806

	
0.1429

	
0.0972




	
2010

	
28,122

	
30,961.17

	
0.9083

	
0.4765

	
0.5210

	
0.7013

	
0.1429

	
0.1002




	
2020

	
26,628

	
28,135.26

	
0.9464

	
0.4864

	
0.5008

	
0.7193

	
0.1429

	
0.1028




	
Wetland

	
2000

	
2

	
0.81

	
2.4691

	
0.7857

	
0.1766

	
1.5056

	
0.1071

	
0.1613




	
2010

	
13

	
71.82

	
0.1810

	
0.2127

	
0.0026

	
0.1548

	
0.1071

	
0.0166




	
2020

	
7

	
23.67

	
0.2957

	
0.2719

	
0.0017

	
0.2298

	
0.1071

	
0.0246




	
Water bodies

	
2000

	
303

	
26,482.77

	
0.0114

	
0.0535

	
0.3483

	
0.0914

	
0.0714

	
0.0065




	
2010

	
214

	
26,208.72

	
0.0082

	
0.0452

	
0.2152

	
0.0607

	
0.0714

	
0.0043




	
2020

	
219

	
26,159.85

	
0.0084

	
0.0457

	
0.2166

	
0.0612

	
0.0714

	
0.0044




	
Artificial surfaces

	
2000

	
810

	
13,189.95

	
0.0614

	
0.1239

	
0.2676

	
0.1214

	
0.2500

	
0.0303




	
2010

	
793

	
15,245.01

	
0.0520

	
0.1140

	
0.1744

	
0.0951

	
0.2500

	
0.0238




	
2020

	
1093

	
21,763.80

	
0.0502

	
0.1121

	
0.2462

	
0.1080

	
0.2500

	
0.0270
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Table 2. Land-use type transfer matrix for the Erhai Rim 2000–2020.






Table 2. Land-use type transfer matrix for the Erhai Rim 2000–2020.





	Landcover Class
	Cultivated Land
	Forest Land
	Grassland
	Shrub Land
	Wetland
	Water Bodies
	Artificial

Surfaces
	hm2

The 2000





	Cultivated land
	53,218.80
	1824.75
	2640.69
	752.31
	11.70
	216.09
	6970.77
	65,635.11



	Forest land
	2983.50
	96,770.96
	3960.18
	6348.51
	0
	44.28
	1136.16
	111,243.59



	Grassland
	7513.83
	3834.45
	29,710.35
	3658.41
	2.97
	20.25
	2329.65
	47,069.91



	Shrub land
	2426.31
	6112.26
	3282.12
	17,057.07
	0.45
	35.01
	832.50
	29,745.72



	Wetland
	0.09
	0
	0
	0
	0
	0.72
	0
	0.81



	Water bodies
	170.73
	162.63
	90
	141.57
	5.67
	25,559.54
	88.47
	26,218.61



	Artificial

surfaces
	2593.98
	75.87
	117.45
	58.86
	2.88
	24.21
	10,174.59
	13,047.84



	2020
	68,907.24
	108,780.92
	39,800.79
	28,016.73
	23.67
	25,900.10
	21,532.14
	292,961.59
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Table 3. Ecological risk level of Erhai rim region in each period.






Table 3. Ecological risk level of Erhai rim region in each period.





	
Types

	
2000

	
2010

	
2020






	
Lowest Risk

	
Area/hm2

	
27,613.96

	
27,613.95

	
22,165.54




	
Proportion/%

	
9.45

	
9.45

	
7.58




	
Lower Risk

	
Area/hm2

	
43,794.88

	
43,794.90

	
39,047.11




	
Proportion/%

	
14.99

	
14.99

	
13.35




	
Medium Risk

	
Area/hm2

	
93,532.15

	
93,532.13

	
87,562.34




	
Proportion/%

	
32.01

	
32.01

	
29.93




	
Higher Risk

	
Area/hm2

	
92,044.67

	
92,044.69

	
105,638.47




	
Proportion/%

	
31.50

	
31.50

	
36.11




	
Highest Risk

	
Area/hm2

	
35,255.70

	
35,255.70

	
38,155.50




	
Proportion/%

	
12.06

	
12.06

	
13.04
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