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Abstract

:

Identifying the changes in landscape pattern and ecosystem service value (ESV) and clarifying their relationship in temporal changes and spatial variations can provide insight into regional landscape features and scientific support for regional landscape planning. Leveraging land use data from the Yihe River Basin, we quantitatively assessed the landscape pattern and ESV shifts spanning from 2000 to 2018 using the landscape pattern indexes and the equivalence factor method. We employed Pearson correlation metrics and the geographically weighted regression model to explore the interrelation of their spatiotemporal variations. Our results show the following: (1) Forestland represents the most expansive land cover category. Apart from construction land, all other types experienced a decline in area. The most notable change occurred in the area of construction land. (2) The aggregation of the overall landscape shows a downward trend. The levels of fragmentation, landscape diversity, and richness increased. (3) Throughout the entire study period, the overall ESV gradually decreased, and the land cover type with the greatest contribution to the ESV was forestland. (4) In terms of temporal changes, the patch density and edge density of the overall area are significantly negatively correlated with total ESVs. The largest values for the patch index, perimeter–area fractal dimension (PAFRAC), and aggregation are significantly positively correlated with total ESVs. (5) In terms of spatial variation, the contagion index (CONTAG), PAFRAC, and the Shannon diversity index (SHDI) were noticeably correlated with ESVs. The CONTAG is positively correlated with ESVs upstream, but negatively midstream and downstream. The SHDI is negatively correlated with ESVs upstream, but positively midstream and downstream. The PAFRAC exhibits a positive correlation with ESVs for the most part. The association between the landscape pattern indexes and ESVs exhibits temporal and spatial inconsistencies in most instances, suggesting a spatiotemporal scale effect in their relationship. This study recommends that the local government devises a long-term strategy for urban development and exercises stringent control over the unregulated expansion of construction land. Through reasonable territorial spatial planning, government departments could enhance the connectivity of the overall landscape pattern of the Yihe River Basin to achieve the reasonable allocation and sustainable development of regional resources.
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1. Introduction


Ecosystem services encompass the products and functions of ecosystems that enhance human well-being and contribute to both survival and the overall quality of life [1], including provisioning services, regulating services, cultural services, and supporting services. Ecosystem service value is the ecological service benefits that humans derive from ecosystems [2], as well as the expression of ecosystem functions and utilities [3], which is abbreviated throughout as ESV. Landscape patterns, involving the spatial arrangement and diverse sizes and shapes of landscape elements, serve as a crucial metric in assessing the quality of regional ecological environments [4]. The dynamic changes in landscape patterns record the interactive process between human activities and the natural environment, specifically manifesting as changes in land use conditions [5]. Land use is an important foundation for regional human activities and economic development. With the development of technology and the continuous acceleration of urbanization, people’s land use intensity is increasing, and the impact on the ecological environment is growing. As per the 2005 Millennium Ecosystem Assessment report by the United Nations, more than 60% of ecosystem services have undergone degradation over the last 50 years [2]. Extensive human activities, particularly rapid urbanization [6] and coal mining [7,8], significantly impact the value of ecosystem services by causing substantial changes in landscape patterns and ecosystems. Therefore, examining the influence of alterations in landscape patterns on ESV and comprehending their dynamic shifts can aid in determining both the losses and gains within the ecological environment. This understanding serves as a scientific foundation for fostering basic economic development and implementing sustainable landscape management practices [9,10].



Heterogeneous landscapes affect the flow of matter and energy in ecosystems and therefore control ecosystem processes [11,12]. Changes in landscape structure will interfere with these ecosystem processes, resulting in the degradation of ecosystem functions and changes in ESV [13,14]. Dynamic changes in landscape patterns are closely related to ESV [15,16]. In recent years, research on the connections between ecosystem services and landscape patterns has become increasingly popular for large-scale areas such as cities [17,18,19,20], river basins [21,22,23], wetlands [24,25,26], and coastal zones [27]. Additionally, researchers have focused on small-scale areas, such as central urban areas [28], ecological protection areas [29,30], forests [31,32], farmlands [33,34], citrus orchards [35], and other areas. Existing studies have found that the contributions of different landscape types to ESVs vary [36] and different patterns of landscape changes may have positive or negative impacts on ESV. In the European Alps and New Zealand hill country, Vigl et al. [36] and Tran et al. [37] have respectively explored the correlations between landscape structure and the provision of ecosystem services. The alteration of landscape patterns significantly influences the provision of ecosystem services, given that distinct landscape structures yield varying types and quantities of such services. In the Bay Area and Zhoushan Islands, Cao et al. [38] and Tong et al. [39] investigated alterations in landscape patterns and ESV characteristics. Their findings indicate that the reciprocal transformation among various landscape types enhances the diversity of landscapes per unit area in the studied region, consequently resulting in an overall increase in the total ESV. However, Xu et al. [40] found in their studies in Wenchuan County that not all changes in landscape patterns cause variations in ecosystem services.



Additionally, some studies have found that changes in landscape patterns influence the landscape index, and different landscape indexes have dissimilar losses and benefits to ESVs. For example, Mitchell et al. [41] and Grêt-Regamey et al. [42] demonstrated how landscape fragmentation affects ecosystem services by modifying the configuration and spatial arrangement of landscape patches. Zheng et al. [43] conducted a study on the ESV in the South Jiangxi area from 2000 to 2018, revealing a positive correlation between the ESV and the contagion index, and a negative correlation with the Shannon diversity index. Their findings suggest that when landscape types exhibit a greater diversity, their aggregation increases, contributing positively to the overall enhancement of ESV. Wen and Li [44] analyzed Guizhou’s land use change patterns and its ESV and concluded that rising diversification and diminishing fragmentation positively influence regions characterized by high-value landscape types. However, in areas with low-value landscape types, the opposite effect is observed.



Numerous studies have examined the relationship between landscape patterns and ESVs via correlation analyses, but most of them ignore the spatial heterogeneity of variables. Changes in landscape patterns are spatially heterogeneous, so when analyzing the correlation between landscape pattern indexes and ESV changes, the spatial characteristics of variables should be fully considered to reflect the spatial changes of the impacts. Additionally, different landscape types lead to dissimilar changes in landscape patterns, which have varied effects on ecosystem services. Therefore, no consensus exists on the relationship between different landscape pattern indexes and ESV, especially when the effects of time changes or space changes are considered. In view of this, by considering temporal changes or spatial heterogeneity, the relationships between landscape patterns and ESV could be fully identified to support landscape planning.



Situated in the western region of Henan Province, the Yihe River Basin has been influenced by human activities for an extended period due to its early development. It boasts diverse ecosystem types and abundant resources, thus holding considerable ecological value. The importance of the Yihe River Basin is reflected in its provision of water resources to local communities, agricultural support, and promotion of economic activities. The river has a profound impact on local sustainable development and human livelihoods. As a result of these characteristics, the Yihe River Basin serves as a pivotal study area, exemplifying the impact of landscape pattern changes on ESVs. Although the existing research methods on the response mechanism of ESV caused by changes in watershed landscape patterns are relatively mature, they are mostly concentrated in the Yangtze River, Yellow River Basin, and their tributaries [22,45,46,47,48,49,50]. On the contrary, little attention has been paid to the empirical analysis of the relationship between landscape patterns and ESVs in the typical mountain–hill–plain areas with abundant natural resources in the Central Plains [51], which need further study. To sum up, this research analyzes the relationship between landscape patterns and ESVs in the Yihe River Basin spanning from 2000 to 2018 from the perspective of spatiotemporal variation. Our research aims to achieve three primary goals: (1) analyze the spatiotemporal variation in landscape patterns and ESV in the Yihe River Basin; (2) examine the relationship of temporal changes in landscape pattern indexes and ESV using Pearson correlation coefficients; and (3) explore the relationship of spatial variations in landscape pattern indexes and ESV through a geographically weighted regression. This research contributes to broadening our knowledge of the current state of ecosystem services in the region, offering a valuable scientific reference for future sustainable resource utilization, landscape planning, and ecological protection endeavors.




2. Materials and Methods


2.1. Study Area


The geographical location of the Yihe River Basin is 111°16′ E–112°47′ E, 33°42′ N–34°47′ N (Figure 1). The Yihe River Basin, situated in the western part of Henan Province, falls within the climatic zone characterized by temperate continental monsoons. July and August experience the highest temperatures, while January sees the lowest. The annual average temperature ranges from 11 to 15 °C with a frost-free period of 216 days, an average wind speed of 1.2 m/s, and 2029 h of total sunshine. In the upper basin, total precipitation, average wind speed, and sunshine hours are higher, but annual average temperature, frost-free days, average ground temperature, and total evaporation are smaller. Rainfall is primarily from natural precipitation, unevenly distributed throughout the year. Approximately 50% of precipitation occurs from July to September, leading to frequent heavy rains and associated disasters, like floods, landslides, collapses, and mudslides. The basin features numerous water storage, hydropower, and irrigation projects. The area of the basin is 6100 km2 [52,53]. The general topography exhibits higher elevations in the southwest and lower elevations in the northeast. Abundant natural landforms characterize the basin, primarily encompassing mid-range mountains, low mountains, hills, river valleys, and plains. The vegetation in our site is diverse, displaying clear vertical distribution influenced by altitude. At 750 to 1600 m, warm temperate deciduous broad-leaved forests dominate, featuring tree species from the northern temperate zone. Between 1600 and 1900 m, coniferous and deciduous broad-leaved mixed forests prevail. The basin encompasses over 10 soil types, with cinnamon soil and brown loam soil dominating the watershed. Brown soil is prevalent in the upper reaches, while cinnamon soil extends across the upper, middle, and lower reaches. Our site has a gross national product of 133.637 billion CNY and a total population of 2.4221 million. Per capita GDP varies, with the lower reaches significantly exceeding the upper and middle reaches. Abundant in mineral resources, Luanchuan County stands out as a renowned polymetallic mineral concentration area in China. The basin’s topography in the middle and lower reaches is flat, concentrating primary industry development in this area. Rich in tourism resources, the basin’s economic development is stimulated. As a whole, it is a mountainous landscape with rich natural and cultural landscapes.



This research focused on the Yihe River Basin for three primary reasons. Firstly, the basin’s location in the transitional zone between north and south and east and west geographical environments results in a diverse range of environmental types, despite the complex river channel shape and the fragile and sensitive ecology. Secondly, our site is a vital populated area for both population activities and economic development within the broader Yellow River Basin. Its strategic importance is crucial for the overall ecological protection and high-quality development of the Yellow River Basin. Lastly, our site exhibits a pronounced disparity between the supply and demand of ecosystem services, particularly in terms of water resources. Urgent clarification of the relationship between landscape patterns and ecosystem services is necessary to provide scientific support for optimizing landscape configuration and implementing rational landscape planning.




2.2. Data Sources


The main data used in this paper are outlined below. Land use data with a spatial resolution of 30 m for five phases (2000, 2005, 2010, 2015, and 2018) within the Yihe River Basin were sourced from the Resources and Environment Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn accessed on 16 January 2023). The accuracy of the land use data, verified through on-site selection, exceeds 85% [52]. Socioeconomic statistical data are from the China Statistical Yearbook (http://www.stats.gov.cn/sj/ndsj/ accessed on 16 January 2023), the Henan Provincial Statistical Yearbook (https://tjj.henan.gov.cn/tjfw/tjcbw/tjnj/ accessed on 16 January 2023), and the Statistics Station of Henan Provincial Bureau of Agriculture. Considering the land cover types and the current state of land development and utilization in the Yihe River Basin, the land cover data were remerged and categorized into six types using ArcGIS software. Forestland encompasses areas supporting the growth of trees, shrubs, and bamboo, including land with trees, shrub areas, open woodland, and other types of woodland. Grassland includes diverse herbaceous-plant-dominated areas with a coverage exceeding 5%. Cultivated land encompasses areas where crops are grown or flat land that has been under cultivation for over three years. Construction land comprises urban and rural residential zones, as well as industrial, mining, transportation, and other developed areas. Water areas encompass natural bodies of water and land used for water conservancy facilities. Unutilized land refers to presently unused land, including areas that pose usage challenges.




2.3. Quantifying the Spatiotemporal Variation in Landscape Patterns and Ecosystem Service Values


2.3.1. Land Cover Dynamics


Land cover dynamics can fully show the changes in landscape types, and it is an important indicator for analyzing the dynamic changes in landscape patterns. This pertains to the extent of alterations in the quantity of a specific landscape type within the research area over a defined time frame, serving as an indicator of both the magnitude and average speed of change in land cover types [21]. Its mathematical expression is as follows [54]:


  K =    U i  −  U j     U j    ×  1 T  × 100 %  



(1)




where K is the land cover dynamics; Uj is the area of a certain land cover type in the early stage of study, in hm2; Ui is the area of a certain land cover type in the late stage of study, in hm2; and T is the study time quantum.




2.3.2. Landscape Pattern Index


Referring to relevant studies in the literature [55,56,57,58,59], based on the ecological significance of different landscape pattern indexes, many representative indicators that have already been formed are selected by combining the landscape characteristics of the Yihe River Basin and our actual needs in this study. The common indicators are selected based on the level of patch type and landscape scale: percentage of landscape (PLAND), landscape shape index (LSI), patch density (PD), patch cohesion index (COHESION), mean patch size (MPS), landscape division index (DIVISION), largest patch index (LPI), perimeter–area fractal dimension (PAFRAC), aggregation index (AI), Shannon diversity index (SHDI), contagion index (CONTAG), and edge density (ED) (Table 1). PLAND and LPI indicators serve to elucidate the landscape structure and proportions within the watershed, aiding in the identification of dominant landscape types. LSI and PAFRAC indicators provide insights into the complexity of landscape patch shapes. For the PAFRAC, as the fractal dimension approaches 1, the shape tends towards a square, while a value closer to 2 signifies increased perimeter twists, indirectly indicating the level of landscape aggregation and fragmentation. PD, DIVISION, and ED indicators convey information about landscape fragmentation and heterogeneity, in which higher values indicate increased fragmentation and heterogeneity. COHESION and MPS indicators gauge the degree of aggregation of patch types, aiding in the identification of connectivity status for specific patch types. Larger COHESION and MPS values indicate better connectivity for a particular patch type. SHDI reflects landscape diversity, characterizing the richness and intensity of heterogeneity, and it is sensitive to the distribution status of patches. Larger SHDI values signify a more diverse watershed landscape. AI and CONTAG indicators indicate the degree of aggregation or the extension trend in landscapes at the overall landscape scale, helping to discern the connectivity status of watershed landscapes. Larger AI and CONTAG values suggest improved landscape aggregation and reduced landscape dispersion. These selected indicators comprehensively capture various aspects of the landscape and are closely tied to key ecological processes and functions. Changes in these landscape indicators can influence ecosystem service values (ESVs). Monitoring and quantifying these indicators lay the groundwork for understanding the relationship between landscape patterns and ESV. The quantitative analysis of spatiotemporal changes in landscape patterns within the Yihe River Basin, spanning from 2000 to 2018, is conducted using Fragstats 4.2 and ArcGIS 10.0. The landscape pattern index of overall basin changes in time is directly produced using Fragstats 4.2. The spatial distributions of the landscape pattern index are obtained using the 1 km × 1 km moving window method.




2.3.3. Ecosystem Service Value Evaluation


Quantitative evaluation of ESV involves landscape ecology, ecological economics, environmental science, land resource management science, and other frontier fields [60] and is one of the core issues of international sustainable development. In 1997, Daily first elaborated and analyzed ESV at a theoretical level [61]. In the same year, Costanza and some scholars from the United States assigned corresponding ecological value coefficients to different types of ecosystems on a global scale to indirectly calculate ESV [62]. However, this evaluation method cannot be used to directly calculate China’s ESV. Therefore, based on their studies, Chinese scholars such as Xie et al. [63,64,65] constructed an ESV equivalent table per unit area that would be suitable for China, which is one of the commonly used methods for quantitatively evaluating ESV in China today. The ESV equivalent table serves the purpose of distinguishing various types of ecosystem services and standardizing the quantification of each service to derive the overall ecosystem service value. To assess ESV, one needs data on the area of distribution of the ecosystem to revise the ecosystem service value equivalent factor table. Drawing upon the Evaluation Model of China’s Ecosystem Service Value developed by Xie et al. [63,64,65], we made necessary adjustments by integrating the specific conditions of the Yihe River Basin. Revising the ESV coefficients to be specific to our study area enables a more precise reflection of the region’s actual conditions. This adjustment ensures greater accuracy of the parameters within the ESV equivalent table. Consequently, the refinement contributes to enhancing the reliability of assessment outcomes, as well as refining the regional specificity and practical applicability of the results. Ultimately, this targeted refinement could provide more nuanced support for informed scientific decision making. Modification method based on grain yields was applied to the Equivalent Table of Ecosystem Service Value per Unit Area of Land Ecosystems in China, resulting in the creation of the Henan Ecosystem Service Value Equivalent Table. It is noteworthy that the ESV coefficient of construction land was not determined in the method of Xie et al. [63,64,65], and other studies [66,67] were referenced to define the ESV coefficient of construction land. Utilizing fundamental data, such as the planting area of grain crops, grain yield per unit area, and prices in Henan Province from 2000 to 2018, we calculated the economic value of the primary grain crops per unit area. The economic value provided by natural ecosystems is 1/7 of the existing research area’s main grain crops [22]. The equivalence factor of ESV in the Yihe River Basin is calculated as 1519.98 CNY/hm2. Finally, the ESV per unit area is determined. The formulas are shown below:


   E 1  = Q ×  F 7   



(2)






   E x  =  a x  ×  E 1   



(3)







In Equations (2) and (3), E1 represents the economic value of the ESV per unit in Henan Province, while Q denotes the average grain yield of Henan from 2000 to 2018 (5338.08 kg/hm2); F is the average purchase price of grain in Henan Province during the research period (1.9932 CNY/kg); Ex is the ESV coefficient of type x land per unit area; and ax is the ESV equivalent (x = 1, 2, 3, …, 6). The ecosystem service value coefficient per unit area in the Yihe River Basin is obtained (Table 2).



The formulas for ESVs are as follows:


  E S V =   ∑  i = 1  n    A i    × V  C i   



(4)







In Equation (4), ESV is the ecosystem service value, in CNY; n is the number of land cover types; Ai is the area of type i landscape, in hm2; and VCi is the ESV coefficient of type i land cover, in CNY/hm2.





2.4. Quantifying the Correlations between Landscape Patterns and Ecosystem Service Values


2.4.1. Correlation Analysis in Temporal Change


Pearson correlation coefficient is a common statistical method to examine the correlation between two things, and it is mainly used to explore the strength of the linear correlation between two independent continuous numerical variables. Pearson correlation coefficient is calculated using Statistic Package for Social Science (SPSS) 26.0. Pearson correlation coefficient is used as an indicator to conduct a significance analysis and examination of the correlation in time sequence between landscape pattern indexes and ESVs based on double-tailed t-test. Finally, the correlation coefficients are converted into a heat map in Origin 2021.




2.4.2. Geographically Weighted Regression in Spatial Variation


In our study, we employ a geographically weighted regression model to assess the associations between landscape patterns and ecosystem service values. The geographically weighted regression model, using a spatial analysis method, is utilized for parameter estimation, building upon the principles of the conventional regression model. Geographically weighted regression applies the spatial weight matrix to the linear regression model. The model coefficients can better explain the spatial heterogeneity of geographic elements and solve the problem of spatial non-stationarity. Using geographically weighted regression to detect the relationships between landscape patterns and ESV, spatial variations mainly occurred at the landscape scale. Therefore, the eight landscape pattern indexes in the landscape scale were selected as the initial variables of model, including PD, DIVISION, LPI, PAFRAC, AI, SHDI, CONTAG, and ED. Due to the redundancy among the landscape pattern indexes, we firstly tested the collinearity of the 8 selected landscape pattern indexes through SPSS26.0 to obtain the variance inflation factor (VIF) (Table 3). VIF is the reciprocal of tolerance (TOLERANCE = 1 − R2), which can reveal collinearity problems between variables. Then we deleted the landscape pattern index, which has larger VIF, and then repeated the collinearity test many times. Finally, the three indexes of PAFRAC, CONTAG, and SHDI were selected as independent variables. We used a geographically weighted regression model to examine the relationship between ecosystem service values and three landscape pattern indexes that passed the collinearity test.



We utilize ArcGIS to conduct analyses using both the ordinary least squares (OLS) model and the geographically weighted regression model. In our calculations [68], the corrected Akaike information criteria (AICc) values for the OLS model are 26,973.205, 26,956.189, and 26,949.857, while for the geographically weighted regression model, they are 26,659.968, 26,668.494, and 26,660.957 Table 4. If the discrepancy in AICc values exceeds 3, the simulation outcomes derived from the geographically weighted regression model are deemed more rational. In the present investigation, the observed difference is much greater than 3, accompanied by a significant elevation in the R2 value of the geographically weighted regression model to 0.541, 0.536, and 0.546. These findings imply that the fitting results obtained from the geographically weighted regression model are more apt for this research.



The calculation formula for the geographically weighted regression model is expressed as follows:


   y i  =  β 0  (  u i  +  v i  ) +   ∑ k    β k    (  u i  +  v i  )  x  i k   +  ε i   



(5)







In the specified equation, yi denotes the dependent variable, while (ui,vi) represent the geographical coordinates of the i-th sample unit. The term xik signifies the value of the k-th independent variable in the i-th sample unit, where k is the number of independent variables, and i is the number of sample units. The symbol εi accounts for the random disturbance term, and βk(ui,vi) indicates the value of the continuous function βk(u,v) in the i-th unit.






3. Results


3.1. Land Cover Changes


The general trend in landscape type changes within the Yihe River Basin spanning from 2000 to 2018 (Figure 2) reveals a predominant increase in the overall extent of construction land. In contrast, the areas of other land cover types exhibit varying degrees of decline during this period (it is noteworthy that the analysis in this paper excludes unused land in the study area, given its negligible landscape coverage). The landscape area of construction land increased by 6654 hm2 from 2000 to 2018. The interval witnessing the most substantial surge in construction land area spanned from 2005 to 2010, registering a noteworthy increase of 3161.4 hm2. This growth is attributed to the robust expansion of the service industry, particularly driven by tourism, concurrent with accelerated socioeconomic development and urban construction. The continuous expansion of the central urban area further amplified the demand for urban land use during this specific timeframe. In addition, with the appeal of the development of tourism throughout the Yihe River Basin, the number of scenic spots in the region rapidly increased, leading to a significant increase in land use for scenic facilities. Ultimately, the area of construction land rapidly increased. The time period from 2005 to 2010 also had the greatest reduction in water area (1867 hm2). In addition to its transformation into construction land, the water landscape has been affected by climate conditions such as precipitation and evaporation. In the past decade, the water volume has decreased, the river runoff has decreased, the river channels have narrowed, and some of the rivers have dried up, resulting in an overall decrease in water landscape area. The period from 2005 to 2010 is also the only time period when the cultivated land area increased. The area increased by 193.67 hm2 because it was affected by the national policy “Measures for Reclamation, Development, and Supplementation of Cultivated Land” during this period. A red line of 1.8 billion acres of cultivated land was set up. The total cultivated land area in China aimed to be at least 1.8 billion acres and above. A significant decrease in cultivated land due to urbanization and industrialization would not be allowed. Throughout the entire study, spanning from 2000 to 2018, there was a marginal reduction in both cultivated land and forest land. This minimal change can be attributed to the proactive measures implemented by the local government to staunchly safeguard cultivated land and forested areas.



Table 5 shows the dynamics of various land cover types in the Yihe River Basin during the study period from 2000 to 2018. The rates of changes in each land cover type in the Yihe River Basin from 2000 to 2018 in descending order are as follows: construction land (2.05%) > water area (−0.99%) > grass land (−0.15%) > cultivated land (−0.10%) > forest land (−0.02%). With the exception of construction land, which consistently exhibits a positive dynamic degree, the dynamic degrees of the other land cover types are positive only in one to two time periods and negative in the majority of the periods. The area of construction land was consistently increasing throughout the entire research period, whereas the other land cover types were mainly moving toward negative growth and reductions. Over the four study periods, construction land exhibits the most active t dynamism, with dynamic degrees of 1.00%, 3.35%, 1.81%, and 0.83%. These values significantly surpass those of the other landscape types within the corresponding periods. The forest landscape is opposite to the construction land landscape. This type of landscape has the minimum dynamic degrees, namely, −0.00%, −0.06%, −0.02%, and −0.01%, and is the most stable landscape type. Between 2005 and 2010, excluding the cultivated land landscape, the dynamic degrees of the other landscape types surpass those observed in other study periods. The changes in landscape types are the highest during this period, which correspond to the great increase in construction land. Moreover, the industrial system due to tourism developed rapidly, society underwent rapid changes, and the landscape type structure was significantly adjusted accordingly. The main change is that the other landscape types were transformed into construction land. Overall, except for the construction land landscape, the dynamic degrees of the other landscape types are relatively small, with insignificant changes.



From 2000 to 2018, the transfer area between the six land use types in the Yihe River Basin was 26,448.03 hectares, accounting for about 4.46% of the total area. Figure 3 shows that in 2000, there was little transfer between land uses, but after 2005, there was an increase in transfers between land use types. In general, the conversion of forest land, grassland, and water area to cultivated land was obvious from 2005 to 2010 and from 2015 to 2018. In addition, the areas of cultivated land and construction land were transferred to each other the largest during the study period. Overall, water areas registered the highest transfer-out proportion, while construction land exhibited the highest transfer-in proportion.




3.2. Spatiotemporal Variations in Landscape Patterns


3.2.1. Landscape Pattern Changes at the Level of Patch Type


Figure 4 illustrates alterations in landscape pattern indexes for the different land cover types at the patch level in the Yihe River Basin (unused land is not analyzed due to its small proportion).



Cultivated land and forest land account for a large, stable proportion at around 40% and 45% (Figure 4a), respectively, which are absolutely dominant throughout the whole study period. The land cover type proportion indexes do not change much throughout the whole research period and remain stable, indicating minimal changes in the landscape structure. Only the LSI of the water shows a decrease, whereas the landscape shape indexes of the other land cover types exhibit an upward trend (Figure 4b). The LSI of cultivated land is the largest, showing a stable upward trend, which reflects the fact that the shapes of cultivated land patches tend to be irregular. In comparison to the other land cover types, the construction and cultivated land landscapes consistently exhibit high PD values (refer to Figure 4c), indicating notable fragmentation, a characteristic associated with the region’s terrain. Large proportions of mountainous and hilly areas are in the Yihe River Basin. This area belongs to the mountainous landscape, with scarce land resources. In a period of social progress, the land on slopes or in valleys is occupied by construction and cultivated land, which increases the PD of the construction and cultivated land landscapes. Moreover, the PD of construction land demonstrates an upward trend from 2005 to 2015. This trend is attributed to the predominant increase in construction land occurring in smaller areas, whereas substantial expansions in larger areas are relatively infrequent. Within the Yihe River Basin, cultivated land and forest land serve as the matrix for the landscape, boasting cohesion indexes of 99.8% and 99.9%, respectively (Figure 4d). The landscapes of cultivated land and forest land are highly clustered, concentrated in distribution, and have a good level of connectivity. The cohesion degree of water has shown a downward trend since 2005. The connectivity of water is lowered, which is related to the decrease in the flow of the river system in the Yihe River Basin. The cohesion degree of construction land shows a slow upward trend because the rapid development of the social economy led to a significant increase in the area of construction land, which improves the spatial aggregation of the construction land. The line chart in Figure 4e delineates the average patch area, revealing that forests have the largest average patch area, significantly surpassing that of the other land cover types. Forests exhibit the least fragmentation, boasting superior connectivity and accessibility.




3.2.2. Spatiotemporal Variations in Landscape Patterns at the Landscape Scale


Table 6 shows the time changes in landscape pattern indexes at the landscape scale in the Yihe River Basin. DIVISION and PD reflect the overall degree of landscape fragmentation. Over the whole research period, the DIVISION value first increases, then decreases, and finally reaches its highest value, whereas the PD value shows a gradual upward trend. These changes indicated that the whole landscape in the Yihe River Basin fragments, the patches per unit area increase, and the DIVISION value increases. The LPI shows a downward trend, indicating the dominance of patches in the forest land of the whole landscape decreases. Throughout the entire research period, the PAFRAC consistently demonstrates a downward trend, signaling that each landscape patch type exhibits simplicity and regularity. Overall, the landscape patch types are simpler compared to the initial stage. The aggregation shows a gradual downward trend, which reflects the dispersal of patches in the region and a decrease in the degree of aggregation. The SHDI shows an upward trend, indicating the diversification of patch types in this area and the increasing landscape richness. The reason for this includes the fragmentation of the landscape and the diversity of land types in the Yihe River Basin. The CONTAG is negatively correlated with the ED. The CONTAG shows a downward trend, indicating a reduction in the adjacency probability among different patch types. Landscape factors continue to expand and are dispersed, leading to an enhanced degree of landscape fragmentation. The decline in the CONTAG is due to the fact that during economic development and urban construction, urban construction land continues to encroach on and spread into the surrounding spaces, causing the spread of urban construction lands, which inhibits the spread of other landscapes to a certain extent. During the whole research period, the ED gradually increases, indicating an increase in landscape richness in the region and an increase in landscape heterogeneity. The increase in landscape heterogeneity and richness showed by the ED is mainly due to the increase in land use diversity, the cultivated land and sparse forest land that were formed by reclamation and greening being scattered and embedded in other landscapes, and the enrichment of road networks which destroy the original patch shape.



Figure 5 illustrates the spatial variations in eight landscape pattern indexes at the landscape scale in the Yihe River Basin. Notably, the CONTAG, PAFRAC, and SHDI successfully passed the collinearity test in spatial variation, establishing them as pivotal indexes. The spatial distributions of the remaining landscape pattern indexes closely resemble those of these three key indexes. The CONTAG can reflect the degree of aggregation and dispersion of landscape patches. Spatially, the upper reaches of the Yihe River Basin exhibit a predominantly fragmented distribution in the landscape’s CONTAG, while the contagion situation in the southern part of the middle reaches and the northern part of the lower reaches appears relatively favorable. This indicates a complex degree of clustering among the landscape patches in the Yihe River Basin, but the distribution has clear characteristics. High-value areas are primarily concentrated in the river waterway and regions with flat terrain and fewer buildings, whereas low-value areas are predominantly situated in higher-altitude regions upstream. The CONTAG distribution remains relatively stable throughout the research period, indicating minimal fluctuations in the degree of aggregation and dispersion in the upstream landscape. However, the high-value area in the middle reaches shows an upward trend, and the high-value area in the lower reaches exhibits a trend of shrinking eastward, possibly due to increased construction activities near urban areas and ecological protection in the waterside areas. The PAFRAC could reflect the complexity of characteristics across diverse spatial scales. Spatially, the overall PAFRAC increases from upstream to midstream and increases from west to east downstream. The southern part of the upstream landscape is more complex, and the situation regarding landscape aggregation and fragmentation is diverse and changeable. In the Yihe River Basin, both the northern end of the upstream and the southern part of the midstream show more pronounced changes in landscape characteristics, moving toward a more complex structure. However, overall, the PAFRAC value tends to approach 1, maintaining a relatively regular shape and not showing a high level of fragmentation. The SHDI can reflect the strength of landscape heterogeneity. Spatially, regions characterized by high values of the SHDI are situated in flat zones with low hills and along the western riverbanks downstream. In contrast, low-value areas are predominantly located in elevated mountainous regions upstream. This suggests that the middle and lower reaches are filled with buildings, leading to a fragmented patch distribution and a higher level of landscape heterogeneity, while the upstream landscape is less heterogeneous, with a more uniform patch distribution. The SHDI generally remains unchanged, with only a noticeable increase near Luoyang City’s jurisdiction, indicating an enhanced level of landscape heterogeneity. The rise in landscape heterogeneity and diversity showed by the SHDI primarily stems from ongoing urban expansion and afforestation efforts that continually diminish the share of cultivated land in the overall landscape. The transformation of cultivated land from low crops to construction areas or tall trees and shrubs has altered the once relatively uniform landscape type.





3.3. Spatiotemporal Variations in Ecosystem Service Values


Table 7 shows that the ESVs in the Yihe River Basin in 2000, 2005, 2010, 2015, and 2018 are 124.23 × 108, 124.04 × 108, 121.78 × 108, 121.16 × 108, and 121.04 × 108 CNY. During the whole research period, the ESVs show a steady downward trend, but the decrease is relatively small. Forest land emerges as the predominant contributor to the overall ecosystem service value (ESV). Although the ESV per unit area significantly differs between forest land and water area landscapes (refer to Table 2), the fundamental landscape type in the Yihe River Basin is consistently forest land, maintaining a proportional area of approximately 45%. Therefore, the forest landscape is the main landscape type that controls the total ESV in the Yihe River Basin. Throughout the research period, the ESVs of various landscape types in the late stage remained lower compared to the initial stage. This can be attributed to the partial conversion of four landscape types, namely cultivated land, forest land, grassland, and water area, into construction land. During the period from 2005 to 2010, the total ESV in the Yihe River Basin is decreased the most, and this decrease is much higher than the decrease in other periods, mainly because the changes in various landscape types are large during this period. In particular, the water area landscape is greatly decreased in area, resulting in a much greater decrease in ESV than that of the other landscapes. The decline in total ESV during various research periods and throughout the entire study is intricately linked to the continuous expansion of construction land. In the social development of the Yihe River Basin, the service industry, particularly driven by tourism, has experienced rapid growth. The persistent expansion of industry and the constant surge in demand for construction land have led to the partial conversion of four landscape types, originally characterized by having a high ESV per unit area, into construction land with a lower value per unit area. This factor significantly contributes to the overall decrease in ESV in the Yihe River Basin.



During the study period, the spatial distribution of the ESV in the Yihe River Basin generally showed higher values in the southwest and lower values in the northeast, demonstrating pronounced spatial heterogeneity (Figure 6). The high-value areas of ESV are mainly distributed in the mountainous and hilly areas of Luanchuan County and Song County upstream, where vegetation is abundant and the ecological environment is favorable. Medium-value areas are not only concentrated around high-value regions but also extend to certain sections of the middle and lower reaches. Some of these medium-value regions are situated along the river. Specifically, in the lower reaches, the medium-value areas are predominantly located in the Songshan Mountain region, characterized by dense vegetation, exhibiting a noticeable trend of contraction. Low-value areas are observed in the plains of the middle and lower reaches, featuring a flat topography, sparse forest coverage, and fragmented infrastructure. Negative values are distributed in the areas of Luoyang City’s jurisdiction and Yichuan County. The overall spatial pattern decreases from southwest to northeast, but the distribution of the higher ESVs gradually diminishes, the low-value areas constantly expand, and negative-value areas also gradually increase.




3.4. The Correlations between Landscape Patterns and Ecosystem Service Values


3.4.1. The Correlations in Temporal Change


Landscape pattern changes can be reflected in changes in landscape indexes. The correlations between landscape patterns and ESV in temporal changes can be analyzed through the landscape index of overall area. During the whole research period, the proportion of various land cover types does not change significantly; that is, the landscape structure in the Yihe River Basin does not change much. Therefore, the change in total ESV is relatively small. Figure 7 shows that the PD and ED are significantly negatively correlated with the total ESV, provisioning service value, regulating service value, supporting service value, and cultural service value. The LPI, PAFRAC, and aggregation are significantly positively correlated with the total ESV, provisioning service value, regulating service value, supporting service value, and cultural service value. Additionally, the CONTAG exhibits a significant positive correlation with the provisioning service value, while the SHDI shows a significant negative correlation with the provisioning service value. The DIVISION and Shannon diversity index show an upward trend, indicating an increase in the DIVISION value, landscape heterogeneity, and fragmentation in this area. The LPI and CONTAG aim to measure the dominance of the forest landscape. The two indexes show a downward trend in this area. The supremacy of the dominant landscape, the forest landscape, is slightly decreased, and its aggregation or extension trend is lowered. Overall, the fragmentation of the landscape negatively correlated with the ESV, whereas the centralized distribution, aggregation, and development of natural land cover can improve the ESV. The specific results of this area are that construction land continues to occupy forest land and other natural land types, causing a reduction in the ESV.




3.4.2. The Correlations in Spatial Variations


Based on the geographically weighted regression model, using ESV as the dependent variable and the CONTAG, PAFRAC, and SHDI as explanatory variables, the correlations between landscape patterns and ESV in spatial variations were explored, as shown in Figure 8. Spatially, the CONTAG has negative correlations with the ESV in areas mainly distributed in the middle reaches of Yiyang County, Northwest Song County, and the downstream region, where the CONTAG is higher, and the ESV is distributed in medium- and low-value areas. Positive correlation areas are mainly found upstream, although here the CONTAG is more complex, and the general areas of low CONTAG values show average ESVs, further validating the spatial variation in the correlation between the CONTAG and ESV. It generally presents an “upstream positive correlation, and midstream and downstream negative correlation” distribution pattern, with an overall stable distribution but a noticeable weakening of this correlation downstream. Spatially, the correlation between the PAFRAC and ESV is more scattered, but overall, it is positive. Negative effects are limited to a small southern portion upstream and within the jurisdiction of Luoyang City downstream. Conversely, positive influences are primarily concentrated in the southern part of the upper reaches and the majority of the middle and southeastern lower reaches, with the most profound positive impact occurring at the confluence of the middle and lower reaches. The negative impact in the south end upstream spreads northward over time, while the negative impact in Luoyang City’s jurisdiction slowly shrinks. Spatially, the variation in SHDI regression coefficients shows an overall trend from a negative to positive correlation from the southwest to the northeast. Positive areas are mainly distributed in most of the downstream and middle reaches. In the water landscapes and hilly regions where the SHDI is high, the ESV is also relatively higher compared to that of the surrounding areas. Negative areas are predominantly found in Luanchuan County upstream, particularly in regions with low hills where the SHDI is high but the ESV is lower compared to that of the surroundings. The spatial distribution of the correlations between the SHDI and ESV remains relatively stable, but numerically, the positive degree downstream noticeably diminishes.






4. Discussion


4.1. The Factors of Ecosystem Service Value and Landscape Pattern Changes


The existing literature [69,70,71,72,73] indicates that an expansion in construction land results in a decline in ecosystem service value (ESV). Additionally, reductions in water area, cultivated land, and forest land also contribute to a decrease in ESV. Variations in economic development and land use patterns across different study regions exert diverse impacts on ESV. Wang et al. [74] found that the ESV showed an upward trend with the economic development of Niulanshan–Mapo Town, Beijing. Cheng et al. [75] found the differences in ESV dynamic evolution caused by urban land use changes in China’s megacities from 1995 to 2008. The expansion of construction land, driven by urbanization in the Yihe River Basin, is associated with a decrease in ESV, which aligns with the findings of Zheng et al. [43] and Zou and Zhou [76]. Throughout the study period, while the area of construction land increased in the Yihe River Basin, the other land cover types exhibited a decreasing trend, with minimal changes in cultivated land and forest land. Cultivated land also contributes to food supply, raw material supply, and forest coverage for climate regulation, and the reduction in this transformation promotes a decrease in regional ESV. However, since 2000, the tourism in the Yihe River Basin has gradually become a pillar industry. Notably, the local government’s promotion of “global tourism” led to the establishment of at least one to two tourist areas and numerous tourist villages in each township, intensifying the impact of human-induced construction factors on the natural landscape. Consequently, the area of forest land decreased, contributing to a lower dominance. Moreover, the construction land in different areas of the whole county continues to increase in spots and lines on a small scale, which continuously destroys the integrity of various existing landscapes. Overall, the surge in the growth of construction land can be attributed to swift socio-economic development. The heightened demand for urban land has hastened urban construction and the continual expansion of central urban areas. In 2005–2010, the area of water decreased due to natural and human factors. Among all land cover types, water areas experienced the greatest decrease in area and proportion. The ESV coefficient of water areas is higher than that of the other land cover types, so the transfer of water areas would reduce the overall ESV. In particular, the transformation to construction land severely lowers the ESV. Overall, the total ESV in the Yihe River Basin experienced a decrease of 319 million CNY from 2000 to 2018. The reduction in water area and the increase in construction land emerged as the primary reasons for the ESV decline. Furthermore, forest land and cultivated land were identified as crucial land cover types for sustaining ESV growth. The increase in construction land comes from the transformation of forest land and cultivated land, and a negative ESV coefficient exacerbates the decrease in ESV. The decrease in water area and percentage of forest cover weakens the ecological function of the watershed and consequently erodes the value of services such as gas regulation, hydrological regulation, and climate regulation. Therefore, the proportion of ecological land use in construction land should be increased while protecting the areas of forest land and water and controlling construction land.



The transformation of the Yihe River Basin’s landscape, as indicated by landscape pattern indexes, results from shifts in spatial structure prompted by various activities, including production and construction. Notably, there was an increase in the coverage of construction land within the overall land composition. Government actions play a pivotal role in shaping both land cover types and the associated ESV. Governmental actions, whether explicit or implicit, notably influence the modifications evident in the landscape configuration. Urban expansion, tourism development, large-scale infrastructure construction, and road network improvements led by the government can cause significant transformations of cultivated land and forestland into construction land and roads, which results in a decline in the LPI and CONTAG values and a rise in the PD and ED values. Road greening, tree planting and afforestation, forest cities, and other governmental measures have increased the proportion of green land, changed the relatively simple landscape structure, and improved the heterogeneity and diversity of the landscape. Under these measures, the SHDI of the landscape increases in the basin. Government measures are a leading factor of landscape pattern changes, which directly or indirectly affect the ESV through policies in the process of social and economic development.




4.2. The Relationships between Landscape Patterns and Ecosystem Service Values


Changes in landscape patterns exert a significant influence on the composition, structure, function, and biochemical processes of regional ecosystems, ultimately leading to fluctuations in ecosystem service value (ESV) [18,76]. Utilizing landscape indexes enables us to conduct a quantitative description of the dynamic alterations in landscape patterns within the study area, providing an effective measure of changes in human activity intensity. Ecosystem services are intricately linked to the structure and ecological processes of the ecosystem within specific temporal and spatial scales, and ESV alterations quantitatively reflect dynamic shifts in landscape patterns.



The influence of landscape patterns on ESVs demonstrates specific regional traits [77]. The relationship between ESVs and landscape pattern indexes fluctuates over various periods, geographical areas, and types of landscapes. In Yanbian Prefecture, Yu et al. [77] observed a significant positive correlation between the ESV and the AI and CONTAG values, while noting a negative correlation with the PD, LSI, and SHDI values. Zhang et al. [78] found that the ESV is negatively correlated with division and the SHDI in the typical karst areas of Northwest Guangxi. Liu et al. [79] found that the increase in aggregation and decrease in the DIVISION value increase the ESV in the Qinling Mountains. In the Guangdong–Hong Kong–Macao Greater Bay Area, Cao et al. [38] found that lower division degrees are more advantageous for enhancing the overall ESV. Conversely, in the southern bank of Hangzhou Bay, Cen et al. [80] discovered that richer land use, leading to a more fragmented landscape and a higher level of diversity, is beneficial for improving the overall service value. Hu et al. [29] found that the ESV was positively correlated with the PD in the area around Tai Lake. Some differences are observed in the impact of landscape pattern indexes on ESVs for different periods, regions, and landscape types. Landscape pattern indexes can characterize the landscape configuration quantitatively and intuitively, but regional differences lead to variances in matrices and the dominant landscape. Equivalent landscape indexes may reflect different spatial pattern characteristics, and their effects on ESVs are different.



Cultivated land and forest land remain pivotal matrix types among the landscape types in the Yihe River Basin between 2000 and 2018. However, due to strong urbanization development and economic activities, the partial transformation of other land types into the construction land aggravates the fragmentation of the landscape and increases the scatter degree. Therefore, the shape becomes more complex. The construction land does not show a patched, concentrated increase, but a sporadic, scattered increase, which continues to encroach on the other land cover types. The expansion of industrial and mining land, tourism land, and urban construction land in the Yihe River Basin has divided the landscape pattern of the ecosystem, resulting in the fragmentation of the natural landscape. It lowers the connectivity of the landscape, destroys the biological habitat, and weakens the support and aesthetic value to result in a lower total ESV. Similar to the findings of Hou et al. [81], Zhang et al. [82], and Wang et al. [83], the PD and ED in the Yihe River Basin have a negative impact on the total ESV during the research period. Moreover, the LPI, PAFRAC, and aggregation degree have a positive impact on the total ESV. Due to population growth and urbanization, the transformation of landscape patterns in this region is primarily driven by human activities [84]. Therefore, across the period, human activities remarkably shape the connection between landscape patterns and ESVs.



In scrutinizing the relationships between landscape pattern indexes and the ESV, a substantial portion of existing research in the literature overlooks the spatial heterogeneity inherent in landscape pattern variables [44]. Consequently, it falls short in capturing the influence of spatial alterations in landscape pattern indexes on the ESV. Our study found that in terms of spatial variations, the CONTAG, PAFRAC, and SHDI were noticeably correlated with the ESV. This correlation varies considerably across different regions and shows spatial heterogeneity characteristics. The CONTAG index is positively correlated with the ESV upstream, but negatively midstream and downstream. CONTAG reflects the agglomeration degree of patch types. In the upper basin, forestland prevails as the dominant landscape type, and its clustered distribution contributes positively to enhancing the ESV. Conversely, in the lower basin, the clustering of landscape types associated with lower ESVs hinders the improvement of the overall ESV. The SHDI is negatively correlated with ESVs upstream, but positively midstream and downstream. In the upper basin, the ecosystem thrives, whereas in the middle and lower reaches, it exhibits a comparatively delicate condition. The relationships between the SHDI and ESV reveals that in ecologically complex regions, the higher the SHDI value is, the higher the ESV; conversely, in more fragile ecological areas, the higher the SHDI is, the lower the ESV. The PAFRAC exhibits a positive correlation with ESVs for the most part. The correlation is in agreement with the result for the temporal change, which shows that the PAFRAC has a positive impact on the total ESV.




4.3. Limitations and Implications


This study employed a Pearson correlation analysis to quantify the relationship in temporal changes between ESV and landscape patterns. The geographically weighted regression model was utilized to assess the spatial non-stationarity of the impact of landscape patterns on ESV. Nevertheless, our research has certain limitations. ESV is influenced by a myriad of factors, characterized by complex interdependencies that pose challenges in isolating the singular impact of any one factor without considering others. Due to constraints in data availability, this study focused exclusively on the association between changes in landscape patterns and ESV, lacking a quantitative analysis of the driving mechanisms behind these landscape pattern and ESV changes. Furthermore, the internal dynamics between landscape patterns and ESV were not extensively explored in this study. Future research endeavors could benefit from more sophisticated quantitative methods, considering both natural geographical factors and socio-cultural elements, to further elucidate the intricate relationships among ESV, ecological changes, and landscape patterns. Moreover, the association between landscape pattern indexes and ESV exhibits temporal and spatial inconsistencies in most instances, suggesting a spatiotemporal scale effect in their relationship. The mechanism underlying this spatiotemporal scale effect warrants further exploration in future studies.



Owing to continuous increase in construction land for tourism and urban development in the Yihe River Basin, forest land and other natural landscapes are occupied, which destroys the integrity of the original landscape. The ecological condition within the Yihe River Basin has not witnessed a substantial enhancement. Persistent issues such as altered landscape patterns stemming from changes in land use, diminished forested areas, the expansion of construction zones, and the heightened fragmentation of the landscape persist in a grave manner. Because the original landscape has been transformed into landscape types with a minute or negative ESV per unit area, the ESV has ultimately decreased. The local government consider spatial variations in landscape patterns and ESV holistically in the Yihe River Basin, establish corresponding ecological compensation mechanisms, and carry out regional coordination efforts to support sustainable development. While undergoing ecological protection and economic development in the Yihe River Basin, the protection of green land should be strengthened, the fragmentation of landscape patterns decreased, and the connectivity of the overall landscape pattern in the region enhanced to achieve the reasonable allocation and sustainable development of regional resources. Moreover, increasing the areas of forest land and water area that can provide a higher ESV through policy restriction and economic adjustment remains urgent. These measures include implementing ecological management, constructing scientific and perfect agricultural development pattern, and lowering the landscape fragmentation to further improve land use efficiency.





5. Conclusions


Forestland is the landscape with the greatest dominance. Apart from constructed land, all other types have experienced a decline in area, with the most notable change occurring in construction land.



The fragmentation of the overall landscape has increased, and the landscape diversity and richness have also increased. The aggregation of the landscape shows a downward trend.



Throughout the entire study period, the overall ESV gradually decreased, and the land cover type with the greatest contribution to the ESV is forestland.



In terms of temporal changes, the PD and ED of the overall area are significantly negatively correlated with the total ESVs. The LPI, PAFRAC, and aggregation are significantly positively correlated with the total ESVs.



In terms of spatial variations, the CONTAG, PAFRAC, and SHDI were noticeably correlated with the ESVs. The CONTAG is positively correlated with ESVs upstream, but negatively midstream and downstream. The SHDI is negatively correlated with ESVs upstream, but positively midstream and downstream. The PAFRAC, for the most part, exhibits a positive correlation with ESVs.



The association between landscape pattern indexes and the ESV exhibits temporal and spatial inconsistencies in most instances, suggesting a spatiotemporal scale effect in their relationship. Future investigations should delve into the driving mechanisms behind spatiotemporal changes in landscape patterns, ESV, and their interrelationships.
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Figure 1. Location map of the Yihe River Basin. 
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Figure 2. Areas of various land cover types in the Yihe River Basin from 2000 to 2018. 
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Figure 3. Changes in various land cover types in the Yihe River Basin from 2000 to 2018. 
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Figure 4. Changes in landscape pattern indexes of various land cover types at the level of patch type in the Yihe River Basin from 2000 to 2018. 
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Figure 5. Spatial distribution of landscape pattern indexes in the Yihe River Basin. 
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Figure 6. Spatial distribution of ecosystem service value index in the Yihe River Basin. 
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Figure 7. Correlation between landscape pattern indexes and ecosystem service values in the Yihe River Basin. Note: * means significant at the level of 0.05; ** means significant at the level of 0.01. 
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Figure 8. Spatial distribution variations in the correlations between the three landscape pattern indexes and ESVs. 
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Table 1. Landscape pattern index and connotation.
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	Landscape Pattern Index
	Connotation





	The level of patch type
	



	Percentage of landscape (PLAND)
	The proportion of each landscape type to the total landscape area



	Landscape shape index (LSI)
	The ratio of the total length of the landscape boundary to the square root of the total area



	Patch density (PD)
	Number of patches per unit area in each landscape type



	Patch cohesion index (COHESION)
	The aggregation degree of each landscape type



	Mean patch size (MPS)
	The ratio of the total area of landscape types to the number of patches



	The level of landscape scale
	



	Landscape division index (DIVISION)
	Separation degree of individual distributions of different patches in the overall landscape



	Patch density (PD)
	Number of patches per unit area in the overall landscape



	Largest patch index (LPI)
	The ratio of the largest patch area to the total landscape area



	Perimeter–area fractal dimension (PAFRAC)
	The non-integer dimension of the irregular geometric shape of the landscape



	Aggregation index (AI)
	The aggregation degree of the overall landscape



	Shannon diversity index (SHDI)
	The landscape heterogeneity, diversity, or unbalanced distribution of each patch type



	Contagion index (CONTAG)
	The agglomeration degree or extension trend of each patch type



	Edge density (ED)
	The edge length per unit area between a patch and adjacent heterogeneous patches










 





Table 2. Ecological service value coefficient per unit area of ecosystem in the Yihe River Basin (CNY/hm2).
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First Class Type

	
Second Class Type

	
Cultivated Land

	
Forest Land

	
Grassland

	
Water Area

	
Construction Land

	
Unused Land






	
Provisioning services

	
Food production

	
1625.68

	
536.47

	
699.04

	
861.61

	
15.63

	
32.51




	
Raw material production

	
634.01

	
4844.52

	
585.24

	
568.99

	
0

	
65.03




	
Regulating services

	
Gas regulation

	
1170.49

	
7022.93

	
2438.52

	
829.1

	
0

	
97.54




	
Climate regulation

	
1576.91

	
6616.51

	
2536.06

	
3348.9

	
0

	
211.34




	
Hydrological regulation

	
1251.77

	
6649.02

	
2471.03

	
30,513.98

	
−12,223.85

	
113.8




	
Waste disposal

	
2259.69

	
2796.17

	
2145.9

	
24,141.32

	
−4001.67

	
422.68




	
Supporting services

	
Soil conservation

	
2389.75

	
6535.23

	
3641.52

	
666.53

	
31.26

	
276.37




	
Maintaining biodiversity

	
1658.19

	
7331.81

	
3040.02

	
5576.08

	
547.1

	
650.27




	
Cultural services

	
Providing aesthetic landscape

	
276.37

	
3381.41

	
1414.34

	
7218.01

	
15.63

	
390.16




	
Total

	

	
12,842.86

	
45,714.07

	
18,971.66

	
73,724.5

	
−15,615.89

	
2259.69











 





Table 3. Multicollinearity test of the independent variable of regression equation.
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	Model 1
	AI
	CONTAG
	DIVISION
	LPI
	PAFRAC
	PD
	SHDI
	ED





	Variance inflation factor
	118.119
	7.158
	1124.003
	826.164
	1.037
	163.959
	126.248
	17,314.553



	Model 2
	CONTAG
	PAFRAC
	SHDI
	
	
	
	
	



	Variance inflation factor
	118.119
	1.004
	2.248
	
	
	
	
	







Note: AI—Aggregation; CONTAG—Contagion index; DIVISION—Landscape division; LPI—Largest patch index; PAFRAC—Perimeter–area fractal dimension; PD—Patch density; SHDI—The Shannon diversity index; ED—Edge density.













 





Table 4. Comparison of goodness-of-fit test for OLS model and GWR model.
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Year

	
OLS

	
GWR




	
Adjust R2

	
AICc

	
Adjust R2

	
AICc






	
2000

	
0.303

	
26,973.205

	
0.541

	
26,659.968




	
2010

	
0.319

	
26,956.189

	
0.536

	
26,668.494




	
2018

	
0.333

	
26,949.857

	
0.546

	
26,660.957








Note: OLS—Ordinary least squares; GWR—Geographically weighted regression; AICc—Corrected Akaike information criterion.













 





Table 5. Dynamic degrees of various land cover types in the Yihe River Basin from 2000 to 2018 (%).
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	Periods
	Cultivated Land
	Forest Land
	Grassland
	Water
	Construction Land





	2000–2005
	−0.11
	0.00
	−0.01
	0.28
	1.00



	2005–2010
	0.02
	−0.06
	−0.51
	−4.15
	3.35



	2010–2015
	−0.24
	−0.02
	−0.02
	−0.03
	1.81



	2015–2018
	−0.07
	−0.01
	0.00
	0.79
	0.83



	2000–2018
	−0.10
	−0.02
	−0.15
	−0.99
	2.05










 





Table 6. Landscape scale indexes in the Yihe River Basin from 2000 to 2018.
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	Year
	DIVISION
	PD
	LPI/%
	PAFRAC
	AI
	SHDI
	CONTAG/%
	ED/(m/hm2)





	2000
	0.8578
	0.432
	29.3797
	1.4952
	96.9486
	1.1394
	63.7435
	20.3044



	2005
	0.8587
	0.4324
	29.3189
	1.4934
	96.9334
	1.1449
	63.5633
	20.4069



	2010
	0.8574
	0.4833
	29.2201
	1.467
	96.893
	1.1438
	63.5709
	20.6753



	2015
	0.8586
	0.5099
	29.1924
	1.4597
	96.8203
	1.1589
	63.0603
	21.1665



	2018
	0.8589
	0.5103
	29.1843
	1.4606
	96.8226
	1.1575
	63.0999
	21.1475










 





Table 7. Ecosystem service values of various landscape types and total value in the Yihe River Basin from 2000 to 2018 (Unit: a hundred million CNY).
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	Year
	Cultivated Land
	Forest Land
	Grassland
	Water Area
	Construction Land
	Total Value





	2000
	22.87
	90.88
	6.75
	6.54
	−2.81
	124.23



	2005
	22.75
	90.86
	6.75
	6.63
	−2.95
	124.04



	2010
	22.78
	90.60
	6.58
	5.26
	−3.44
	121.78



	2015
	22.50
	90.60
	6.57
	5.25
	−3.76
	121.16



	2018
	22.45
	90.50
	6.57
	5.37
	−3.85
	121.04
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