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A reasonable ecological security pattern can improve landscape connectivity, promote biological circulation, maintain ecological processes, and improve regional ecosystem service functions and human well-being. Accordingly, systematically and scientifically analyzing the spatiotemporal evolution characteristics of the regional ecological security pattern has essential theoretical and practical significance. This research proposed that the analysis framework of the ecological security pattern should include a complete system composed of ecological sources, resistance surfaces, and corridors. Thus, this research uses the ecological network method to systematically analyze the spatiotemporal evolution characteristics of the ecological security pattern in the Qinba–Dabie intersection zone in China, a complete natural ecological unit across administrative regions, from 2000 to 2020. Results revealed the following: (1) The distribution change law of the ecological sources in the study area was consistent with the distribution change law of their centrality. (2) In the northeast of the study area, the disappearance of the small ecological sources, which play a stepping stone role, led to a longer length and a weaker centrality of ecological corridors. (3) The resistance surface in the study area showed an overall growth trend, while the ecological corridor network showed an overall deterioration trend. Based on the results, this research suggests that the systematic analysis and targeted protection of ecological sources are the basis for maintaining the ecological security pattern, and targeted improvement of ecological resistance surface is the key to improving the ecological security pattern. Therefore, measures such as the protection of core ecological sources, the rational layout of ecological sources as stepping stones, and the improvement of resistance values at ecological key points should be paid attention to in the future.
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1 Introduction

With the growth of population and the advancement of urbanization, the urban and agricultural space is constantly expanding to meet the needs of human survival and development (Sun et al., 2020). However, the expansion is at the cost of occupying and squeezing the ecological space. On the one hand, the continuous decrease of ecological space leads to the deterioration of the biological living environment, which reduces biological quantity, biodiversity, and ecosystem service function and breaks ecosystem balance (Gao et al., 2022). On the other hand, the fragmentation trend of ecological space has led to the decline of connectivity between different ecological patches, the obstruction of biological circulation, and the interruption of ecological processes, which further accelerated the decrease of ecological space and organisms (Maseko et al., 2020). Therefore, how to deal with the contradiction between urban, agricultural, and ecological space and curb the negative trend of ecological space reduction and fragmentation is an important issue facing countries worldwide. At present, the analysis and construction of the regional ecological security pattern through the ecological network method is an important means of ecological space protection and restoration (Baguette et al., 2013). The main concern of this research is how to analyze the regional ecological security pattern scientifically.

The premise of scientific analysis of regional ecological security patterns is to construct it reasonably. The current mainstream practice of the regional ecological security pattern identification is “ecological source identification–ecological resistance surface construction–ecological network generation (Nielsen and Bascompte, 2007; Merrick and Koprowski, 2017; An et al., 2021; Zhang et al., 2021a).” For example, Li et al. (2023) used different combinations of methods in the three steps of ecological security pattern identification to compare and analyze the construction methods and the applicability of the corresponding ecological network results. Similarly, Lumia et al. (2024) compared different connectivity models in their abilities to predict a wide range of simulated animal movement patterns. Considering the selection of study areas, most researchers directly use anthropogenic administrative regions (Li et al., 2021; Yu et al., 2022). For example, Alexander et al. (2016) used 11-county in eastern Montana as the study area and identified a large potential corridor of swift foxes that ran roughly from north to south through the middle of the study area. Ma and Xu (2022)selected the Yangtze River Delta as the study area and introduced a regional-scale ecological protection red line connectivity optimization, classification, and grading control scheme based on the minimum cumulative resistance model (MCR) and circuit model. However, using the anthropogenic administrative regions as the study area may split up the original, complete natural ecological unit. Regarding time scale, most studies on the ecological security pattern are limited to a particular time, while only a few focus on the evolution of the ecological security pattern (Yao et al., 2022a; Liu et al., 2023). Regarding result analysis, most studies on the ecological security pattern analysis pay more attention to the qualitative analysis of the identification results of ecological corridors from the “corridor” level and less attention to the important impact of “source” and “surface” on the ecological security pattern. For example, Santos et al. (2018) analyzed the landscape ecology and created ecological corridors in a Brazilian Atlantic Forest region. Morandi et al. (2020) identified suitable areas for ecological corridors between two conservation units located in the Espinhaço Range Biosphere Reserve in the Cerrado biome, Brazil.

To sum up, although relevant scholars have done much work on the ecological security pattern, some deficiencies remain to be further explored. This research mainly focuses on two aspects: (1) A spatiotemporal analysis framework of the ecological security pattern based on the ecological “source–surface–corridor” is proposed to systematically and scientifically analyze the spatiotemporal evolution characteristics of the pattern; (2) A relatively complete natural ecological unit is selected as the study area rather than an anthropogenic administrative region.

To achieve research objectives, this research investigates the spatiotemporal evolution characteristics of the ecological security pattern of the Qinba–Dabie intersection zone in China from 2000 to 2020 based on the ecological “source–surface–corridor”. First, this research constructed a comprehensive ecosystem service index to identify the ecological sources. Second, the research established the ecological resistance surfaces by selecting ten natural and human factors. Third, this research identified the ecological corridors, ecological pinch points, and ecological barrier points using the minimum cumulative resistance (MCR) model and the circuit model. Moreover, the spatiotemporal evolution characteristics of the ecological security pattern identification results were quantitatively analyzed, and the relationship between ecological sources, resistance surfaces, and corridors was further explored. Based on the relationship, the regional ecological protection and restoration pattern in the Qinba–Dabie intersection zone was constructed, and targeted ecological protection and restoration strategies were proposed.




2 Materials and methods



2.1 Study area

The Qinba–Dabie intersection zone is a critical ecological zone at the junction of Henan, Hubei, and Shanxi provinces in China, located between 31°05’–34°10’ N and 110°70’–114°05’ E (Figure 1). The zone extends north to the Funiu Mountain in the Qinling Mountains, south to the Dahong Mountains, east to the Tongbai Mountain in the Dabie Mountains, and west to the northeastern part of the Daba Mountains, including the Nanyang Basin and the surrounding natural ecological areas. Meanwhile, the zone located in the transition region ranges from a subtropical to a warm temperate zone, spanning the Yangtze and Huaihe Rivers. The ecology, agriculture, and urban space of the zone are interwoven distribution. On the one hand, the natural ecological background is good. The Danjiangkou Reservoir in the zone is the water source of the middle route of the South-to-North Water Diversion Project. The zone has 52 natural protection areas, such as the Baiyun Mountain National Forest Park in Henan, the Nanyang Dinosaur Egg Stone Group National Nature Reserve in Henan, and the Wudang Mountains National Geopark in Hubei. On the other hand, the Nanyang Basin in the Qinba–Dabie intersection zone is one of the critical agricultural areas in Henan Province, which is the concentrated production area of grain, cotton, oil, and tobacco in China. Simultaneously, the study area spans the Henan, Hubei, and Shanxi Provinces and distributes 16 cities such as Nanyang, Xiangyang, Suizhou, Jingmen, and Shiyan. Especially, Nanyang and Xiangyang are the sub-center cities of Henan and Hubei, respectively. Thus, the zone faces potential conflict risks between ecological protection, agricultural production, and urban development. Identifying the spatiotemporal evolution characteristics of the ecological security pattern in the zone and further formulating ecological protection and restoration strategies according to local conditions is of considerable importance for coordinating regional ecology, agriculture, and urban space utilization and achieving regional sustainable development (Song et al., 2020).




Figure 1 | Location of the study area.






2.2 Data sources

Identifying ecological sources and constructing ecological resistance surfaces requires 10 data items, such as elevation, land use type, and night light (Table 1). Due to the different spatial ratios and coordinate systems of each data, this research converted the spatial resolution of all data to 250 m and transformed the coordinate system to CGCS2000 according to the zone’s characteristics. In addition, this research mainly used the 30 m resolution of China’s annual land cover data (CLCD) based on Landsat remote sensing observations from the Institute of Remote Sensing Information Processing of Wuhan University. Besides, this research corrected the problem of mistranslation of water area into impervious surface in CLCD by using the China Land Use and Land Cover Remote Sensing Monitoring Data Set (CNLUCC) of the Geographical Conditions Monitoring Cloud Platform of the Institute of Geography of the Chinese Academy of Sciences.


Table 1 | Basic data and sources.






2.3 Methods

The research framework mainly includes four parts: (1) Factor system construction based on the comprehensive index method; (2) Ecological network identification based on the MCR model and the circuit model; (3) Ecological security pattern analysis based on the ecological “source–surface–corridor”; (4) Ecological security pattern implications based on the above results (Figure 2). Specifically, the comprehensive ecosystem service index system to identify the ecological sources used the InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) model. The MCR and circuit models to identify the ecological network used the Linkage Mapper software. The ecological security pattern’s spatiotemporal and quantitative evolution characteristics were based on the proposed spatiotemporal analysis framework composed of the ecological “source–surface–corridor”. The ecological security pattern implications consisted of the exploration of the relationship between the ecological sources, resistance surfaces, and corridors and the relationship’s application to regional ecological protection and restoration.




Figure 2 | The research framework and technical methodology.





2.3.1 Identification of ecological sources

Ecological sources are not only the natural habitats of species that diffuse and maintain populations, but they are also the primary carriers for providing environmental products and ecosystem services. Researchers summarize the ecological source identification methods into two types. One method is direct identification, which selects natural protected areas such as national parks, nature reserves, natural parks, or forest land with high ecological values in land use classification as ecological sources (Peng et al., 2016; Wang et al., 2016; Yu et al., 2022). The other is indirect identification, which calculates the comprehensive value index by constructing a comprehensive evaluation index system and selecting patches with high comprehensive value as ecological sources (Vogt et al., 2007; Xu et al., 2015; Wu et al., 2017; Zhang et al., 2020). Anthropogenic boundaries will affect the direct identification method and cannot objectively and accurately reflect the changes in the scale and quality of ecological sources. Therefore, an indirect identification method is employed in this research to identify ecological sources, and the InVEST model is used in the construction of a comprehensive ecosystem service index system (Table 2) comprising four factors: habitat quality, carbon storage and sequestration, annual water yield, and soil and water conservation (Winkler et al., 2017; Bakker et al., 2019; Zhang et al., 2020; Zawadzka et al., 2021; Brasileiro et al., 2022). This research normalized the factors using the range normalization method and referred to previous studies (Su et al., 2019; Yuan et al., 2022; Zheng et al., 2024) to set equal weights for each factor. Furthermore, the composite index method is utilized to calculate the comprehensive ecosystem service index, and the patches with a high index are selected as the ecological sources. In addition, the research used Fragstats 4.2 software to analyze the landscape pattern characteristics such as AREA (Patch Area) and LSI (Landscape Shape Index) of ecological source areas.


Table 2 | Comprehensive ecosystem service factor system.






2.3.2 Construction of ecological resistance surfaces

The key to identifying ecological corridors lies in the construction of ecological resistance surfaces. The MCR model and the circuit model need to scientifically construct the ecological resistance surfaces (Peng et al., 2018; Wang et al., 2019; Dai et al., 2021; Pan and Wang, 2021). An ecological resistance surface factor system comprising natural factors (such as elevation, slope, topographic relief, land use type, and NDVI) and human factors (such as distance from residential areas, highways, railways, water bodies, and nighttime lights) is established in this research (Table 3) (Wang et al., 2019; Zhu et al., 2020; Yao et al., 2022b; Liu et al., 2023; Li et al., 2024). Referring to relevant research, the values of each factor are graded and assigned, and the factor weight is then determined based on previous research and expert opinions (Liang and Zhao, 2020; Liu et al., 2021; Du et al., 2022; Zhang et al., 2023a). Finally, the ecological resistance surface is constructed using the comprehensive index method.


Table 3 | Ecological resistance surface factor system.






2.3.3 Identification of ecological corridors

The Linkage Mapper software developed by B. McRae et al. is adopted in this research to identify and analyze the ecological network (McRae et al., 2008; Mcrae and Shah, 2009). First, the ecological corridors are identified using the Build Network and Map Linkages tool. Among them, referring to the characteristics of existing research and research areas, the cost-weighted truncation distance for identifying the ecological corridors was set at 20 km (McRae and Kavanagh., 2011; Wu et al., 2024). Second, the ecological pinch and barrier points are determined using Pinchpoint and Barrier Mapper tools. Among them, the ecological pinch points are areas with high current flow density in the circuit model, generally located in ecological corridors. The ecological pinch points are also high-frequency areas for biological circulation and essential for regional ecosystem connectivity. However, the ecological pinch points may encounter high ecological degradation risks, and the ecological resistance values surrounding the ecological pinch points are frequently large. Therefore, the ecological pinch points should be critical areas for ecological protection (Mao et al., 2020). Meanwhile, the ecological barrier points can reduce ecological resistance and substantially improve ecosystem connectivity between ecological sources after restoration (Huang et al., 2020). Therefore, the ecological barrier points should be priority areas for ecological restoration. Specifically, the “all to one” and “maximum” modes are adopted when identifying ecological pinch and barrier points, respectively. The minimum search, maximum search, and growth radii are set to 500, 2000, and 500 m (McRae, 2012; Zhang, 2021b; Zhang et al., 2023b), respectively. Recognition results are divided into five levels, and the highest levels are the ecological pinch points and the ecological barrier points. In addition, the current flow centrality of ecological sources and corridors is investigated by adopting the Centrality Mapper tool to measure the importance of ecological sources or corridors to maintain the connection of the whole network.






3 Results



3.1 Ecological sources

The overall characteristics of the spatial distribution of comprehensive ecosystem services in the study area (Figure 3) indicate that the high-value areas are mainly concentrated in Funiu, Daba, Tongbai, and Dahong Mountains. Among these areas, the extremely high-value areas with a composite score of more than 80 are primarily distributed in the core areas of Daba Mountain in the Southwest and Tongbai and Dahong Mountains in the southeast. The extremely low-value areas are mainly distributed in urban and other population-gathering areas. The change characteristics of spatial distribution from 2000 to 2010 reveal that the comprehensive ecosystem services in the study area displayed an overall decline trend, especially in the eastern Tongbai Mountain areas, revealing a considerable decline. Only the northwest Funiu Mountain areas demonstrated a slight increase. From 2010 to 2020, the comprehensive ecosystem services in the study area showed an overall trend of increase in the southeast and decline in the northwest. Specifically, the comprehensive ecosystem services in the southeast Dahong and Tongbai Mountain areas substantially increased, while those in the northwest Funiu Mountain area declined. Finally, from 2000 to 2020, the comprehensive ecosystem services in the northwest Funiu Mountain areas declined, while those in the Daba, Tongbai, and Dahong Mountain areas in the southeast substantially increased.




Figure 3 | Spatiotemporal evolution characteristics of the comprehensive ecosystem services in the Qinba–Dabie intersection zone in China from 2000 to 2020.



Based on the overall characteristics of the statistical distribution of comprehensive ecosystem services in the study area (Figure 4), the histogram shows 0–20, 20–40, and 60–80 to form a “three-peak” distribution, corresponding to urban space, agricultural space, and ecological space, respectively. Specifically, the urban space parts of 0–20 display a slow left-skewed distribution in 2000 and a peak right-skewed distribution in 2010 and 2020, indicating a declining trend in the comprehensive ecosystem services of urban space. The agricultural space parts of 20–40 in 2000 and 2020 are relatively consistent, while the distribution in 2010 is right-skewed relative to the two. This finding reveals a trend of an initial decline and then an increase in the comprehensive ecosystem services of the agricultural space. In the ecological space parts of 60–80, the distribution of the three years is relatively consistent, generally indicating the stability of the comprehensive ecosystem services. However, a careful comparison shows an increase in the low-value part of 2010 and 2020 relative to 2000 and a decrease in the median part of 2020 relative to 2000 and 2010. Meanwhile, the high-value part declined in 2010 and substantially increased in 2020. Finally, the comprehensive ecosystem services of the study demonstrated an overall trend of first declining and then increasing according to the mean and median.




Figure 4 | Statistical distribution of comprehensive ecosystem services in the Qinba–Dabie intersection zone in China from 2000 to 2020.



Based on the evaluation results of comprehensive ecosystem services, this research identified ecological source patches by initially using the 70% quantiles of all values in the study area in 2000, 2010, and 2020 as thresholds. In addition, the final ecological sources were determined after removing patches with an area of less than 10 km2 (Figure 5). In the three different years, 61, 60, and 60 ecological source patches were identified, accounting for 33.14%, 32.06%, and 32.43% of the total area of the study area, respectively. The overall spatial distribution characteristics were consistent with the evaluation results of the comprehensive ecosystem service. The largest of the ecological source patches is located in southwest Daba Mountain, followed by northwest Funiu, southeast Tongbai, and Dahong Mountains. The spatial variation and distribution characteristics were also consistent with the evaluation results of the comprehensive ecosystem service. The area of ecological source patches in southwest Daba Mountain and in southeast Tongbai and Dahong Mountains decreased first and then increased, while that in the northwest Funiu Mountain increased first and then decreased.




Figure 5 | Spatiotemporal evolution characteristics of ecological sources in the Qinba–Dabie intersection zone in China from 2000 to 2020.



Furthermore, the landscape pattern characteristics of ecological source patches are analyzed using AREA and LSI. Figure 6 shows that the statistical distribution characteristics of the two indexes in 2000, 2010, and 2020 mostly remained the same. Specifically, the medians of the AREA in the three years were 38.38, 50.69, and 46.06 km2, respectively, while the quartile differences were 117.81, 80.50, and 124.92 km2, respectively. Overall, the AREA increased first and then decreased, and the difference in AREA among the three years decreased first and then increased. However, the AREA and its difference increased in the past 20 years. A large patch area can effectively support high-trophic organisms and enhance species diversity, and the differentiation patch area can provide habitats for species with various habitat scales. Therefore, the AREA of ecological sources has generally evolved in a benign direction. The medians of LSI in the three years were 1.80, 1.73, and 1.78, while the quartiles were 0.71, 0.44, and 0.73, respectively. The patch shape complexity and its difference decreased first and then increased. However, the overall situation was relatively stable, revealing minimal effects on ecological sources.




Figure 6 | AREA and LSI distribution of the ecological sources in the Qinba–Dabie intersection zone in China from 2000 to 2020: (A) AREA distribution of ecological sources; (B) LSI distribution of ecological sources.






3.2 Ecological resistance surfaces

The overall spatial distribution characteristics of the ecological resistance surface in the study area (Figure 7) indicate that the high-value areas were mainly distributed around the urban settlements and the traffic arteries connecting the settlements. By contrast, the low resistance value areas were primarily distributed in the southeastern Dahong and Tongbai Mountain areas, and most areas in the study area showed medium resistance values. From the perspective of spatial distribution characteristics from 2000 to 2020 (Figure 7), the areas with substantially increased resistance values were mainly distributed around newly added urban settlements and traffic arteries, while the decreased areas had different characteristics in various periods. Specifically, from 2000 to 2010, most of the regional resistance values only demonstrated minimal changes. The areas with decreased resistance values were scattered in the flat agricultural space in the central region, and some areas in the northeast displayed a decreasing trend. From 2010 to 2020, only the resistance values in the southwestern Daba Mountains were relatively stable; the western region demonstrated a decreasing trend, while the central and eastern areas showed an increased trend. Finally, from 2000 to 2020, the high- and medium-value areas of the ecological resistance surface in the study area markedly increased, while the low-value areas were mainly scattered and distributed in the surrounding areas of Dahong Mountain in the southeast.




Figure 7 | Spatiotemporal evolution characteristics of ecological resistance surfaces in the Qinba–Dabie intersection zone in China from 2000 to 2020.



Based on the overall statistical distribution characteristics of the ecological resistance value in the study area (Figure 8), the resistance values for the years 2000, 2010, and 2020 are all approximately normally distributed. The distributions generally display a gradual movement trend from left to right, revealing mean values of 22.58, 24.21, and 27.63. This phenomenon indicates the overall gradual increase in ecological resistance values, especially from 2010 to 2020. The ecosystem connectivity between the ecological sources in the study area will be affected by the growth of ecological resistance values.




Figure 8 | Resistance value distribution of ecological resistance surfaces in the Qinba–Dabie intersection zone in China from 2000 to 2020.






3.3 Ecological corridors

This research used the Build Network and Map Linkages tool in Linkage Mapper software to identify ecological corridors in the study area (Figure 9). The research identified 152, 154, and 137 ecological corridors in 2000, 2010, and 2020, respectively, while the total area was 15,819.31, 16,512.50, and 10,756.50 km2, respectively. The average length was 23.27, 26.52 and 20.99 km. Figure 9 indicates a decrease in the number and area of ecological corridors in 2020. The width of the ecological corridors in 2020 also considerably narrowed due to the overall growth of the resistance values around the ecological corridors. From the perspective of spatial distribution characteristics, the ecological corridors in the study area connect the Daba Mountain in the southwest, the Funiu Mountain in the northwest, the Tongbai Mountain in the southeast, and the Dahong Mountain, finally demonstrating a circular distribution. Among them, the reduced ecological corridors from 2010 to 2020 were mainly distributed in the northeastern plain area.




Figure 9 | Spatiotemporal evolution characteristics of ecological corridors in the Qinba–Dabie intersection zone in China from 2000 to 2020.



This research further used the Centrality Mapper tool of Linkage Mapper to analyze the current flow centrality of ecological sources and corridors. First, considering the ecological sources, a large ecological source area generally indicates a strong centrality. By contrast, a small area indicates a weak centrality. Among them, the ecological source of Daba Mountain was relatively stable, and its current flow centrality was consistently the highest from 2000 to 2020. The area of ecological sources, such as Funiu, Tongbai, and Dahong Mountains, obviously changed in the past 20 years. However, the centrality strength of these ecological sources was second only to that of Daba Mountain. Therefore, maintaining the connectivity of ecological sources and preventing the fragmentation of ecological sources are crucial to improving centrality. Second, from the perspective of ecological corridors, long and short ecological corridors indicate weak and strong centrality, respectively. Specifically, the ecological corridors with strong centrality were mainly distributed in the circular area connecting Daba, Funiu, Tongbai, and Dahong Mountains. By contrast, the weaker ones were mainly distributed in the urban and agricultural space areas of the central Nanyang Basin. From the perspective of spatial variation characteristics, from 2010 to 2020, the short ecological corridors with strong centrality decreased, and the long ecological corridors with weak centrality increased due to the reduction of crucial ecological sources that serve as stepping stones. Therefore, maintaining and increasing the ecological sources that serve as stepping stones are crucial for increasing the number and centrality of ecological corridors.

This research further analyzed the essential characteristics of ecological sources and corridors by current flow centrality. Figure 10 shows that the statistical distribution characteristics of the two indexes in 2000, 2010, and 2020 mostly remained the same. Specifically, the medians of the current flow centrality of the ecological sources in the three years (Figure 10A) were 199.30, 219.22, and 197.74, while the quartile differences were 141.62, 105.74, and 150.90, respectively. These statistics indicated that the overall centrality of the ecological sources increased first and then decreased, while the difference in centrality decreased first and then increased, consistent with the statistical characteristics of the sources’ AREA. Accordingly, the trend again explains the correlation between the ecological source area and centrality. Moreover, the medians of the current flow centrality (Figure 10B) of the ecological corridors in the three years were 70.67, 71.40, and 74.26, while the quartile differences were 54.60, 53.10, and 62.93, respectively. These statistics indicated that the overall centrality of the ecological corridors gradually increased, while the difference in centrality slightly decreased first and then sharply increased. The trend indicated that the importance of the ecological corridors in the study area increased overall, but the regional differences in importance may also increase.




Figure 10 | Current flow centrality distribution of ecological sources and ecological corridors in the Qinba–Dabie intersection zone in China from 2000 to 2020: (A) Current flow centrality distribution of ecological sources; (B) Current flow centrality distribution of ecological corridors.



The current flow density (Figure 11) of the ecological corridors in 2000, 2010, and 2020 was obtained using the Pinchpoint Mapper tool of Linkage Mapper software and then divided into five levels according to its statistical distribution characteristics. This research identified the highest level of current flow density as ecological pinch points, which were the critical protection areas for maintaining the connectivity of the ecosystem. Finally, 106, 141, and 148 ecological pinch points were identified in the three different years, revealing a total area of 641.28, 1,003.88, and 1,082.36 km2, respectively. This phenomenon displays an overall growth trend. The ecological pinch points were mainly distributed in the ring area connecting Daba, Funiu, Tongbai, and Dahong Mountains. Specifically, the ecological pinch points increased more from 2000 to 2010 and were mainly distributed in the junction area of the western Qinling and Daba Mountains.




Figure 11 | Spatiotemporal evolution characteristics of ecological key points in the Qinba–Dabie intersection zone in China from 2000 to 2020..



The maximum improvement values (Figure 11) of the ecological corridors in 2000, 2010, and 2020 were determined by the Barrier Mapper tool of Linkage Mapper software and then divided into five levels according to the statistical distribution characteristics. This research identified the highest level of maximum improvement values as the ecological barrier points, which are critical restoration areas that improve the connectivity of the ecosystem. Finally, this research identified 75, 151, and 223 ecological barrier points in the three different years, revealing a total area of 254.10, 541.86, and 1,304.95 km2, respectively. This phenomenon also demonstrated an overall growth trend. The ecological barrier points were mainly distributed in the northeastern plain area and the junction area between the western Qinling and the Daba Mountains. Specifically, the ecological barrier points increased more from 2010 to 2020 and were also mainly distributed in the northeastern plain area of the study area.

The statistical distributions of the ecological corridors’ current flow value in 2000, 2010, and 2020 in the study area (Figure 12) are all right-skewed. Moreover, the kurtosises in 2000 and 2010 are higher while that in 2020 is lower, and the distributions gradually shift to the right over time. The average value of the three years is 4.86, 4.95, and 6.64, indicating the gradual increase in the current flow density of the ecological corridors, which is more from 2010 to 2020.




Figure 12 | Distribution of the current flow value of ecological corridors in the Qinba–Dabie intersection zone in China from 2000 to 2020.







4 Discussion



4.1 Protection and restoration strategies of ecological security pattern

This research believes that the ecological security pattern in a region is an organic system composed of three parts of the ecological “source–surface–corridor”. Therefore, the evaluation of ecological security patterns should also be based on the three parts. Accordingly, this research proposed an analysis framework based on ecological “source–surface–corridor” to evaluate the ecological security patterns scientifically and quantitatively. This research suggests that a complete analysis of the ecological security pattern should be carried out from three aspects: ecological sources, resistance surface, and corridors. On the one hand, the ecological sources are the habitats of organisms and the sources of biological flow, and their area, shape, and fragmentation are the basis of the regional ecological security pattern quality (Carter et al., 2020; Mohammadi and Fatemizadeh, 2021; Fullman et al., 2021). This research found that the distribution change law of the ecological sources in the study area was consistent with the distribution change law of their centrality. Moreover, small ecological sources also played an important role in the ecological security pattern. Because of the disappearance of the small ecological sources in the northeast of the study area, which play a stepping stone role, the length of the ecological corridor in this area became longer, and the centrality became weaker. Therefore, the systematic analysis and targeted protection of ecological sources are the basis for maintaining the ecological security pattern. On the other hand, the ecological resistance surface is the environment for the formation of biological flows and the important basis for the identification of ecological corridors (Peterman et al., 2014; Chambers et al., 2023). The spatiotemporal characteristics of the ecological resistance surfaces affect and determine the spatiotemporal characteristics of the ecological corridors. As shown in the results of this research, the resistance surface in the study area showed an overall growth trend from 2000 to 2020, while the ecological corridor network showed an overall deterioration trend. This deterioration trend was reflected in the obvious reduction of the number and area of ecological corridors, the obvious narrowing of the ecological corridor width, the reduction of short ecological corridors with strong centrality, the increase of long ecological corridors with weak centrality, and the substantial increase of ecological pinch points and barrier points. Furthermore, the essence of protecting the ecological corridor is to reduce the ecological resistance of the ecological corridor and its surroundings and promote the formation of the ecological corridor by improving the ecological resistance in specific areas. Therefore, how to improve the ecological resistance surface pertinently based on systematic and scientific analysis is the key to improving the ecological security pattern.

Considering the ecological security pattern characteristics composed of ecological sources, resistance surface, and corridors in the Qinba–Dabie intersection zone in 2020 and the spatiotemporal evolution characteristics from 2000 to 2020, an ecological security protection and restoration pattern comprising core ecological areas, general ecological areas, core ecological corridors, general ecological corridors, ecological improvement areas, and ecological restoration areas is established in this research (Figure 13). Targeted protection and restoration strategies are also introduced to improve and enhance the regional ecological security pattern and promote the sustainable use of regional land space.




Figure 13 | Spatial distribution of the ecological protection and restoration key areas in the Qinba–Dabie intersection zone in China.





4.1.1 Ecological areas

Based on the current flow centrality, this research divided the ecological source areas into the core and general ecological areas. Among them, the core ecological areas include four ecological sources with substantial current flow centrality, such as Funiu Mountain in the north, Daba Mountain in the southwest, Dahong Mountain in the southeast, and Tongbai Mountain, revealing a total of 28,523.49 km2. The other 56 ecological sources are general ecological areas, yielding a total of 5,913.01 km2. The core ecological areas are crucial bases for providing regional ecological products and services and maintaining species populations and diversity. Future measures, such as setting ecological protection red lines and establishing natural reserves, are necessary. Meanwhile, various human production and living activities that harm ecological functions should be strictly restricted. In addition, safeguarding and enhancing the ecosystem service functions of the core ecological areas aims to strengthen the foundation of ecological security. Among them, strengthening the ecological restoration of the northern Funiu Mountains is emphasized to achieve the goal of consolidating the ecological security foundation. Ecological function areas with different scales are habitats for species with various habitat sizes and are also stepping stones for biological circulation between ecological sources. Therefore, the general ecological areas are also key components of the regional ecological security pattern. In the future, the government should adopt planning measures to prevent ecological functional areas from being occupied by agricultural and urban space. Furthermore, some ecological sources that serve as key stepping stones, especially the disappeared ecological sources between Funiu and Tongbai Mountains in the northeast, should be restored as soon as possible to facilitate the formation of the main body of the ecological security pattern.




4.1.2 Ecological corridors

Based on the current flow centrality, this research divided the ecological corridors into core and general ecological corridors. Among them, 21 core ecological corridors with high current flow centrality and short lengths are mainly distributed between the Funiu and Daba Mountains and between the Daba and Dahong Mountains, revealing a total of 133.98 km. The other 116 ecological corridors are general ecological corridors, demonstrating a total of 2,742.46 km. The core ecological corridors are the key transmission channels for species to perform material and energy cycles and maintain the connectivity between ecological areas. In the future, strict protection can be realized through the development of special protection plans and control rules, the installation of corridor protection signs, and other means. Simultaneously, human production and construction activities that damage the core ecological corridors should be restricted. Priority should be given to ensuring the integrity of the core ecological corridors to reduce adverse effects such as gaps, interference, and breakpoints within the corridor. Protecting the core ecological corridors around the core ecological areas should be emphasized to maintain the connectivity of the core ecological areas. The general ecological corridors, which are generally long and widely distributed, are also key components of the regional ecological network. These corridors are also important channels connecting open space, nature reserves, and landscape elements. In the future, the government can appropriately increase small natural parks and other green spaces in long ecological corridors, such as the northeast and central regions, to reduce the length of corridors, minimize the cost of species circulation, and enhance the resilience of the ecological network.




4.1.3 Ecological improvement areas

The ecological improvement areas are derived based on the ecological pinch points. Among them, 148 areas with high current flow density are identified, revealing a total of 1,082.36 km2, scattered in the central and eastern agricultural and ecological spaces. The ecological improvement areas in the ecological security pattern are those with dense biology and energy flow and fragile ecology, thereby requiring critical maintenance. In the future, on the one hand, for agricultural spaces such as cultivated and garden lands within the ecological improvement areas, the government should further leverage the multifunctional value of agricultural land, develop green ecological agriculture, and improve ecological functions through farmland shelter forest construction, agricultural pollution prevention and control, and other measures. On the other hand, for the ecological spaces such as forests, grasslands, and water bodies within the ecological improvement areas, the government should focus on the forested mountainous areas in the southeast and northwest with notably changed comprehensive ecosystem services. Furthermore, comprehensive protection of natural forests, such as logging restriction, augmentation of vegetation cover through anthropogenic planting, and restoration and protection of natural forest ecosystems, should be implemented. The government should also strengthen the water environment and aquatic ecological protection, governance, and restoration, maintain water functions’ overall stability, and ensure biological circulation channels’ connectivity.




4.1.4 Ecological restoration areas

This research identified a total of 223 areas with high maximum improvement resistance values as the ecological restoration areas based on the ecological barrier points, demonstrating a total of 1304.95 km2, which are mainly scattered in urban and agricultural living spaces, especially in the northeast. The ecological restoration areas are the regions that can substantially improve the connectivity between ecological areas and the ecological security pattern stability at the lowest restoration cost. In the future, on the one hand, for urban spaces, the government should focus on the ecological restoration areas in the northeast, increase urban green space, and build and optimize urban green infrastructure. Specifically, ecological bridges or biological channels should be established on roads, highways, and other places to help restore the species flow. On the other hand, for agricultural living spaces, the government should mainly focus on the rural residential areas in the midwest and south regions of the study area. Specifically, they should integrate ecological landscape construction into village planning, strengthen village environmental management, and increase the connectivity of biological circulation channels.





4.2 Innovation, limitations and prospects

This research found that the systematic analysis and targeted protection of ecological sources are the basis for maintaining the ecological security pattern, and targeted improvement of ecological resistance surface is the key to improving the ecological security pattern. Therefore, measures such as the protection of core ecological sources, the rational layout of ecological sources as stepping stones, and the improvement of resistance values at ecological key points should be paid attention to in the future. Most previous studies focused on the analysis of ecological corridors while ignoring the analysis of ecological sources and resistance surfaces (Feng et al., 2022; Wu et al., 2022). Besides, unlike most previous researches that use anthropogenic administrative regions to study the ecological security pattern (Zhong et al., 2024; Lu et al., 2024), the relatively complete natural ecological unit of the Qinba–Dabie intersection zone, which spans Henan, Hubei, and Shaanxi Provinces, is selected in this research, thereby avoiding the problem of splitting the original complete natural ecological units. The results also indicate the necessity of selecting complete natural ecological units across anthropogenic administrative regions as the study area. This selection addresses the requirements of ecological civilization in the new era for regional ecological co-protection, co-construction, co-governance, and sharing (Kroll et al., 2012; Panagopoulos et al., 2016). Moreover, unlike previous studies that overemphasized specific timeframes (Mao et al., 2020; Sun et al., 2021), this research analyzed the spatiotemporal evolution characteristics of the ecological security pattern of the Qinba–Dabie intersection zone based on multi-period data, revealing the characteristics of changes across different historical periods. In addition, the results show that ecological security pattern research should not be limited to simple identification mapping and qualitative analysis of ecological sources and corridors. The application of quantitative methods to the analysis of the ecological security pattern identification results can further deepen and verify the research results, which is of considerable importance to the ecological security pattern methodology.

This research only conducted a preliminary exploration of the aforementioned aspects, but still has some limitations in some aspects. Thus, researchers still have a substantial amount of work to do in the future, such as how to choose the cross-administrative ecosystem as the study area. Longitude and latitude are used in this research to select the study area qualitatively. However, the effect of the selection results on the identification and analysis of the ecological security pattern should still be discussed. For another example, when defining the ecological sources, this research only selected four types of ecosystem services without considering the types of water purification and food production, which can be further improved in the future. In addition, as there is no uniform standard for setting some parameters of software tools, this research mainly depended on the empirical values of previous studies. Furthermore, this research only used simple statistical methods such as histograms and violin plots to conduct an overall quantitative analysis of the results of the ecological security pattern identification based on the ecological “source–surface–corridor”. How to perform a local quantitative analysis of the ecological security pattern in each region of the study area is crucial to the formulation of targeted regional ecological security pattern protection and restoration strategies, and further research is needed in the future.





5 Conclusions

The scientific analysis of the ecological security pattern should focus on a relatively complete natural ecological unit from three aspects: ecological sources, resistance surface, and corridors. Therefore, using the ecological security pattern analysis framework based on the ecological “source–surface–corridor”, this research explored the spatiotemporal evolution characteristics of the ecological security pattern in the Qinba–Dabie intersection zone in China, a complete natural ecological unit across administrative regions, from 2000 to 2020. In this research, ecological sources were identified using the comprehensive ecosystem service index, and ecological corridors, pinch points, and barrier points were identified using the LinkageMapper software. Based on the statistical and quantitative analysis of the spatiotemporal evolution characteristics of ecological sources, resistance surfaces, and corridors, this research constructed the ecological protection and restoration pattern in the study area and proposed targeted protection and restoration strategies. The main conclusions are presented as follows:

	(1) From 2000 to 2020, the ecological sources in the study area exhibited an overall pattern of increasing first and then decreasing in the northwest while decreasing first and then increasing in the southeast. The ecological resistance surfaces demonstrated a consistent, gradual growth trend, with prominent increases observed in the central and eastern regions between 2000 and 2020.

	(2) From 2000 to 2020, the ecological corridors in the study area showed an overall trend of increasing first and then decreasing, revealing a circular distribution pattern connecting Daba, Funiu, Tongbai, and Dahong Mountains in spatial order. Among them, the ecological corridors in the northeast plain area notably decreased from 2010 to 2020. Ecological pinch points and barrier points in the study area both display an increasing trend. Among them, from 2000 to 2010, the ecological pinch points in the junction area between the western Qinling and Daba Mountains markedly increased, while the ecological barrier points in the northeastern plain area notably increased from 2010 to 2020.

	(3) Based on the aforementioned research, an ecological security protection and restoration pattern encompassing core ecological areas, general ecological areas, core ecological corridors, general ecological corridors, ecological improvement areas, and ecological restoration areas is introduced in this research. Targeted protection and restoration strategies are further proposed in this research based on the pattern.
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