

[image: Ecological space resilience assessment of Baiyangdian Basin from the perspective of evolutionary resilience]
Ecological space resilience assessment of Baiyangdian Basin from the perspective of evolutionary resilience





ORIGINAL RESEARCH

published: 27 October 2023

doi: 10.3389/fevo.2023.1200218

[image: image2]


Ecological space resilience assessment of Baiyangdian Basin from the perspective of evolutionary resilience


Xinyu Liang 1, Xing Gao 1,2,3,4*, Meiran Zhao 1, Zhongyuan Guo 1 and Weining Shen 1


1 School of Public Administration, Hebei University of Economics and Business, Shijiazhuang, China, 2 Hebei Collaborative Innovation Center for Urban-Rural Integrated Development, Hebei University of Economics and Business, Shijiazhuang, China, 3 Hebei Province Economics and Social Development Geographic Information Big Data Platform, Hebei University of Economics and Business, Shijiazhuang, China, 4 Center for Urban Sustainability and Innovation Development (CUSID), Hebei University of Economics and Business, Shijiazhuang, China




Edited by: 

Hualin Xie, Jiangxi University of Finance and Economics, China

Reviewed by: 

Zhe Feng, China University of Geosciences, China

Pattiyage Ishan Ayantha Gomes, Sri Lanka Institute of Information Technology, Sri Lanka

*Correspondence: 

Xing Gao
 gaoxing@hueb.edu.cn


Received: 04 April 2023

Accepted: 17 October 2023

Published: 27 October 2023

Citation:
Liang X, Gao X, Zhao M, Guo Z and Shen W (2023) Ecological space resilience assessment of Baiyangdian Basin from the perspective of evolutionary resilience. Front. Ecol. Evol. 11:1200218. doi: 10.3389/fevo.2023.1200218



The structure and function of ecological spaces play a crucial role in resisting risk interference and providing ecological services. Conducting resilience assessments of ecological spaces is of great significance for maintaining ecological security. Taking the Baiyangdian Basin as the research object, based on the evaluation results of ecosystem service function importance and ecological environmental sensitivity, the ecological space importance level of the Baiyangdian Basin is divided. Based on the three basic characteristics of “resistance, adaptability, recoverability”, the resilience of ecological space model was constructed by selecting ecosystem service value, landscape structure stability, ecological resilience model and coefficient. The research results show that: (1) The overall importance index of ecological space in the Baiyangdian Basin is relatively low. The non-critical area accounted for 43.00% of the total area, the general area accounted for 30.78%, and the core area accounted for 26.22%, which mainly distributed in the northern part of the study area and at the confluence of rivers. (2) The proportion of areas with extremely important ecosystem service functions in Baiyangdian Basin is 31.73%, concentrated in the central and southwestern parts of the basin. The highly sensitive ecological environment areas accounted for 21.96%, mainly distributed in high-altitude areas in the northern part of the basin and river convergence areas. (3) On the whole, the overall resilience level of the study area is not high and there is a significant difference in resilience between the north and south, with 68.60% of the regions in the low level of resilience. The area with high resilience level accounted for only 1.51%, and the highest resilience level was found at river confluence. The research results provide a theoretical basis for maintaining and improving the ecological environment of the basin, and provide a basis for implementing precise policies to optimize the ecological space of the basin.
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1 Introduction

Ecological space is the basic space to maintain ecosystem balance and ensure regional ecological security (Zhang and Yue, 2019). At present, climate change, socio-economic development, construction land expansion and other phenomena have brought about many problems such as water resource shortage, reduction of biological and landscape diversity, and continuous degradation of ecological functions (Liu et al., 2016; Jin et al., 2019; Gao et al., 2021; Liu et al., 2022), resulting in unreasonable distribution of ecological space, affecting the ecological environment and the well-being of residents (Liu et al., 2023). Under this background, it is urgent to change the thinking of ecological space management and control, from the perspective of restoration and management of ecological space after damage to prevention and control of ecological space before damage, and enhance the ability of ecological space to cope with the impact of uncertain risks. Resilience theory, as a dynamic approach to analyzing how systems respond to risks, provides a new perspective for ecological spaces to deal with uncertain risks (Luo et al., 2018). “Ecological space resilience” is a new attempt to combine the concept of resilience with the study of ecological space. The concept can be defined as the ability of ecological space to resist and adapt to the impact of external shocks and recover or transform from them by optimizing its structure and function. Therefore, the resilience assessment of ecological space can provide a theoretical basis for improving its resilience level and achieving sustainable development.

Ecological space originates from the term “green space” (Ngom et al., 2016). It is an important space component to maintain biodiversity, ensure ecosystem service supply and improve residents’ quality of life (Xie et al., 2015; Fabien et al., 2017; Deng et al., 2022). The follow-up research of ecological space should be based on the quantitative identification of ecological space. In recent years, the research of ecological space identification has made some progress. From the perspective of research objects, most of them focus on meso-scale and macro-scale such as urban agglomeration and municipal level, while few studies are conducted from the watershed scale (Huang et al., 2020; Wang et al., 2022). From the perspective of research, the structure and function of ecological space are mainly studied from the perspectives of ecological functions, ecological elements and ecological protection red lines (Long et al., 2015; Yu et al., 2015; Kong et al., 2019; Pan et al., 2020). From the perspective of ecological space delineation method, the main methods are land use type merging method and spatial attribute evaluation method. Among them, land use type merging method is to identify the structure of ecological space by using different land use types (Jiang and Liu, 2020; Zhao et al., 2022), but this method can draw the amount of ecological space, but it is difficult to draw the function of ecological space. Spatial attribute method is mainly used to quantitatively identify ecological space through ecosystem service function evaluation, ecological sensitivity evaluation and other methods (Jin et al., 2020). This method can more intuitively reflect the structure and function of ecological space, and is currently an important way to identify ecological space.

Originally meant to “restore vitality”, resilience was introduced into ecology by Canadian scholar Holling in 1973 to characterize the characteristics of stable state of ecosystem (Holling, 1973). Since the concept of resilience was put forward, it has undergone step modification and development from engineering resilience to ecological resilience and then to evolution resilience. Engineering resilience is characterized by the ability of the system to recover to a balanced or stable state after external impact (Walker and Salt, 2006), focusing on a single ultimate equilibrium state (Yang et al., 2021). With the deepening of the research, the academic community gradually realized that resilience has a certain ability to absorb disturbance before it suffers from impact and changes its own state (Folke, 2006), and ecological resilience to mitigate impact, resist risks, restore balance and adapt to new paths has become the mainstream view (Holling, 1996). With the development of The Times and the frequent occurrence of various crises, scholars have new thoughts on resilience and gradually realize that the path of system development is not single or balanced, but complex and unbalanced. Therefore, evolution resilience, as a resilience theory that emphasizes system interaction and dynamic feedback, immediately becomes a mainstream paradigm widely recognized by the current academic community (Walker et al., 2004). In the perspective of evolution resilience, resilience is not the recovery to normal state, but the ability of social complex ecosystem to adjust, adapt and transform in response to pressure (Carpenter et al., 2005; Zhou, 2015). Evolutionary resilience focuses on the maintenance of system structure and function, focusing on three aspects of social ecosystems: resistance, adaptability, and recoverability. Under the concept of evolutionary resilience, the concept of resilience has been applied in multiple fields. In recent years, the research objects on resilience involve urban resilience, economic resilience, ecological resilience, organizational resilience and other aspects. As modern society is facing threats from natural disasters, public security and other aspects, the current research on urban resilience accounts for the majority. The research methods can be divided into qualitative research and quantitative research. Among them, the qualitative research mainly focuses on the concept and analysis framework of resilience (Wei and Xiu, 2020) and the formation mechanism of resilience (Du et al., 2022). Quantitative studies mostly focus on building index systems to assess the level of resilience and analyze its influencing factors. Most scholars explain the spatial distribution of resilience level from the three core characteristics of resilience (namely resistance, adaptability and recoverability) (Xia et al., 2022), among which, Resistance is the ability of the system to withstand disturbances without significantly deviating from the normal development path (Vugrin et al., 2011), and adaptability is the ability of the system to adapt to shocks in the normal development process (Chen et al., 2022). Recoverability is the ability of a system to quickly recover from a disaster with minimal self-damage (Haimes Yacov, 2009). The combination of resilience and ecological space gives rise to the concept of ecological space resilience. Resilience can be seen as an attribute of ecological space, which can measure the ability of ecological space to face future disturbances, optimize its structure and function by taking preemptive actions to reduce the impact of disturbances, and quickly respond and restore to a new equilibrium state when impacts occur (Figure 1). At present, although there is a high degree of recognition of the concept of resilience in the existing literature, the grasp and emphasis of resilience vary. There is a lack of research on the measurement and comprehensive evaluation of ecological spatial resilience, and a complete theoretical framework has not yet been formed. Further exploration is needed to incorporate the theory of evolutionary resilience into the practice of ecological spatial optimization layout.




Figure 1 | Understanding about Ecological Space Resilience Concepts.



As the ecological hinterland of Xiong’an New Area, the structure and function of the ecological space in the Baiyangdian Basin are crucial for maintaining and improving the regional ecological environment. With the improvement of urbanization level, the ecological environment of Baiyangdian Basin is facing increasing pressure, and the function of ecological space cannot be effectively played. It is necessary to transform the concept of ecological problem restoration into the concept of ecological problem prevention, and integrate resilience thinking into the construction of ecological space to enhance the adaptability of the basin to respond to uncertain risks. In this paper, 35 counties and cities in five prefectural cities in Hebei Province, China, through which Baiyangdian Basin flows, are studied. Based on two evaluation methods, the importance of ecosystem services and the sensitivity of ecological environment, the ecological spatial importance index system is established to quantitatively identify the ecological space of Baiyangdian Basin. Based on the three basic characteristics of “resistance, adaptability and recoverability”, the resilience evaluation index was selected to analyze the spatial distribution of resilience level of ecological space structure and function, and divide resilience zones, in order to provide quantitative basis for improving the ecological space structure and ecological space function of Baiyangdian Basin and realize the sustainable development of the basin.




2 Materials and methods



2.1 Overview of the study area

The Baiyangdian Basin in Hebei Province, China, as defined in this study, is a part of the Daqing River Basin (Figure 2). The study area is located at 113°46’ -116°25’ east longitude and 37°51’ - 40°29’ north latitude. The terrain presents a stepped downward trend from northwest to southeast, showing a mountain-hill-plain with a relative height of 2815 meters. The average temperature is 12.1°C, the average annual water storage is 1.32×109m3. By 2020, the total area of the study area is 4.43×106hm2, among which the cultivated land area is 2.51×106hm2, accounting for 56.58% of the total land use type. The area of forest land was 1.01×106hm2, accounting for 22.84%. The grassland area was 2.47×105hm2, accounting for 5.56%. The water area was 4.56×104hm2, accounting for 1.03%; The construction land area is 6.19×105hm2, accounting for 13.96%. The unused land area is 1.1×103hm2, accounting for 0.02%. In general, cultivated land is the main study area, followed by woodland and construction land. In recent years, the structure and function of the ecological space in the Baiyangdian Basin have been affected to a certain extent. Studying the resilience level is important to ensure the ecological security of the Baiyangdian Basin.




Figure 2 | Spatial location of the study area ((A) China scope; (B) Hebei Province; (C) Baiyangdian Basin).






2.2 Data source and preprocessing

The data used in this study include remote sensing image data, land use data, DEM elevation data, slope data, NDVI data, soil texture data, meteorological data, NPP data and socio-economic data. Among them:

	The remote sensing image data of the study area in 2020 came from the geospatial data cloud (https://www.gscloud.cn/).

	Land use data was interpreted from remote sensing images. ENVI software was used to preprocess, supervise and classify remote sensing images, and land use types were divided into cultivated land, forest land, grassland, water area, construction land and unused land. After testing, the accuracy of the image is higher than 85%, which can be used in this study.

	DEM elevation data comes from geospatial data cloud (https://www.gscloud.cn/) with a resolution of 30m and a time of 2020. Slope data are extracted from DEM elevation data.

	All NDVI data and soil data were obtained from Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (https://www.resdc.cn/). ArcGIS software was used to carry out reprojection and mask processing on Chinese soil data, extract soil data in the study area, connect the “Value” field in its attribute table with the “MU_GLOBAL” field in the soil attribute table HWSD.mdb, and obtain the raster data of soil texture in the study area.

	Meteorological source: National Data Center for Meteorological Sciences (https://data.cma.cn/). In the grid calculator, the maximum and minimum method is used to normalize the annual average rainfall, and the distribution map of annual average precipitation in the study area is obtained. The annual average temperature data of several meteorological stations around the study area was obtained by spatial interpolation calculation.

	NPP data from MODIS data set (https://ladsweb.modaps.eosdis.nasa.gov/). The MRT tool was used to extract the NPP data. Referring to the MODIS17A3 data document, the conversion factor 0.0001 was used in the raster calculator to process the obtained NPP data, and the mask extraction was carried out based on the vector boundary of the study area in ArcGIS software. Because of the holes in the data, raster point transformation was carried out, and Kriging method was used to carry out spatial interpolation on the point data, and finally resampling the data after interpolation was processed to obtain data with a spatial resolution of 30m×30m.

	Socio-economic data are derived from statistical yearbooks.






2.3 Research methods



2.3.1 Identification of ecological space

Ecological space is a space that provides ecosystem services (Wang et al., 2017; Cui et al., 2020), whose quantitative scale and spatial pattern have a great impact on the ecological security of the watershed (Chen et al., 2018). In view of a series of ecological problems in the study area, the study of ecological space should not only pay attention to the “structure”, but also to the “function” of ecological space. Therefore, the factors that can reflect the ecological spatial function of Baiyangdian basin are selected. Based on the two evaluation methods of the importance of ecosystem service function and the sensitivity of ecological environment, the ecological space is identified comprehensively and quantitatively, and the importance degree is graded.



2.3.1.1 Evaluation of the importance of ecosystem service functions

(1) Importance index of water conservation function

The water conservation function is an important function in ecosystem regulation services, and its change directly affects the hydrology and vegetation of the basin (Zhang et al., 2023). The calculation formula is:

 

Where, WR is the ecosystem water conservation function importance index, NPPmean is the average annual net primary productivity of vegetation, Fsicis the soil seepage factor, Fpre is the average annual precipitation factor, Fslo is the slope factor.

(2) Importance index of soil and water conservation function

The function of soil and water conservation is the regulation service of ecosystem (such as forest, grassland, etc.) to reduce soil erosion caused by water erosion through its structure (Zhang et al., 2015). The modified general soil and water loss equation is used to measure the soil and water conservation function. The calculation formula is:

 

Where, A is the importance index of soil and water conservation function, R is rainfall erosivity factor, K is soil erodibility factor, LS is the topographic relief factor, C is the vegetation cover factor.

(3) Importance index of biodiversity conservation function

Biodiversity conservation function refers to the role played by an ecosystem in maintaining the diversity of genes, species and ecosystems, and is one of the most important functions provided by an ecosystem (Liu and Liu, 2021). The calculation formula is:

 

Where, Sbiois the importance index of biodiversity conservation function, NPPmean is the average annual net primary productivity of vegetation, Fpre is the average annual precipitation, Falt is the average annual temperature, and is the altitude factor.

(4) Evaluation of the importance of ecosystem service functions

The ecosystem service value after the normalization of each single function is divided into three levels: unimportant, generally important, and extremely important. Then the ecosystem service function importance index ( ) is obtained by using the disjunction algorithm. Using the natural breakpoint method, the results of the importance of ecosystem service functions are divided into three levels: unimportant, generally important, and extremely important. The calculation formula is:

 




2.3.1.2 Ecological environment sensitivity assessment

The sensitivity of ecological environment can reflect the sensitivity of ecosystem to natural environment changes and interference from human activities (Ouyang et al., 2000). The terrain of the Baiyangdian Basin is complex, and its ecological environment sensitivity is influenced by various ecological factors. Therefore, dominant and representative factors are selected to comprehensively evaluate the ecological environment sensitivity (Zhan and Zhu, 2019), and the sensitivity degree is divided.

	Build a hierarchical model. The model is divided into three levels: target layer, criterion layer and reference layer (Table 1). The target layer is the ecological sensitivity assessment of Baiyangdian Basin, and the criterion layer includes two judgment criteria: terrain factor and land use type. The reference layer can be determined by the following indicators:

	Sensitivity level definition. Determine the weights of each factor using the Analytic Hierarchy Process and define the sensitivity level of each ecological factor (Table 2).

	The ecological environmental sensitivity ( ) of the study area is obtained by weighted superposition of the selected factors. The natural breakpoint method is used to reclassify the results, resulting in three levels of non-sensitivity, medium sensitivity, and high sensitivity.




Table 1 | Sensitivity information of ecological Factors in Baiyangdian Basin.




Table 2 | Sensitivity information of various ecological factors in Baiyangdian Basin.






2.3.1.3 Comprehensive identification of ecological space

In the ArcGIS software, ecological space ( ) is obtained by disjunctive algorithm, and it is divided into three levels: non-critical type, general type, and core type. The calculation formula is:







2.3.2 Horizontal measure of resilience

In view of the negative impact brought by the disturbance, the concept of resilience is introduced to improve the ability of the study area to cope with various risks. From the perspective of evolutionary resilience, resilience refers to the persistence, adaptability, and transferability of complex social ecosystems, focusing on the ability of ecological space to respond, adapt, and shape changes. Its emphasis is not on the pursuit of equilibrium, but on the ability of the system to continuously improve its own structure to cope with risks, thus enabling sustainable development. Therefore, constructing resilience evaluation indicators by considering the three basic characteristics of “resistance, adaptability and recoverability” in evolutionary resilience, and the horizontal spatial distribution of resilience in ecological space was analyzed.



2.3.2.1 Resistance index

Resistance (P) refers to the ability of ecological space to resist external disturbance. Many studies have pointed out that the resistance characteristic of ecological space is closely related to ecosystem service function. This study is based on the modified ecological service equivalence table per unit area of Chinese ecosystems (Xie et al., 2015), combined with the socio-economic development status, to modify the economic value created by the unit area grain yield in the study area, and obtain the unit area ecological service value of the Baiyangdian Basin, which represents the resistance of ecological space resilience. The calculation formula is:



 

 

Where, P is ecological space resistance, ESV is ecosystem service value, Ai is the area of land use type i, VCi is the ecosystem service value per unit area of class i land use type, ECj is the equivalent of the ecosystem service value of item j of certain land use type, and Eais the economic value (yuan/hectare) of providing food production service function for farmland ecosystem per unit area. i is the crop type, pi is the national average price of a crop in a given year (yuan/ton), qi is the planted area of a crop (hectare), M is the planted area of all crops (hectare).




2.3.2.2 Adaptability

The more stable the ecological space is, the more adaptability (A) it is. In this study, the adaptability is expressed through the relevant indicators of landscape structure stability (Peterson, 2002). Among them, the stability of landscape structure is measured by the relevant landscape index (Turner, 1989). The calculation formula is:



Where, A is ecological space adaptability index; C is landscape fragmentation degree; SHDI is Shannon’s diversity index (SHDI); AWM is the the area-weighted mean patch fractal dimension (AWMPFD).




2.3.2.3 Recoverability

The resilience of ecological space (R) reflects the ability and potential of ecological space to recover from damage. Land use plays an important role in the concept of ecosystem recoverability (Foster et al., 2003; Colding, 2007), so the recoverability is quantified by summing the area-weighted ecosystem resilience coefficients of all land use types. The calculation formula is based on the ecological resilience model and coefficient proposed by Peng et al. (2015). The calculation formula is:

 

Where, R is ecological space recoverability; Ai is the area ratio of land use type; RCi is the ecosystem elasticity coefficient of land use   type.

The calculations of resistance, adaptability and recoverability have different units, so when calculating resilience levels, it is necessary to standardize various indicators to the [0,1] range. In addition, to avoid amplification calculations when multiplying indicators, a root sign is needed to neutralize the order of magnitude. According to the natural breakpoint method, the resilience level is divided into high level, medium level and low level.

The specific calculation formula is as follows:

 

Where, P is resistance, A is adaptability, R is recoverability.







3 Results



3.1 Evaluation results of ecosystem service function importance



3.1.1 The importance of water conservation function

According to the extracted average annual net primary productivity of vegetation, soil seepage factor, annual average precipitation factor and slope factor, formula (1) is used to calculate and obtain the evaluation result of the importance of water conservation function in Baiyangdian Basin, which is normalized in ArcGIS software. According to the natural breakpoint method, the results are divided into the areas of water conservation function is unimportant, generally important and extremely important (Table 3) (Figure 3). The results show that the water conservation function in Baiyangdian Basin is affected by landform, temperature and precipitation, land use conditions, vegetation and other factors. Among them, 23.31% of the water conservation function in Baiyangdian Basin is unimportant, distributed in Zhuolu County and Yu County in the northern part of the study area. The terrain in this area is relatively high with a large slope, and an annual precipitation of less than 400 millimeters. Therefore, the importance of water conservation is relatively low. Generally important areas accounted for 53.57%, mainly distributed in flat terrain areas such as urban construction and development areas. There is a large amount of arable land with high density, and rainfall and vegetation coverage are at a moderate level in the entire study area. Therefore, the water conservation capacity is average. The extremely important area accounts for 23.12%, mainly distributed in the southern part of Laishui County, the southeastern part of Yi County, Dingxing County and other areas. The terrain in this area is relatively flat and open, so the water conservation capacity is better.




Figure 3 | Each Single Factor Importance Evaluation Results [(A) Water conservation; (B) Soil and water conservation; (C) Biodiversity conservation].




Table 3 | Statistics of importance levels of each function.






3.1.2 The importance of soil and water conservation

According to the extracted rainfall erosivity factor, soil erodibility factor, topographic relief factor and vegetation cover factor, formula (2) is used for calculation, and the evaluation results of soil and water conservation function importance in Baiyangdian Basin are obtained, which are normalized in ArcGIS software. According to the method of natural segment point, the results are divided into the areas of unimportant, generally important and extremely important soil and water conservation function (Table 3) (Figure 3). The results show that the spatial distribution of water and soil conservation importance index in Baiyangdian Basin show a trend of higher in northwest and lower in southeast. Among them, 83.90% of the areas in Baiyangdian Basin are unimportant in soil and water conservation function, mainly distributed in the plain area in the southeast of the study area. The terrain in this area is relatively flat, and most of them are cultivated land and construction land. The economy in this area is relatively developed, and there are relatively many artificial soil and water conservation measures. Therefore, there is less soil erosion and the importance of soil and water conservation functions is relatively low. The general important area accounts for 12.95%, while the extremely important area accounts for 3.14%. It is mainly distributed in the northwest of the study area. This area is mostly low mountains and hills, mainly composed of forest land and grassland, with high altitude, significant terrain fluctuations, and more precipitation in the area. Therefore, soil and water loss is serious.




3.1.3 The importance of biodiversity conservation functions

According to the extracted average annual net primary productivity of vegetation, average annual precipitation, average annual temperature and altitude factors, formula (3) is used to calculate and obtain the assessment result of biodiversity conservation function importance in Baiyangdian Basin, which is normalized in ArcGIS software. According to the method of natural segment point, the results are divided into regions with unimportant, generally important and extremely important biodiversity conservation functions (Table 3) (Figure 3). The results show that the biodiversity conservation function in Baiyangdian Basin is mainly of general importance. Among them, 19.17% of the areas in the Baiyangdian Basin have unimportant biodiversity conservation functions, mainly distributed in the northern part of the study area. Due to the high terrain and significant changes in temperature during the day and night, the importance of biodiversity conservation functions is relatively low in this area. The generally important areas account for 49.60% of the total, mainly distributed in the southern part of the study area where there is more cultivated land and construction land. This area has a large population, urban and agricultural spaces continue to expand, and the self repair ability of the ecosystem is weak, so the biodiversity conservation function is poor. The extremely important area accounts for 31.23%, mainly distributed in the south of Laishui County, the southeast of Yi County and Dingxing County. The terrain in this area is mostly low mountains, hills and plains. Compared with the northern part of the study area, the terrain is lower, with abundant rainfall, abundant light and heat, and rich vegetation, so the importance of biodiversity conservation function is high.




3.1.4 Evaluation of the importance of ecosystem service functions

The evaluation results of a single function often can only reflect the impact results of a single type of factor, rather than being holistic. Therefore, ArcGIS is used to overlay each importance index to calculate the importance of ecosystem service functions. The results are normalized in the ArcGIS software, and the results are divided into regions with unimportant ecosystem service functions, generally important ecosystem service functions and extremely important ecosystem service functions according to the natural breakpoint method (Table 4) (Figure 4).


Table 4 | Statistics of importance levels of ecosystem service functions in Baiyangdian Basin.






Figure 4 | Evaluation on the Importance of Ecosystem Service Function in Baiyangdian Basin.



The results indicate that 19.14% of the areas with unimportant ecosystem service functions in Baiyangdian Basin are mainly distributed in the northern part of the study area, where the net primary productivity of vegetation is low and the altitude is high. The general important areas account for 49.13%, mainly distributed in transition areas from high to low terrain, as well as flat terrain areas such as urban development areas. The extremely important area accounts for 31.73%, mainly distributed in the central and southwestern parts of the basin. This region is low in elevation and flat in terrain, with more rivers flowing through it and better water storage capacity and water regulation capacity. And the land use type of this area is mostly cultivated land, with good cultivation conditions. In addition, the importance of water conservation function is higher in the eastern part of the study area, the importance of water and soil conservation is lower, and the importance of biodiversity conservation function is higher, so the ecosystem in this region is better.





3.2 Assessment result of eco-environmental sensitivity

The ecologically sensitive areas of Baiyangdian basin are mainly distributed in the north of the basin with higher elevations and the river pooling area, and the overall pattern is non-sensitive > medium sensitive > highly sensitive (Table 5) (Figure 5). Among them, the non-sensitive areas accounted for 54.63%, mainly concentrated in the southern plain, where the terrain was flat and open, with distinct four seasons and obvious continental climate characteristics. However, because human production and living activities would bring certain pressure to the ecological environment, there were also some medium-sensitive areas in this region. The medium sensitive area accounted for 23.41%, and the highly sensitive area accounts for 21.96%. They are mainly distributed in areas such as Zhuolu County, Laishui County, Laiyuan County, and Fuping County with higher elevations in the northwest. The average temperature in this area is low, the temperature difference between day and night is large, there are many mountains, basins and hills in some areas, complicated terrain, poor living environment and frequent geological disasters, so the ecological sensitivity is relatively high. In addition, Baiyangdian District has a high ecological sensitivity due to the vast water area where rivers gather, rich aquatic animal and plant resources, and high ecosystem diversity.


Table 5 | Statistics of ecological and environmental sensitivity levels in Baiyangdian Basin.






Figure 5 | Ecological Sensitivity Assessment of Baiyangdian Basin.






3.3 Identification of ecological space

By using ArcGIS to overlay the importance layer of ecosystem service functions and the sensitivity layer of ecological environment, the ecological space of the study area is comprehensively identified. According to the natural breakpoint method, the ecological space is classified into importance levels (Table 6) (Figure 6).


Table 6 | Ecological spatial identification results in Baiyangdian Basin.






Figure 6 | Distribution of Ecological Space Importance in Baiyangdian Basin.



The results show that 43.00% of the ecological space in the Baiyangdian Basin is non-critical area, mainly distributed in the southern part of the Baiyangdian Basin and the northern part of Yu County. Among them, Yu County has a relatively high altitude and typical loess landform development, while the southern region of the study area is mainly composed of construction land and cultivated land, which is a gathering area for human activities with less vegetation coverage. Therefore, the importance of ecological space is relatively low. The general type area accounts for 30.78%, and its distribution is relatively uniform but fragmented. The core type accounts for 26.22%, mainly in Laishui County, Layuan County, Fuping County, Tang County, Yi County and other central mountainous areas as well as Baiyangdian District where rivers come together. Among them, the land use types in the central part of the basin are mainly woodland and grassland, which is the main distribution area of forest ecosystem in the basin. There are a number of forest parks and natural ecological scenic spots, the terrain includes mountains, hills, plains, river gullies, is the main ecological space protection zone; Baiyangdian District is the gathering place of several rivers, which is the largest lake in Hebei Province and an important ecological water body, so it has become the core area of ecological space in the basin.




3.4 Horizontal spatial distribution of resilience

According to the calculation results of formula (11), the resilience level is divided into high level, medium level and low level according to the natural breakpoint method in ArcGIS  (Table 7) (Figure 7).


Table 7 | Statistics of resilience level in Baiyangdian Basin.






Figure 7 | Distribution of Ecological Space Resilience Level in Baiyangdian Basin [(A) the result of resistance; (B) the result of adaptability; (C) the result of recoverability; (D) the result of resilience].



The results show that the resilience level of Baiyangdian Basin is not high, and the area with low resilience level accounts for 68.60%, mainly in the southern part of the study area and the northern part of Yu County. Among them, there are a lot of cultivated land and construction land in the southern part of the study area, which occupy a large amount of natural resources. In addition, the flat terrain and convenient transportation have led to the continuous improvement of the urbanization level in these areas, which has led to the increase of landscape fragmentation and the increase of human interference on the landscape, thus reducing the level of ecological resilience in these areas; The northern part of Yu County is high in altitude, and the temperature difference between day and night is large, so that its ability to resist external interference is reduced. The medium level areas account for 29.89%, mainly distributed in Laishui - Laiyuan - Fuping area. These areas have variable topography, including mountains, hills, plains, rivers and ravines, etc. The land use types are mainly woodland and grassland, and there are a large number of forest parks and ecological scenic spots. However, due to the high altitude of this area, insufficient rainfall and great disparity in geomorphology, the resilience level is not high and is in the medium grade. The proportion of areas with high resilience levels is only 1.51%, mainly in the Baiyangdian District. This area has a high diversity index of aroma, high landscape heterogeneity, and abundant species. Therefore, its ecosystem has a good self-regulation ability and a high resilience level.

In contrast, the resilience level of core and important ecological space regions is higher, while that of non-critical ecological space regions is lower. This shows that the more complex the structure of ecological space is, the more complete the function is, the better the ecological environment is, the higher its own stability is, the less susceptible it is to external interference, and the higher the resilience level is. On the other hand, when the ecological space is not critical, the production efficiency of the ecosystem is low, the ability to resist natural disasters and external interference is also low, and the resilience level of the ecosystem is low due to the simple species composition of the ecosystem.





4 Conclusion and discussion



4.1 Conclusion

In this study, the ecological space of Baiyangdian Basin was identified by combining the evaluation of the importance of ecosystem service function and the evaluation of eco-environmental sensitivity. Secondly, based on the principles of integrity, orientation and operability, resilience evaluation indexes were selected from three aspects: resistance, adaptability and recoverability to cope with crises. Finally, the ecological resilience level of the study area was analyzed. It lays a theoretical foundation for the optimization of ecological space pattern in Baiyangdian Basin. Through the above research, this paper draws the following conclusions:

	There is a significant difference in the importance of ecological space in the study area. In general, 26.22% of the study area belongs to the core type of ecological space, 30.78% to the general type of ecological space, and 43.00% to the non-critical type of ecological space. In addition, it can be clearly found through the research that the core areas of ecological space are concentrated in the areas with good vegetation, superior water conditions and high biodiversity. The non-critical areas are mostly plain areas, where the terrain is flat, mainly cultivated land and intensive construction land, or the non-critical areas are the northern Yu County with higher elevation, poor ecological environment and relatively less vegetation.

	The resilience level in the study area is not high, the threshold of low resilience level is 0.06, the threshold of medium resilience level is 0.19, and the threshold of high resilience level is 0.57. From the perspective of spatial distribution, regions with low resilience level accounted for 68.60%, regions with medium resilience level accounted for 29.98%, and regions with high resilience level accounted for 1.51%. The low resilience level area is concentrated in the southern part of the basin where the city is rapidly expanding, the medium level area is concentrated in the central and northern part of the basin with more forest vegetation and relatively uneven terrain, and the high resilience level area is less concentrated in the river convergence area.






4.2 Discussion

At present, the study of ecological spatial resilience is still in the exploratory stage, and most of the existing studies are on the theoretical level of ecological resilience. This study considered the structure and function of ecological space, delineated the importance level of ecological space in Baiyangdian Basin, combined with the ecological environment characteristics of the study area, quantitatively assessed the resilience level of ecological space from the perspective of evolutionary resilience, and established an evaluation index system of ecological space resilience.

In terms of the method of identifying ecological space, from the perspective of ecological needs, this study selects the factors that can directly reflect the function of ecological space. Combined with the importance analysis of ecosystem service function and the sensitivity analysis of ecological environment, the ecological space of Baiyangdian Basin was more comprehensively identified and classified into important types of ecological space. However, due to the different sources of basic data, there may be some errors in data fusion and calculation. In the future, it is necessary to further improve the evaluation accuracy when identifying ecological space.

In terms of the method of evaluating resilience, a more comprehensive evolutionary resilience concept was chosen from a research perspective. One is to view ecological space as a complex dynamic system with structure and function, with a focus on considering its ability to cope with uncertain risks. Secondly, from the perspective of evolutionary resilience, resilience is seen as the ability of ecological spaces to absorb external interference, reduce their own risks, and accelerate self recovery, in order to enhance the resistance, adaptability and recoverability of ecological spaces. In order to ensure the ecological security of Baiyangdian Basin, a different evaluation system was established according to the current situation of land use and local characteristics, and a resilience measurement model was established to measure the resilience level on a spatial scale. However, the results obtained by this research method are greatly influenced by the process of land use change, and there is inevitable uncertainty in the interpretation of remote sensing images. In addition, this study only considers ecological factors and neglects the impact of economy and society on resilience levels. In the future, comprehensive consideration should be given from multiple dimensions to improve the ecological space resilience indicator system.
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