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Introduction
Under China’s strategic initiative for ecological conservation and high-quality development in the Yellow River Basin, establishing Ecological Security Patterns (ESPs) has emerged as a crucial approach to reconcile ecological preservation with socioeconomic growth.
Methods
This paper takes Lanzhou city in the upper reaches of the Yellow River Basin in China as an example. First, we employed the InVEST-HQ module to assess habitat quality and extract the ecological sources. Second, we constructed resistance surfaces reflecting the expansion dynamics of ecological and urban sources. Third, the Minimum Cumulative Resistance (MCR) model, GIS Hydrological Analysis module and Spatial Analysis module were used to divide ecological suitability zones, determine ecological corridors, and identify ecological nodes, so as to construct ESPs and propose optimization strategies.
Results
The results showed as follows: 1 Spatial differentiation of ecological sources (1388.73 km2, 10.61%) predominantly in northwestern and southern regions, contrasting with urban sources (527.66 km2, 4.03%) concentrated along the Yellow River Valley and Qinwangchuan Basin; 2 According to the MCR difference between ecological sources and urban sources, the study area was divided into ecological core zone (ECZ), ecological buffer zone (EBZ), optimized construction zone (OCZ), and suitable construction zone (SCZ), with the proportions of 37.05%, 25.68%, 18.53% and 18.74%, respectively; 3 Based on the theory of “matrix - patch - corridor - node” in landscape ecology, the ESPs of Lanzhou City was constructed with the framework of “One belt, Two rings, Four screens, Six districts and multiple corridors”.
Discussion
The results can provide reference for ecological environment protection and ecosystem restoration in the upper reaches of the Yellow River Basin in China.
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1 INTRODUCTION
The accelerated industrialization and urbanization in China have substantially elevated economic development, yet simultaneously triggered severe ecological degradation, such as the sharp reduction of forest resources, serious environmental pollution and loss of biodiversity (Cetin et al., 2019; He J. F. et al., 2017; Peng et al., 2018; Wang et al., 2019), which have seriously threatened regional ecological security and sustainable development (Ding et al., 2022; Fu et al., 2020; Su et al., 2011). Therefore, determining the ecological core protection area, restoring the self-regulation ability of the ecosystem, enhancing the stability and functionality of the ecosystem, constructing the Ecological Security Patterns (ESPs), and realizing the coupling and coordinated development of the natural ecosystem and the socioeconomic system have become urgent tasks for ecological protection (Baloch et al., 2019). ESPs is the basic guarantee for sustainable development and the ecological environment foundation, and support for regional economic security and social stability (Dai et al., 2022; Li et al., 2023). Meanwhile, as a bridge between ecosystem services and the development of human society, ESPs is a key link to ensure regional ecological security and human wellbeing, and has received wide attention (Zhang Y. L. et al., 2022).
The National Program for Ecological and Environmental Protection issued by the State Council of China in 2000 proposed that ecological protection areas should be established to prevent the destruction of the ecological environment and the degradation of ecological functions. In 2011, China officially promulgated the National Functional Zoning Plan, which pointed out that important ecological functional zones are restricted development zones, with the protection and restoration of the ecological environment and the provision of ecological products as the primary task, and all types of development activities are strictly controlled. In 2020, the General Office of the Ministry of Natural Resources of China issued the Guide for Evaluation of the Carrying Capacity of Resources and Environment and the Suitability of Territorial Space Development (referred to as the “Double Evaluation”), which provides a reference basis for the delineation and spatial governance of the “Three Zones and Three Lines” (the three zones are urban space, agricultural space, ecological space, and the three lines: urban development boundary, permanent basic farmland protection red line, ecological protection red line). Therefore, building an ESPs based on the background of territorial spatial planning is an important means to maintain regional ecosystem stability, improve the sustainable supply capacity of ecosystem services, and coordinate economic development and ecological environmental protection, which is of great significance for implementing the strategy of ecological civilization.
The construction of ESPs is based on landscape ecology, and through the analysis of ecological elements and ecological suitability, the spatial pattern is constructed to realize the coupling of landscape ecological structure, ecological process and ecological function, so as to ensure the stability and sustainability of the ecosystem (Ding et al., 2022; Fu et al., 2020; Li et al., 2023; Yu, 1996). ESPs was constructed mainly from the perspectives of biodiversity conservation (Zhao and Xu, 2015), ecological sensitivity assessment (Yang et al., 2022; Zhou et al., 2022), ecological network analysis (Chen et al., 2023; Wang Y. S. et al., 2023), land use optimization (Kang et al., 2021; Li Q. G. et al., 2021; Li et al., 2020), and ecological service supply and demand matching analysis (Gao et al., 2024; Wang Z. Y. et al., 2023). The research scales were mainly concentrated in various types of regions, such as urban agglomeration (Li et al., 2020; Ouyang et al., 2019; Zhang et al., 2024), river basins (Yang et al., 2024; Zhang Y. L. et al., 2022), provincial (Sun et al., 2020), city (Li S. C. et al., 2021), county (Fu et al., 2020), coastal zones (Qian et al., 2023), arid zones (Li Q. G. et al., 2021; Pan et al., 2022), and karst region (Yang et al., 2022).
With the improvement of ESPs construction model, a research paradigm of “identifying sources - constructing resistance surface - extracting corridors - identifying ecological nodes” has been formed (Fu et al., 2020; Zhang C. X. et al., 2022). Among them, scientific identification of ecological sources is the basis for ESPs construction (Ding et al., 2022), including qualitative research methods and quantitative research methods. The qualitative method is to directly select patches with higher habitat quality such as nature reserves and scenic spots to determine ecological sources (Vergnes et al., 2013). The quantitative method is to determine the ecological sources by assessing the importance of ecosystem services, ecological sensitivity, landscape connectivity and habitat quality (Li et al., 2023; Wang Z. Y. et al., 2023; Zhai et al., 2024; Zhang et al., 2021). Among them, habitat quality, as the main basis for identifying ecological sources, is essentially based on the needs of species survival. It is not only the theoretically optimal indicator, but also the basis of ecological protection practice due to its quantifiable and dynamically monitored characteristics (Zhai et al., 2024). As another core element of ESPs construction, resistance surface is generally obtained by land use type assignment. However, due to the multi-suitability of land use functions and the difference of ecological processes (Hepcan and Ozkan, 2011), resistance surface correction has become a research hotspot in recent years (Jiang et al., 2021). Ecological corridors refers to the belt area in the ecological network system that plays an important role in connecting the flow of matter, energy and information, and its identification methods include circuit theory (Chen et al., 2022; Huang et al., 2020; Zhang Y. L. et al., 2022), gravity model (Li S. C. et al., 2021), and MCR model (Li Y. Y. et al., 2021; Liu et al., 2022). Among them, the MCR model can better simulate the magnitude of landscape obstruction in the spatial movement process of species, and has visual analysis effect, becoming the main method to identify ecological corridors (Yang et al., 2023; Zhou et al., 2023). The ecological nodes is at the intersection of the minimum cost path and the maximum cost path and the weakest point of the ecological corridors, which is the key point of species migration and diffusion (Chen et al., 2023). In summary, scholars have conducted extensive theoretical analysis and practical research on the construction of ESPs, achieving fruitful research results. However, further in-depth exploration is needed. Firstly, the construction of ESPs is crucial for the ecological environment construction of ecologically sensitive and fragile areas, and there is a lack of existing relevant research literature; Secondly, most studies use qualitative methods to directly delineate ecological sources, while this article uses quantitative methods to assess habitat quality and delineate ecological sources, resulting in more accurate delineation results; Thirdly, the impact of urban expansion on the construction of ESPs has been fully considered, greatly alleviating the contradiction between ESPs construction and urban expansion; Fourthly, based on the identification of the elements for constructing the ESPs, an optimization path for the regional ESPs has been proposed, which provides a reference for the future construction of the regional ESPs.
Lanzhou City, located in the upper reaches of the Yellow River Basin in China, is an important part of China’s ESPs and a hub of ecological construction in western China. However, due to its location in arid region, less precipitation and scarce vegetation, the ecosystem is relatively fragile (Dong et al., 2022). At the same time, with the improvement of urbanization level, urban space expansion is rapid, and the high-intensity development of land resources has a profound impact on the terrestrial ecosystem (Zhang et al., 2025). Based on this, taking Lanzhou City as an example, the InVEST-HQ module was used to evaluate the habitat quality and extract the ecological sources. Secondly, based on MCR model, GIS Hydrological Analysis module and Spatial Analysis module, the ecological suitability zones were divided, the ecological corridors were determined, and the ecological nodes were identified. Finally, the ESPs was constructed and optimized to provide countermeasures for the coordinated development of ecological protection and economic development in the upper reaches of the Yellow River Basin in China.
2 MATERIALS AND METHODS
2.1 Study area
Lanzhou City (102°35′–104°34′E, 35°34′–37°07′N), situated in the upper reaches of the Yellow River Basin in China (Figure 1), covers a total area of 13,080 km2 with a permanent population of 4.425 million (2024 estimate). Characterized by a temperate continental climate, the region exhibits an annual precipitation of 324 mm, contrasting with substantial evaporation reaching 1,676 mm, and maintains an average temperature of 10.3°C. The terrain of Lanzhou City is high in the northwest and low in the southeast, with various topographic types, mainly dominated by mountains, hills and basins. The main land use types are grassland, cultivated land and forest land. The Yellow River passes through the urban area of Lanzhou City from southwest to northeast, and the urban layout is in the valley basin with relatively closed terrain. With the construction of Lanzhou National New District in 2012, the urban spatial expansion is obvious, which has an important impact on the ecosystem. The contradiction between ecological protection and urban expansion needs to be solved urgently.
[image: Map showing the Yellow River Basin within China. The top left panel outlines the basin. The top right panel depicts elevation levels in Lanzhou City, with various districts labeled. The bottom panel highlights the study area in Lanzhou City and the Yellow River's path. Legends indicate boundaries and elevation.]FIGURE 1 | Location of Lanzhou city.2.2 Methods
This study implemented a four-stage analytical framework (Figure 2): 1 Ecological source identification through habitat quality assessment using InVEST-HQ; 2 The resistance surface was constructed based on MCR model; 3 According to the MCR difference between ecological land expansion and urban land expansion, ecological suitability zones were divided in the study area, and ecological corridors and ecological nodes were extracted through GIS hydrological analysis and Spatial Analysis, and finally the ESPs was constructed; 4 Guided by the “matrix-patch-corridor-node” framework in landscape ecology, ESPs optimization was systematically conducted.
[image: Flowchart outlining the process of ecological planning using the InVEST-HQ module. Step 1 involves LUCC data and habitat quality to identify urban and ecological sources. Step 2 uses resistance factors like slope, elevation, and distances from various features to model resistance surfaces in the MCR model. Step 3 applies the ecological analysis to zoning, corridors, and nodes. Step 4 focuses on optimizing the ESPs with strategies such as one belt, two rings, four screens, six zones, and multiple corridors using landscape ecology theory.]FIGURE 2 | Framework of the thesis.2.2.1 Ecological source identification method
The steps for identifying ecological source areas in the study area are as follows: Firstly, based on existing research (Ding et al., 2022; Wei et al., 2022), this article evaluates the habitat quality of the study area using the InVEST model; Secondly, the Jenks Break method is used to classify habitat quality into five categories: low, relatively low, medium, relatively high, and high; Finally, extract relatively high and high habitat quality categories as ecological sources (excluding areas less than 1 square kilometer). The formula for calculating habitat quality is as follows (Li et al., 2018):
Qxj=Hj1−DxjzDxjz+kz(1)
In Formula 1, where Qxj, Hj and Dxj are habitat quality, habitat suitability and habitat degradation of land use type j, respectively, k is the half-saturation constant, and z is a normalized constant and is the default parameter of the model. More details about these calculations can be found in the InVEST VERSION User’s Guide or existing related studies (Dong et al., 2022; He J. H. et al., 2017; Sun et al., 2019).
2.2.2 Resistance surface construction method
The resistance surface was constructed based on The Minimum Cumulative Resistance model (MCR) model. The MCR quantifies the least resistance that must be overcome when moving through different types of landscape units from a designated source. Initially proposed by Knaapen et al. (1992) to study species diffusion processes, this model has since been refined through integration with GIS-based cost distance analysis. Subsequent scholars have enhanced the MCR framework and successfully applied it to various domains including landscape ecological security patterns (ESPs), urban spatial expansion studies, and ecological suitability assessments for urban land use (Yu, 1996). Its mathematical formulation can be expressed as follows (Knaapen et al., 1992):
MCR=fmin∑j=ni=mDij×Ri(2)
In Formula 2, f is an unknown positive function, indicating that the MCR is positively correlated with the ecological process. Dij is the spatial distance from source j to landscape unit i. Ri is the resistance coefficient of landscape element i to the motion process.
2.2.3 The method of ecological suitability zoning
According to the minimum cumulative resistance difference between ecological land expansion and urban land expansion, the ecological suitability zoning was divided by using the Jenks Natural breaks method, and its calculation formula is as follows:
MCRdifference=MCREcological land−MCRurban land(3)
In Formula 3, MCRdifference is the surface of the MCR difference; MCREcological land is the resistance surface of ecological land expansion. MCRurban land is the resistance surface of urban land expansion. For the same grid unit, when the difference of MCRdifference>0, the resistance of ecological land expansion is greater than that of urban land expansion, then the grid unit is suitable for urban land expansion. When the difference of MCRdifference<0, the resistance of ecological land expansion is less than that of urban land expansion, then the grid unit is suitable for ecological land expansion. When the difference of MCRdifference=0, the resistance values of ecological land expansion and urban land expansion are equal.
2.2.4 The ecological corridors and ecological nodes identification method
Based on the resistance surfaces between ecological sources, the hydrological analysis module in ArcGIS was utilized to extract MCR corridors with high connectivity. The workflow included depression filling, non-depression flow direction calculation, and flow accumulation calculation. Subsequently, ecological corridors were generated through vectorization and smoothing within the study area. Based on the extraction of corridors, the intersection point of the maximum cost path and the minimum cost path or the intersection point of the minimum cost path are extracted as ecological nodes.
2.3 Data source
Geospatial datasets were sourced from authoritative repositories: 1 Land use vector data from the Resource and Environment Data Cloud Platform (RESDC, http://www.resdc.cn); 2 30 m-resolution DEM from the Geospatial Data Cloud (http://www.gscloud.cn), processed through municipal boundary masking. Slope gradients (in degrees) were algorithmically derived from DEM using surface analysis tools. Proximity metrics (railways, waterways, highways, urban centers, ecological zones) were computed ArcGIS Pro’s Spatial Analyst module (Euclidean Distance toolset). All geospatial layers underwent standardization through: a) UTM projection unification, b) 30 m grid alignment by resampling.
3 RESULTS
3.1 Sources identification
3.1.1 Ecological sources identification
The spatial distribution of habitat quality in Lanzhou City was generated using the InVEST-HQ module (Figure 3), categorized into five grades: Ⅰ (low), Ⅱ (relatively low), Ⅲ (medium), Ⅳ (relatively high), and Ⅴ (high), accounting for 6.10%, 54.39%, 26.93%, 8.33%, and 4.25% of the total area, respectively. The analysis revealed that habitat quality in Lanzhou City was predominantly low-grade, with a relatively fragile overall ecological environment and notable spatial distribution disparities.
[image: Map showing habitat quality index over a region with color-coded areas. Dark red represents the lowest quality (0.0-0.2), transitioning through light red, gray, green, to dark blue for the highest quality (0.8-1.0). A scale bar indicates distances in kilometers.]FIGURE 3 | Spatial distribution of habitat quality in Lanzhou City.The grade I habitat quality areas were primarily concentrated in the densely populated Yellow River Valley and the rapidly developing Yuzhong and Qinwangchuan Basins. Intense human activities and intensive development in these regions have directly contributed to habitat destruction. The grade Ⅱ and Ⅲ habitat quality areas were predominantly located in the loess hilly regions north of the Yellow River and the Northern Yuzhong Mountain within the study area’s southwestern sector. These areas experience intensive agricultural practices combined with limited precipitation, rendering their ecosystems particularly vulnerable. The grade Ⅳ and Ⅴ habitat quality areas were primarily concentrated in the Rocky Mountains of the study area’s northwestern and southern regions, where woodland and grassland constituted the predominant land cover types. These zones exhibited generally high habitat quality, supported by steep terrain features, minimal human interference, dense vegetation cover, and the enforcement of ecological conservation measures. In summary, combined with the actual ecological environment situation in Lanzhou City, the regions with habitat quality levels Ⅳ and Ⅴ were selected as ecological sources and the fragmented patches with an area of less than 1 km2 were removed. According to the extraction of ecological sources, the area of ecological sources in Lanzhou City was 1388.73 km2, accounting for 10.61% of the total study area, which is mainly distributed in the northwest and south of Lanzhou City (Figure 4).
[image: Map illustrating ecological sources in green across a region with labeled areas: Yongdeng, Gaolan, Yuzhong, Chengguan, Anning, Xigu, Qilihe, and Honggu. Includes a scale bar indicating distances from zero to fifty kilometers and a north arrow.]FIGURE 4 | Spatial distribution of ecological sources.3.1.2 Urban sources identification
At present, most of the existing studies have selected urban built-up areas as the source for urban expansion. In this paper, the urban construction land and other construction land were selected as the urban sources (the patch area was larger than 1 km2). Based on the extraction of urban sources, it is finally obtained that the urban sources of Lanzhou City was 527.66 km2, accounting for 4.03% of the study area, mainly concentrated in the Yellow River Valley basin and Qinwangchuan basin of the study area (Figure 5).
[image: Map showing regions with urban sources in red within a outlined area, including names like Yongdeng, Gaolan, Honggu, Yuzhong, and others. A scale bar indicates distances of zero, twenty-five, and fifty kilometers, with a north arrow for orientation.]FIGURE 5 | Spatial distribution of urban sources.3.2 Ecological suitability zoning
3.2.1 Selection and weight determination of resistance factors
Based on the existing studies (Li Q. G. et al., 2021; Qian et al., 2023; Yang et al., 2024), eight factors including elevation, slope, land use type, distance from railway, distance from water, distance from highway, distance from urban and distance from ecological land were selected as resistance evaluation factors. In order to make ecological land expansion and urban land expansion proceed under the same standard, a resistance evaluation system with the same resistance factor and opposite resistance coefficient is established. The resistance coefficient is represented by 5 grades respectively, and the smaller the score, the smaller the resistance. According to the impact of each resistance factor on the ecological land and urban land expansion process, the weights were determined using Analytic Hierarchy Process (AHP) analysis method (Table 1).
TABLE 1 | Resistance factors and resistance coefficient levels.	Resistance factor	Land use type	Resistance coefficient class	Weight coefficient
	Ecological land	1	2	3	4	5
	Urban land	5	4	3	2	1
	Elevation(m)	2782–3669	2438–2782	2101–2438	1842–2101	1372–1842	0.081
	Slope(°)	>25	15–25	8–15	3–8	0–3	0.068
	Land use type	Forest land and waters	Grassland	Cultivated land	Unused land	Construction land	0.246
	Distance from railway(m)	>5000	3000∼5000	1500∼3000	500∼1500	0∼500	0.104
	Distance from water(m)	0∼500	500∼1000	1000∼2000	2000∼4000	>4000	0.088
	Distance from highway(m)	>10,000	5000∼10,000	2000∼5000	1000∼2000	0∼1000	0.102
	Distance from urban(m)	>5000	3000∼5000	2000∼3000	1000∼2000	0∼1000	0.163
	Distance from ecological land(m)	0∼1000	1000∼3000	3000∼5000	5000∼10,000	>10,000	0.148


3.2.2 Resistance surface construction
Using ArcGIS software, resistance factor data from Table 1 were processed into raster formats (Figures 6, 7), and according to the determined weight coefficient of the resistance factor, the Raster Caculator tool of the Spatial Analysis module of ArcGIS software was used for weighted superposition analysis. Therefore, the comprehensive resistance value of ecological land and urban land expansion was obtained (Figure 8). It can be seen that the spatial pattern of the comprehensive resistance values of ecological land and urban land expansion is opposite, which is consistent with the evaluation system of resistance factors.
[image: Eight-panel graphic depicting resistance factor classes with color-coded maps. Panels A to H represent various factors: elevation, slope, land use type, and distance measurements from railway, water, highway, urban, and ecological land. Each panel uses a color scale from dark green to pink, indicating different resistance levels, with a legend and scale bar included.]FIGURE 6 | Ecological sources expansion resistance factors. (A) Elevation; (B) Slope; (C) Land use type; (D) Distance from railway; (E) Distance from water; (F) Distance from highway; (E) Distance from urban; (H) Distance from ecological land.[image: Maps displaying resistance factor classes for geographical regions, labeled A to H. Each map shows different factors: A for elevation, B for slope, C for land use, D for distance from railway, E for distance from water, F for distance from highway, G for distance from urban areas, and H for distance from ecological land. The resistance is color-coded from dark green (low resistance) to red (high resistance). A legend and a north arrow are included.]FIGURE 7 | Urban sources expansion resistance factors. (A) Elevation; (B) Slope; (C) Land use type; (D) Distance from railway; (E) Distance from water; (F) Distance from highway; (E) Distance from urban; (H) Distance from ecological land.[image: Two maps depict comprehensive resistance surfaces. The left map shows ecological sources, with values ranging from 1.000 to 4.853. The right map represents urban sources, with values from 1.191 to 5.000. Both maps use a color gradient from blue (low) to red (high), with scale bars and north arrows.]FIGURE 8 | The comprehensive resistance surface of ecological sources and urban sources.3.2.3 Minimum cumulative resistance value
Building upon the comprehensive resistance values of ecological and urban land expansion, the Cost Distance tool in ArcGIS’s Spatial Analyst module was employed to calculate their respective minimum cumulative resistance surfaces (Figure 9). The results indicate that low-resistance areas for ecological land expansion are primarily distributed in the northwest and southeast of the study area, as well as along the Zhuanglang River and the Yellow River. In contrast, high-resistance areas for ecological expansion cluster in the loess hilly terrain north of the Yellow River, the Yuzhong Basin, and the Qinwangchuan Basin. Regarding urban expansion, low-resistance areas are concentrated in the Huangshui Valley, Yellow River Valley Basin, Yuzhong Basin, and Qinwangchuan Basin, while high-resistance areas are predominantly located in the northwest, southeast, and the northern mountainous region of Yuzhong County.
[image: Two maps show cumulative cost distances. The left map is for ecological sources, ranging from low (blue) to high (red) with a maximum value of forty-four thousand one hundred. The right map is for urban sources, also ranging from low (blue) to high (red) with a maximum value of two hundred seven thousand six hundred sixty-four. Both include a north arrow and scales in kilometers.]FIGURE 9 | Map of cumulative cost distance for ecological sources and urban sources.3.2.4 Ecological suitability zoning
Based on the minimum cumulative resistance differences between ecological land and urban land expansion, the study area was classified into four functional zones: ecological core zone (ECZ), ecological buffer zone (EBZ), optimized construction zone (OCZ), and suitable construction zone (SCZ), covering areas of 4888.99 km2, 3389.33 km2, 2445.47 km2, and 2472.04 km2, respectively. These zones account for 37.05%, 25.68%, 18.53%, and 18.74% of the total study area.
The ECZ is concentrated and distributed in contiguous areas, mainly located in the north and south of the study area, the north Mountain of Yuzhong County and the west loess area of Zhuanglang River, including the Liancheng National Nature Reserve, Xinglong Mountain National Nature Reserve and other important ecological functional areas. The ecosystem structure is relatively stable and the ecosystem service capacity is strong, so it should be used as a prohibited and restricted development zone to strengthen ecological protection and ecological restoration. The EBZ is distributed between the ECZ and the OCZ, serves as a restricted development zone where ecological construction should be enhanced, and large-scale industrialization, urbanization, or mineral exploitation must be prohibited. The OCZ encircles the outer edges of existing urban built-up areas. As a potential space for future urban expansion, this zone requires balanced management of ecological protection and urban development. The SCZ is mainly located in the central urban area, Lanzhou New Area, Yuzhong, Gaolan, Yongdeng and other key urban built-up areas, the ecological environment is degraded due to urbanization, and the anti-interference ability of the ecosystem is weak (Figure 10).
[image: Map showing ecological suitability zoning with color-coded regions: blue for Ecological Core Zones (ECZ), green for Ecological Buffer Zones (EBZ), yellow for Optimized Construction Zones (OCZ), and red for Suitable Construction Zones (SCZ). Labeled areas include Yongdeng, Gaolan, Honggu, Xigu, Anning, Chengguan, Qilihe, and Yuzhong. A north arrow and scale bar are included.]FIGURE 10 | Ecological suitability zoning.3.3 Ecological corridors and ecological nodes identification
Identify the ecological corridors in the study area by using the hydrological analysis module in ArcGIS. The results show that a total of 15 key corridors (with a total length of 674.77 km) and 62 secondary corridors (with a total length of 769.58 km) have been determined. Based on the extraction of corridors, 40 ecological nodes were identified and extracted (Figure 11).
[image: Map illustrating ecological and urban systems with green and red areas representing ecological and urban sources, respectively. Green circles indicate ecological nodes. Blue lines show key corridors, while black lines represent secondary corridors. A compass in the top right denotes direction, and a scale at the bottom measures distances in kilometers.]FIGURE 11 | Spatial distribution of ecological corridors and ecological nodes.Comparing the identified ecological corridors and ecological nodes with the land use map and basic geographic information base map, it is found that: 1 The ecological base of Lanzhou City is mainly grassland, and forest land is relatively scarce. The ecological source areas were deficient in patches, with high fragmentation and unbalanced spatial distribution. The number of ecological corridors is fewer and the connectivity is poor, which reduces the connectivity of the regional landscape. 2 The identified ecological corridors are mainly river corridors, and the corridors are generally narrow, which is not conducive to the free migration of species. 3 Due to the special valley topography of Lanzhou City, urban land and agricultural land are distributed along the Yellow River Valley, and rapid urban development constantly cuts and occupies cultivated land and habitat patches, resulting in fragmentation of ecological land, continuous degradation of habitat quality, reduced connectivity between ecological patches, and continuous weakening of ecological corridor connectivity.
4 DISCUSSION
4.1 The optimization framework for ESPs
This study first diagnosed the ecological security issues in the study area, including identification of ecological sources, construction of resistance surfaces, and extraction of ecological corridors and ecological nodes. Secondly, based on the current situation of ESPs and the policy orientation of ecological protection in Lanzhou City, the “matrix-patch-corridor-node” theory in landscape ecology is applied (Zhang C. X. et al., 2022). From the aspects of protecting ecological sources, unblocking ecological corridors, and cultivating ecological nodes, a multi-level composite ecological network spatial structure is established by optimizing the combination of different ecological elements. Ultimately, this study proposes constructing an optimized ecological spatial layout framework for Lanzhou City characterized as “One Belt, Two Rings, Four Screens, Six Zones, and Multiple Corridors” (Figure 12). This framework aims to create a functional and networked regional ecological spatial pattern while maintaining the original structural organization and content focus.
[image: Map illustrating various ecological zones and corridors in a region. It features key and secondary corridors, ecological nodes, sources, and zones such as ecological core, buffer, and construction zones. Highlighted areas include Yellow River Valley and Yongdeng soil conservation zone. Urban sources and protected areas are also marked, with a legend for symbols and color codes. An arrow indicates north, and a scale bar shows distances up to fifty kilometers.]FIGURE 12 | Schematic diagram of ESPs optimization.4.2 The optimization measures for ESPs
	1. The “One Belt” refers to the Yellow River Ecological Protection Belt. While serving as a crucial channel connecting major ecological sources and nodes, it also functions as the primary pathway for species migration and energy transportation in the study area, requiring comprehensive management. Specific measures include: First, implementing comprehensive pollution prevention and control measures for the Yellow River’s main channel and tributaries, enhancing monitoring of river discharge outlets, advancing renovation of key outlets, and addressing prominent water environment issues in the basin; Second, strengthening ecological protection and wetland restoration along the Yellow River’s main stream, reserving ecological wetlands at estuary areas where major tributaries converge, enhancing waterfront shoreline protection, preserving natural water bodies and wetlands, and progressively restoring ecological service functions; Third, enforcing water resource management systems to build water-efficient cities through improved urban water management and supply network upgrades, expanding adoption of water-saving technologies in high-standard farmland, optimizing water rights trading mechanisms, enhancing reclaimed water treatment infrastructure and pipe networks, developing storm-flood water management facilities, and reducing conventional water consumption; Fourth, rationally constructing flood control systems for main and tributary channels, strengthening flood capacity management in the Yellow River’s urban sections and tributary estuaries, improving drainage systems, enhancing flood risk management and operational protocols, upgrading flood control command systems with early warning mechanisms, and ensuring regional water security.
	2. The “Two Rings” refers to establishing ecological protection green ring encircling Lanzhou’s urban core and the Lanzhou New Area. As a characteristic valley city flanked by northern and southern mountain ranges, Lanzhou requires ecological restoration of these bordering highlands through enhanced vegetation coverage and the creation of mountain-encircling green ring. These measures will simultaneously improve urban ecological conditions and elevate living environment quality. Concurrently, leveraging the development of shelterbelts and ecological landscape forests in the Lanzhou New Area, this initiative aims to establish an ecological conservation zone that enhances regional environmental quality while advancing the construction of a demonstration area for ecological development in the upper Yellow River basin.
	3. The “Four screens” refers to Liancheng Nature Reserve - Turpan Forest Park ecological barrier, Gaolan Mountain - Dajianshan Mountain - Guanshan Mountain ecological barrier, Lanzhou New District ecological agricultural zone construction ecological barrier, and Maxian Mountain - Xinglong Mountain ecological barrier. The Liancheng Nature Reserve-Turpan Forest Park Barrier situated at the ecological transition between the Qilian Mountains and Loess Plateau, this zone features complex geomorphology that supports diverse natural conditions, abundant flora and fauna, and intact forest ecosystems. The Gaolan Mountain-Dajianshan Mountain-Guanshan Mountain Barrier located in the study area’s southwestern sector, this dual-function zone serves both as an ecological leisure destination for cultural experiences and as a natural environmental buffer. The Lanzhou New District Ecological Agricultural Zone Barrier occupying the northern study region, this infrastructure fulfills critical ecological roles including sandstorm mitigation, water conservation, and microclimate regulation. The Maxian Mountain-Xinglong Mountain Barrier positioned in the eastern study area as the Qilian Mountains’ eastern extension, this corridor maintains essential biological diversity while performing vital watershed conservation functions.
	4. The “Six zone” refers to the North Mountain soil and water conservation zone of Yuzhong, Xinglong Mountain ecological conservation zone, Liancheng ecological conservation zone, Qinwangchuan Basin ecological construction zone, Yellow River Valley - Yuzhong Basin ecological restoration zone, and Yongdeng soil and water conservation zone. Yuzhong North Mountain is a typical loess hilly area. Due to drought and water shortage, scarce vegetation and high cost of ecological construction, barren and drought-tolerant species should be planted to achieve soil and water conservation and gradually restore its ecological environment. Xinglong Mountain ecological conservation zone and Liancheng ecological conservation zone belong to national nature reserves, which are important ecological functional areas and habitats of precious species in the research area. Ecological conservation should strengthen forest land construction projects, improve biodiversity and water conservation capacity according to local conditions, improve the supply capacity of ecosystem services, and ensure regional ecological security. The ecological construction area of Qinwangchuan Basin is located in the north of Lanzhou City. With the development of Lanzhou New District, the scale of construction land in the basin has gradually expanded, so it is of great significance to restore ecological space and build protective forest belt. At the same time, this zone is also an important agricultural production area, through the implementation of rural low-efficiency farmland remediation projects, not only improve the efficiency of farmland use, but also play the function of farmland ecosystem. In the ecological restoration zone of the Yellow River Valley and Yuzhong Basin, the population is dense, human activities are frequent, and land use conflicts are serious. Coupled with the relatively poor natural resources in the area, the supply capacity of ecosystem services is difficult to meet the demand, and the contradiction between supply and demand of ecosystem services is prominent. Therefore, the region should focus on ecological improvement, attach importance to ecological restoration and the enhancement of ecosystem service functions, adhere to land conservation and intensive development, constantly improve green infrastructure and corridor landscape in the urban area, increase the area of parks and recreational green spaces, improve vegetation coverage, expand ecological land space, and comprehensively balance ecological construction and economic development. Yongdeng soil and water conservation zone is located on the west bank of Zhuanglang River. Ecological cultivation should be the main process of ecological restoration in this area. On the one hand, land use types with high ecosystem services should be protected comprehensively to improve their ecological benefits. On the other hand, measures such as mountain closure and grazing ban, cultivated land leveling and gully management should be taken to strengthen the protection and management of the mountain and its vegetation, and maintain the integrity of the regional ecosystem.
	5. The “Multi-corridors” initiative involves developing river corridors along the Datong, Huangshui, Zhuanglang, and Wanchuan river systems, interconnecting them with the Yellow River Ecological Protection Belt to enhance regional hydrological connectivity. Concurrently, greenbelt corridors will be established along strategic routes connecting Lanzhou’s urban core to the New District, Yuzhong North Mountain, Xinglong Mountain Ecological Conservation Zone, and Yongdeng Soil Conservation Area, jointly strengthening ecological connectivity between urban systems and surrounding ecosystems to facilitate material-energy exchange. Furthermore, ecological node development will be intensified through expanded ecological land allocation, creation of buffer zones and protective belts, and optimization of node scale-functionality to reinforce their pivotal bridging role in the ecological network.

4.3 Limitations and future perspectives
Firstly, in terms of data processing, the resistance factors faced by the expansion of ecological sources and urban sources are multi-faceted and relatively complex (Li Q. G. et al., 2021). When constructing the resistance surface, we took into account all the influencing factors as much as possible, but there was still a certain degree of subjectivity. In future research, field investigations can be added to further supplement and improve the resistance factors and construct a resistance surface that conforms to the expansion characteristics of the source area. Secondly, in terms of the adoption of methods, a Hydrological Analysis model was used in the process of identifying ecological corridors and ecological nodes, and the analysis results provided a reference basis for the optimization of ecological corridors and ecological nodes in river valley cities. In addition to this method, scholars have identified ecological corridors and ecological nodes by using Circuit Theory (Chen et al., 2022; Huang et al., 2020), Gravity Models (Li S. C. et al., 2021), etc. Therefore, in the subsequent research, Circuit Theory and Gravity Models were adopted to supplement and optimize the identification of ecological corridors and ecological nodes. Thirdly, our research only analyzed the current ESPs based on historical land use data. In subsequent studies, different development scenarios can be set to better simulate and predict future ecological security trends (Kang et al., 2021), so as to provide references for future regional ecological protection. In addition, population growth and rapid socio-economic development have led to a reduction in available water resources for the ecosystem, causing ecological degradation in many regions and affecting the sustainable development of the ecosystem (Yuan et al., 2025). The study area is located in the arid and semi-arid region of northwest China (Dong et al., 2022). The rational allocation and efficient utilization of water resources are of great significance for the construction of the regional ecological security pattern. To sum up, as a crucial ecological functional zone in the upper Yellow River Basin, Lanzhou City bears the critical responsibility of safeguarding regional ecological security, maintaining human settlement sustainability, and preserving biodiversity. The habitat quality assessment and ESPs construction methodology developed in this study provides operational guidance for ecological space optimization, core conservation area protection, and sustainable territorial spatial utilization, ultimately supporting coordinated regional development.
5 CONCLUSION
This paper takes Lanzhou City in China as an example, according to the research paradigm of “identifying the sources - constructing the resistance surface - extracting the corridors - identifying the strategic nodes”. The ecological sources were extracted by the habitat quality assessment method, and the resistance surface was constructed based on the resistance model. MCR model and hydrological analysis model were used to divide ecological suitability zones, extract ecological corridors and identify ecological nodes. Finally, ESPs was constructed and optimized. The following conclusions are drawn:
	1. The ecological sources of Lanzhou City was 1388.73 km2, accounting for 10.61% of the total study area, mainly distributed in the northwestern and southern parts of Lanzhou City; The urban sources was 527.66 km2, accounting for 4.03%, mainly concentrated in the Yellow River valley basin and Qinwangchuan basin of the study area.
	2. The areas of ecological core zone (ECZ), ecological buffer zone (EBZ), optimized construction zone (OCZ), and suitable construction zone (SCZ) are 4888.99 km2, 3389.33 km2, 2445.47 km2 and 2472.04 km2, respectively, accounting for 37.05%, 25.68%, 18.53% and 18.74% of the total area of Lanzhou City.
	3. Based on the theory of “strom–patch - corridor - node” in landscape ecology, combined with the spatial distribution characteristics of ecological sources, ecological corridors and ecological nodes in the study area, it was proposed to construct an optimized ecological spatial layout structure of Lanzhou City with “One belt, Two rings, Four screens, Six districts and multiple corridors” as the framework.
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