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A B S T R A C T

China is one of the most biodiversity-rich countries, yet the ecological gap between its eastern and western 
regions, driven by geographical barriers, restricts species migration and disrupts ecosystem connectivity. How
ever, the potential of biological flow to bridge this divide remains poorly understood. To address this, we 
developed a dynamic biological flow framework, combining ecological networks with two new tools, Ecological 
Linkage Tool Direction and Biological Flow, to quantify species migration directions and intensities across the 
Middle Spine of Beautiful China. Within and beyond ecological sources, we analyze dynamic biological flow and 
network structure at node, link, and graph levels. We also simulate changes in network efficiency under various 
corridor and habitat degradation scenarios. Among the 13,800 ecological corridors, 27 % are oriented east-west 
(EW), yet the region exhibits a net negative habitat inflow, with 48 % of migrating species potentially failing to 
reach target habitats. Biological flows outside habitats follow west-to-east (21 %) and north-to-south (18 %) 
patterns, with the highest migration losses occurring in the north-to-south direction. The regional network ef
ficiency is 0.053. The failure of ecological network in the Inner Mongolia Pastoral Area reduces efficiency by 24 
%, intra-patch EW corridors by 57 %, and inter-patch west-to-east corridors by 13 %. Species-specific analyses of 
the red panda (Ailurus fulgens) and Chinese horseshoe bat (Rhinolophus sinicus) reveals that habitat distribution 
determines dynamic flow direction, while species-specific adaptability influences flow intensity. This study 
quantifies dynamic biological flow patterns, overcoming the limitations of widely used static distribution-based 
conservation planning, more accurately reflecting species migration traits.

1. Introduction

Since the onset of the Anthropocene, global biodiversity has been in 
steady decline due to climate change and increasing human pressures 
(Frans and Liu, 2024; Johnson et al., 2017). Species migration, a critical 
component of biological flows, underpins the maintenance of 

diminishing genetic diversity and ecosystem resilience (Brennan et al., 
2022; Moore and Schindler, 2022). Yet, with only 10 % of global pro
tected areas effectively connected, inadequate ecological connectivity 
remains a bottleneck for biodiversity conservation (Ward et al., 2020). 
In response, the Global Biodiversity Framework (Target 3) urges mem
ber states to enhance ecosystem connectivity within their conservation 
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strategies (Watson et al., 2023). Nowadays, ecosystem connectivity is 
seen as a critical factor for global biodiversity conservation, vital for 
maintaining species diversity and the continuity of ecosystem services 
(Brodie et al., 2025; Roy et al., 2023). As the global sustainable devel
opment agenda advances, integrating regional coordination with 
ecological security has become an urgent international priority (Fuso 
Nerini et al., 2024; Wu et al., 2023). Within this context, ecological gap 
analysis, a key tool advocated by the Convention on Biological Diversity 
(CBD), identifies the specific ecological conditions required for species 
migration and long-term survival, providing a scientific foundation for 
achieving conservation goals (Dissanayake et al., 2024; Pressey et al., 
2021).

Globally, numerous initiatives have been launched to enhance 
ecological connectivity. The Pan-European Ecological Network (PEEN), 
initiated by the European Environment Agency, exemplifies how 
transboundary ecological networks can enhance species flow and 
ecological security (Jongman et al., 2011). In contrast, despite being one 
of the world’s most biodiverse nations, China’s biodiversity conserva
tion efforts remain largely confined to spatial planning, with evident 
deficiencies in designing connectivity (Mu et al., 2024; Yue et al., 2024). 
Strengthening ecological networks has thus emerged as a pivotal strat
egy for preserving biodiversity and mitigating further losses (Doherty 
et al., 2023; Peng et al., 2024a). The well-documented Hu Line, a major 
geographical and ecological divide shaped by climatic and topographic 
gradients, severely constrains species migration, disrupts ecosystem 
services, and endangers regional ecological integrity (Guo et al., 2016; 
Hu, 1935). Western China plays a crucial role in water conservation, 
carbon sequestration, and windbreak-sand fixation, providing potential 
habitats for species movement while serving as an ecological buffer for 
the densely populated eastern areas (Feng et al., 2022; Fu et al., 2023). 
With the advancement of the Beautiful China Initiative and high-quality 
ecological development efforts in the Yellow River Basin (Fang et al., 
2020; Fu et al., 2022), constructing an east-west ecological network 
from the perspective of biological flows to bridge regional ecological 
gaps has emerged as a valuable scientific challenge.

Despite significant differences in topography, climate, and land use 
between the eastern and western China (Li et al., 2024; Yang et al., 
2021), there is a need for continued ecological connectivity across the 
Hu Line, offering potential habitats for species migration and climate 
adaptation (Xu et al., 2024a). Nowadays, ecological networks and cor
ridors are recognized as effective strategies for balancing conservation 
and development (Cosmo et al., 2023; Jin et al., 2020). Ecological net
works, consisting of interconnected habitats, support species movement 
and gene flow, while corridors, whether natural or man-made, facilitate 
biological migration and sustain ecosystem connectivity (Zhang et al., 
2025). However, limited ecological connectivity restricts species 
migration, disrupts ecosystem services, and weakens regional ecological 
stability (Geng et al., 2025; Mu et al., 2025a). In response to climate 
challenges and biodiversity conservation goals, establishing an east- 
west ecological network is essential to facilitating species migration 
and enhancing ecological connectivity. In this context, the Mid-Spine 
Belt of Beautiful China (MSBBC) has been proposed as a national 
ecological security barrier, highlighting the need for an intact ecosystem 
(Du et al., 2023; Wang et al., 2021). However, a systematic framework 
for quantifying ecological network structures and their impact on spe
cies migration remains underdeveloped. Developing scientific method
ologies for quantifying biological flows is crucial for advancing 
conservation, supporting sustainable development, and bridging the 
ecological gaps along the Hu Line (Fu et al., 2023; Peng et al., 2024a).

An ecological network is a dynamic system of interconnected eco
systems that supports species migration, energy transfer, and genetic 
exchange (Opdam et al., 2006; Peng et al., 2018). Beyond spatial con
nectivity, these networks enable directional species movement, which is 
critical for maintaining ecosystem functionality (Lu et al., 2024; Shen 
et al., 2024). However, widely used ecological network models, such as 
the minimum cumulative resistance (MCR) and circuit theory models, 

focus primarily on static spatial relationships while assuming uniform 
biological flow (McRae et al., 2008; Mu et al., 2022a; Xu et al., 2025). 
These approaches overlook key ecological processes, including direc
tional species migration and dynamic biological flow (Keeley et al., 
2021). In reality, ecosystems are continuously influenced by environ
mental changes, species behavior, and human activities, resulting in 
variations in the number of species migrations (Mu et al., 2022b; Saura 
et al., 2014). As a result, traditional ecological network models struggle 
to capture the complexity of ecological processes (Peng et al., 2024a; Xu 
and Peng, 2022). This limitation reduces their applicability in conser
vation planning, making it difficult to identify critical migration corri
dors or predict species movement. There is an urgent need for more 
advanced biological flow modeling approaches to account for ecological 
processes and to improve network functionality (Fig. S1).

According to island biogeography theory, biological flow is influ
enced by habitat biodiversity, area, and quality, which shape species 
migration pathways and flow intensity, ultimately determining ecolog
ical network connectivity (Lu et al., 2024; MacArthur and Wilson, 
1963). Therefore, ecological networks should be seen not as static 
structures of habitats and corridors but as dynamic systems where spe
cies migration, ecological interactions, and environmental changes 
continuously reshape connectivity and function (Assis et al., 2023; Shen 
et al., 2024). However, current ecological network analysis often over
looks biological flow, particularly how species movement, genetic ex
change, and ecosystem interactions influence network structure and 
resilience over time (Bianco et al., 2024). Most studies focus on opti
mizing the spatial arrangement of habitats and corridors, prioritizing 
ecosystem services while assuming static connectivity patterns (Xu 
et al., 2024b). This approach neglects key factors such as migration 
directionality, flow intensity, and variations in dispersal, limiting its 
ability to capture the true dynamics of ecological networks (Felipe-Lucia 
et al., 2022; Peng et al., 2024b). To address these gaps, next research 
should integrate biodiversity data, including species-specific ecological 
requirements, dispersal traits, and habitat preferences, to refine 
ecological network models. Moving beyond broad spatial models toward 
species-specific, process-based approaches is essential for improving 
conservation planning and ecological network management.

This study investigated the ecological gap between eastern and 
western China from the perspective of dynamic biological flows, 
exploring the role of ecological networks in promoting regional coor
dination and sustainable development. Focusing on the MSBBC, this 
study addresses three interconnected questions: (1) the spatial structure 
of regional ecological corridors and networks, clarified in section 4.1; 
(2) the quantification of dynamic biological flows to reveal the direction 
and intensity of species migration, presented in section 4.2; and (3) the 
influence of ecological source areas and biological flows on the effi
ciency of ecological networks under different disturbance scenarios, 
analyzed in section 4.3. By addressing these questions, this research 
aims to refine biological flow models and provide scientific insights for 
integrating ecological networks into conservation strategies. The find
ings will offer empirical support for regional sustainable development 
and advance the spatial planning practice of ecological networks.

2. Study area and materials

2.1. Study area

This study focuses on the Mid-Spine Belt of Beautiful China (MSBBC) 
to explore ecological pathways for coordinated east-west development 
amid regional imbalances (Fig. 1). The concept of MSBBC originates 
from the Hu Line, which delineates China’s southeastern densely 
populated region from its northwestern sparsely populated region based 
on county-level population distribution (Hu, 1935). The MSBBC region 
spans from 23◦37′14″ − 50◦58′53”N, 97◦31′44″ − 133◦27′11″E, charac
terized by a gradual increase in elevation from northeast to southwest. It 
encompasses diverse ecological conditions, ranging from boreal and 
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temperate mountain forests to semi-humid temperate grasslands and 
semi-arid steppes (Fig. S2). This division not only reflects significant 
spatial disparities in natural environments and socio-economic devel
opment but also serves as a major ecological boundary influencing 
species migration and resource distribution (Fu et al., 2025). The 
establishment of MSBBC aims to mitigate regional disparities through 
optimized territorial spatial planning, playing a key role in advancing 
national ecological security and the “Beautiful China” initiative (Guo 
et al., 2016; Wang et al., 2021). Therefore, MSBBC has become a stra
tegic region for enhancing ecological connectivity, providing a critical 
foundation for ecological network optimization and sustainable regional 
development.

2.2. Materials

We utilized the following datasets: (1) the 2020 landscape elements 
and omnidirectional connectivity dataset (Mu et al., 2025b), providing 
connectivity metrics at a 300 m resolution; (2) the 2020 high-resolution 
China Eco-environmental Quality (CHEQ) (Xu et al., 2021), assessing 
eco-environmental quality via remote sensing at a 500 m; (3) the 2020 
habitat quality dataset (Mu et al., 2024), mapping habitat suitability at a 
300 m; (4) Digital Elevation Model (DEM) data from the SRTM (Farr 
et al., 2007), used to derive slope data at a 30 m; and (5) the mammal 
distribution data were obtained by combining occurrence records with 
MaxEnt modeling (Xu et al., 2024a), using records of 158 terrestrial 
mammal species, including the red panda (Ailurus fulgens) and Chinese 
horseshoe bat (Rhinolophus sinicus), with AUC accuracies of 0.959 and 
0.969, respectively. These datasets provide the foundation for biodi
versity assessment in analyzing dynamic biological flows (Table 1).

The data were primarily used for constructing the ecological network 
(including delineating ecological sources and resistance surfaces) and 

for calculating dynamic biological flows. Specifically, the CHEQ and 
slope data used to determine the ecological resistance surface were 
resampled to a 300 m resolution using average resampling to ensure 
spatial consistency with the base landscape data and network analysis 
outputs (i.e., the Albers equal-area conic projection). The species dis
tribution data were overlaid with the ecological source vectors to 
characterize the biodiversity attributes of each source area and to serve 
as input for subsequent dynamic biological flow calculations. These 
preprocessing steps ensured resolution consistency and spatial compa
rability among different data sources, providing a foundation for 

Fig. 1. The study area of the Mid-Spine Belt of Beautiful China (MSBBC). Land cover data are derived from China land cover dataset (CLCD) (Yang and Huang, 2021), 
population data are obtained from the Seventh National Population Census of China, and the vector of the MSBBC is sourced from the International Research Center 
of Big Data for Sustainable Development Goals.

Table 1 
The adopted datasets in our study.

Data Resolution Application Source

Landscape elements 300 m
Delineation of ecological 
sources

(Mu et al., 
2025b)

Omnidirectional 
connectivity

300 m Delineation of resistance 
surface

(Mu et al., 
2025b)

China Eco- 
environmental 
Quality (CHEQ)

500 m
Delineation of resistance 
surface

(Xu et al., 
2021)

Habitat quality 300 m
Delineation of resistance 
surface and calculation of 
dynamic biological flow

(Mu et al., 
2024)

Digital Elevation Model 
(DEM) 30 m

Delineation of resistance 
surface

(Farr 
et al., 
2007)

Mammal distribution 1000 m
Calculation of dynamic 
biological flow

(Xu et al., 
2024a)Red panda distribution 1000 m

Calculation of dynamic 
biological flow

Chinese horseshoe bat 
distribution

1000 m Calculation of dynamic 
biological flow
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ecological network analysis and species migration modeling.

3. Methods

This study presented a dynamic biological flow assessment frame
work in ecological networks, elucidating the impacts of species migra
tion direction and flow intensity on network efficiency through three 
key steps (Fig. 2). First, ecological sources are identified and resistance 
surfaces are constructed by classifying landscape elements and inte
grating omnidirectional connectivity, CHEQ, and slope data (Fig. 2a). 
Second, dynamic biological flow is quantified using two newly devel
oped tools: Ecological Linkage Tool-Direction (ELT-Direction) and 
Ecological Linkage Tool-Biological Flow (ELT-Biological Flow). ELT- 
Direction determines the directionality of all ecological corridors, 
while ELT-Biological Flow estimates the intensity and direction of spe
cies flows between ecological sources based on biodiversity, habitat 
area, and quality (Fig. 2b). Finally, network performance is evaluated 
across three levels, include nodes (habitat importance), links (corridor 
importance), and graph (network efficiency). The failure simulations 
further assess the impacts of directional corridor loss and habitat 
degradation on network efficiency, identifying critical corridors and 
vulnerable nodes under various disturbance scenarios (Fig. 2c).

3.1. Ecological source and resistance surface

Considering that medium-sized felids, such as wild cats, typically 
require 10 to 100 km2 of habitat (Sunquist, 2002), this study selected 
landscape core areas larger than 10 km2 as ecological sources. The 10 
km2 threshold ensures that the selected patches provide sufficient 
habitat resources and connectivity potential for species dispersal. To 
refine ecological source boundaries, morphological erosion and dilation 
operations were applied, which helped eliminate small fragmented 
patches and enhance source continuity. As a result, 1825 ecological 
sources were identified across the MSBBC region. Additionally, to ac
count for landscape connectivity, ecological environmental quality, and 
terrain variation, ecological resistance surface was adjusted as follows: 

RCon = Conmax − Con (1) 

R = RCon ×
CHEQmean + 1

CHEQ + 1
+ RCon ×

HQmean + 1
HQ + 1

+ Slope (2) 

where R represents ecological resistance; RCon represents connectivity 
resistance; Con is the omnidirectional landscape connectivity; CHEQ the 
eco-environmental quality observed by remote sensing; HQ represents 
habitat quality; Slope refers to the slope of the terrain.

Fig. 2. A framework for dynamic biological flow assessment in ecological networks, including ecological corridor and network construction (a), dynamic biological 
flow computation (b), and ecological network failure simulation considering directional corridor loss and habitat degradation (c).
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3.2. Ecological corridors and network construction

The Ecological Linkage Tool (ELT) is designed to identify ecological 
corridors within and beyond irregular ecological sources, activate key 
nodes and stepping stones, and construct a comprehensive ecological 
network (Fig. S3). Unlike Linkage Mapper (McRae and Kavanagh, 
2011), which relies on ArcPy, ELT is developed using open-source tools 
such as the Geospatial Data Abstraction Library (GDAL) and supports 
parallel computing, significantly improving computational efficiency for 
large-scale ecological network construction. The workflow consists of 
the following steps: (1) Euclidean allocation is applied to ecological 
sources. Pixels are assigned to the nearest source region based on 
Euclidean distance, generating an adjacency table for ecological sources; 
(2) Neighboring sources are updated by incorporating the nearest 
neighbor points, refining the adjacency table to ensure more accurate 
connectivity representation; (3) The minimum cumulative resistance 
(MCR) model is executed. The execution range of the MCR model is 
optimized using the nearest neighbor points, generating ecological 
corridors and activated nodes, which are then converted into an 
ecological network. The MCR model is expressed as follows: 

MCR = f × min
∑i=m

j=n

(
Dij × Ri

)
(3) 

where MCR represents the minimum cumulative resistance for species 
dispersal from ecological source patch j to a given spatial location; f is a 
function of the product of Dij (the spatial distance between source j and 
other patches i) and Ri (the resistance coefficient for species dispersal in 
a specific direction from source i); and min ensures that each evaluation 
unit takes the lowest cumulative resistance value among different 
sources. Corridors connecting the edges of two ecological source patches 
are defined as inter-patch corridors, while those connecting an edge to 
the centroid of a patch are referred to as intra-patch corridors.

3.3. Ecological linkage tool-direction

ELT-Direction identifies the directionality of ecological corridors by 
segmenting corridor vertices, computing segment-wise azimuths, and 
converting them into unit vectors. The average unit vector for all seg
ments is then used to determine the overall direction of the corridor. 
Given a corridor consisting of n vertices with coordinates (x1, y1), (x2, 
y2), …, (xn, yn), each segment is formed by two consecutive points (xi, yi) 
and (xi+1, yi+1). The azimuth θi of each segment is computed as: 

θi =

(

arctan
xi+1 − xi

xy+1 − xy

)

mod 360 (4) 

where arctan is the inverse tangent function, which returns the angle 
corresponding to the given slope. The mod 360 operation ensures that all 
computed azimuths fall within 0◦ to 360◦, providing a standardized 
representation of directionality.

Next, each azimuth is converted into a unit vector and averaged 
across all segments to obtain the mean vector (x, y). The overall mean 
azimuth θ for the corridor is then calculated as: 

x =
1
n

∑n

i=1
cos

(
θi ×

π
180

)
(5) 

y =
1
n

∑n

i=1
sin

(
θi ×

π
180

)
(6) 

θ =

(

arctan
x
y

×
180

π

)

mod 360 (7) 

By computing the mean unit vector instead of directly averaging 
angles, biases caused by circular averaging are eliminated, improving 
the accuracy of directionality estimation. Based on the mean azimuth, 
corridors are classified into four primary categories: east-west (EW), 

north-south (NS), northwest-southeast (NWSE), and northeast- 
southwest (NESW) directions. All computations are performed in a 
projected coordinate system, specifically the Albers equal-area conic 
projection, which is well-suited for mid-latitude regions as it minimizes 
area distortion and preserves angular accuracy, ensuring more reliable 
directional analysis.

3.4. Ecological linkage tool-biological flow

Dynamic biological flow represents species migration between 
habitat patches, influenced by habitat area, biodiversity, and habitat 
quality (Lu et al., 2024). According to island biogeography theory, large 
habitat patches function as species pools, supplying biodiversity to 
surrounding habitats (MacArthur and Wilson, 1963). Habitat biodiver
sity and habitat quality are key indicators of habitat suitability, as larger 
and higher-quality habitats offer greater foraging and mating opportu
nities, increasing their attractiveness for species dispersal (Urban and 
Keitt, 2001). Building on previous research (Lu et al., 2024), we applied 
logarithmic corrections to habitat area and corridor length to enhance 
data comparability in large-scale applications. The calculation process is 
as follows: 

Dyn Bio flowi→j = Pot Bio flowij × Disp probij × Disp attrj (8) 

Pot Bio flowij = min
(
Habbioi × ln(Areai) , Habbioj × ln

(
Areaj

) )
(9) 

Disp probij = e−k×ln(dij) (10) 

Disp attrj = Norm0→1

(
Hab bioj × Hab quaj × Areaj

)
(11) 

where Dyn Bio flowi→j represents the dynamic biological flow from 
habitat i to habitat j, generated by species migration. Pot Bio flowij de
notes the potential biological flow between habitats i and j. To account 
for habitat carrying capacity, Pot Bio flowij is determined by the mini
mum value of the product of biodiversity (Hab bioi, Hab bioj) and 
habitat area (Areai, Areaj) between habitats i and j. The dispersal 
probability Disp probij from habitat i to j is modeled as an exponential 
decay function dependent on dispersal distance dij and a distance decay 
coefficient k. dij represents the maximum dispersal distance, and k is 
typically set to 0.05 (Lu et al., 2024; Luo et al., 2021). The dispersal 
attraction Disp attrj quantifies the attractiveness of habitat j as a 
dispersal destination. For intra-patch corridors (where i = j), dynamic 
biological flow remains undirected. However, for inter-patch corridors 
(where i ∕= j), the direction of biological flow is determined based on 
Dyn Bio flow, ensuring an ecologically meaningful representation of 
species movement patterns.

3.5. Complex network analysis and failure simulation

In ecological network assessment, betweenness centrality quantifies 
a node’s role as a bridge along shortest paths, highlighting its signifi
cance in maintaining connectivity and facilitating information transfer 
(Freeman, 1977). Edge betweenness centrality evaluates the involve
ment of a specific edge in shortest paths, reflecting its capacity to 
regulate network structure and material flow (Girvan and Newman, 
2002). Global network efficiency, defined as the reciprocal of the 
average shortest path length, measures the overall efficiency of infor
mation and material transfer within the network, serving as an indicator 
of ecosystem functional stability (Latora and Marchiori, 2001). Higher 
node and edge betweenness centrality values indicate that the corre
sponding ecological nodes and corridors play critical roles in enhancing 
information flow, sustaining connectivity, and preserving network 
structure, thus acting as key hubs. Furthermore, failure simulations 
assess the impacts of directional corridor loss and habitat degradation on 
network efficiency, identifying critical corridors and vulnerable nodes 
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under various disturbance scenarios (Fagan et al., 2023).
The betweenness centrality of a node v is defined as the proportion of 

shortest paths passing through it relative to all shortest paths in the 
network, calculated as follows: 

PB(v) =
∑

s∕=v∕=t

σst(v)

σst
(12) 

where σst represents the total number of shortest paths between nodes s 
and t, and σst(v) is the number of shortest paths between s and t that pass 
through node v. The summation is performed over all possible node pairs 
s and t, excluding v itself.

Similar to betweenness centrality, edge betweenness is calculated as 
the proportion of shortest paths that pass through a given edge e, 
expressed as: 

LB(v) =
∑

s∕=t

σst(e)

σst
(13) 

where σst is the total number of shortest paths between nodes s and t, and 
σst(e) is the number of shortest paths between s and t that pass through 
edge e.

Global network efficiency is typically defined as the inverse of the 
average shortest path length between all node pairs, given by: 

GE =
1

n(n − 1)

∑

i∕=j

1
d(i, j)

(14) 

where E(G) represents the global efficiency of the network, n is the total 
number of nodes. d(i, j) is the shortest path length between nodes i and j, 

represent the migration capability of a species within the network, 
influenced by the maximum dispersal distance of species.

4. Results

4.1. Directional ecological corridor in MSBBC

The MSBBC ecological network consists of 13,800 corridors, pre
dominantly oriented in the east-west (EW) direction (27 %) and north- 
south (NS) direction (26 %) (Fig. 3a). Intra-patch corridors constitute 
65 % of the total, while inter-patch corridors account for 35 %. Inter- 
patch corridors primarily facilitate species migration between habi
tats, while intra-patch corridors serve as pathways for species movement 
from habitat edges to their cores. Connectivity analysis reveals that low- 
connectivity corridors are primarily located at the network periphery, 
particularly in river valleys and transition zones between mountain 
ranges. Medium-connectivity corridors are concentrated in core 
ecological source connections, while high-connectivity corridors are 
predominantly found in mountainous regions with complex terrain, 
such as the Qinling, Qilian, Daba, and Hengduan Mountains. In the 
Yellow River Basin, most corridors exhibit low to medium connectivity, 
forming a linear pattern along the river valleys. The overall connectivity 
of the ecological network in this region remains weak, indicating that 
stable connections between ecosystems are at risk.

Overall, intra-patch corridors exhibit higher connectivity and lower 
ecological resistance, whereas inter-patch corridors, located in periph
eral regions, encounter higher ecological resistance due to increased 
landscape fragmentation and environmental barriers (Fig. 3b). Among 
inter-patch corridors, NESW-oriented corridors have the lowest 

Fig. 3. Spatial distribution of ecological corridors in MSBBC. Connectivity classification of corridors based on network topology (a), connectivity and ecological 
resistance evaluation of corridors in different directions (b), and the relationship between corridor connectivity and ecological resistance (c). Corridor connectivity is 
calculated by omnidirectional connectivity data (Mu et al., 2025b).
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connectivity (27), whereas among intra-patch corridors, NESW corri
dors exhibit the highest connectivity (40). The smaller variation in intra- 
patch corridor connectivity suggests that networks within ecological 
sources function as stable secondary networks. A strong exponential 
relationship exists between corridor connectivity and ecological resis
tance, whereby resistance decreases rapidly as connectivity increases, 
particularly for corridors with connectivity values below 50 (Fig. 3c). 
This pattern arises because connectivity serves as a primary factor in the 
resistance surface design, which also incorporates remote sensing 
indices, habitat quality, and terrain factors to refine corridor pathways 
(Fig. S4).

4.2. Dynamic biological flow in MSBBC

During the dynamic biological flow through inter-patch corridors, 
approximately 48 % of species may fail to reach target habitats, resulting 
in a net inflow of −573 (outflow: 1199; inflow: 626) (Fig. 4). According 
to the differential of dynamic biological flows, 21 % of species move 
from west-to-east, and 18 % from north-to-south (Fig. S5). High bio
logical outflow is concentrated in the Hengduan Mountains, a biodi
versity hotspot with widespread species dispersal (Fig. 4a). In contrast, 

biological inflow sources include both biodiversity hotspots and the 
Inner Mongolia Pastoral Area, where large habitat size and strong 
attraction to smaller ecological sources make it a major inflow zone 
(Fig. 4b). Regionally, net inflow values exceeding 20 are mainly found in 
the Hengduan, Yunling, and Ailao Mountains, where favorable condi
tions attract substantial biological flow. Inner Mongolia Pastoral Area 
has a net inflow above 10, while the Qinling Mountains, Daba Moun
tains, and Yellow River Basin exceed 2, indicating their role in species 
dispersal. In contrast, ecological sources with net inflows below 0 are 
smaller and more scattered, suggesting that weaker ecological condi
tions limit biological movement.

Dynamic biological outflow follows a clear directional trend, pri
marily west-to-east, north-to-south, northwest-to-southeast, and 
southwest-to-northeast (Fig. 4). This pattern aligns with regional 
ecological conditions, as species migrate toward more favorable south
eastern habitats. The north-to-south route experiences the highest spe
cies loss, with a minimum net inflow of −16. In high-net-inflow habitats, 
large patches siphon biological flow from smaller surrounding habitats 
(Fig. 4c). SENW-oriented corridors show frequent intra-patch biological 
flow, aligning with the vertical orientation of Hu Line. Larger habitats 
also exhibit stronger intra-patch movement (Fig. 4d), indicating that 

Fig. 4. Dynamic biological flow characteristics in MSBBC, including dynamic biological outflow (a), dynamic biological inflow (b), dynamic net biological inflow (c), 
and dynamic biological flow within ecological sources (d).

H. Mu et al.                                                                                                                                                                                                                                      Environmental Impact Assessment Review 116 (2026) 108138 

7 



biological flow across the Hu Line is more pronounced within well- 
connected ecosystems. Overall, dynamic biological flow reveals 
regional ecological complexity and species migration patterns, empha
sizing the impact of habitat distribution and biodiversity on flow di
rection and intensity, rather than solely ecological resistance (Fig. S6). 
These findings underscore the need to enhance connectivity in areas 
with negative net inflows.

4.3. Ecological network evaluation and failure simulation

The MSBBC ecological network has an overall efficiency of 0.053, 
with core regions such as the Inner Mongolia Pastoral Area (a2), Hetao 
Plain Desert Steppe Area (a4), Loess Ridges (a6), and Hengduan 
Mountains (a10) serving as key connectivity hubs due to their high 
betweenness centrality (Fig. 5). Among intra-patch corridors, EW 
corridor failure has the greatest impact, reducing network efficiency by 
57 %, while failures in other directions cause about a 40 % decline 
(Fig. 5a). The failure of core habitat nodes (e.g., a2, a10) leads to major 
efficiency losses, underscoring their critical role in ecological connec
tivity (Fig. 5b). The failure of a2 (Inner Mongolia Pastoral Area) results 
in a 24 % efficiency drop, partly due to its high corridor density. 
Although a10 (Hengduan Mountains) has a similar number of corridors 
as a6 (Loess Ridges), its impact is 1.8 times greater, suggesting that each 
corridor in a10 contributes more to network efficiency. Additionally, 
failures in key habitats along the Yellow River Basin (e.g., a4, a5) trigger 
cascading effects on primary regional corridors, particularly those with 
high edge betweenness, potentially fragmenting the network and 
severely reducing connectivity.

Among inter-patch corridors, the failure of west-to-east corridors 
causes a 13 % efficiency drop, the highest among all directional failures, 
reflecting their backbone role in regional connectivity. This is followed 
by north-to-south corridors, which reduce efficiency by 11 %. Generally, 

the greater the number of failing corridors, the stronger the negative 
impact on overall network efficiency (Fig. 5c). Simulating failures at 
different proportions reveals that when 50 %–80 % of intra-patch EW 
corridors fail, the efficiency drop is the most significant. For inter-patch 
corridors, once failures exceed 20 %, the efficiency decline becomes 
more pronounced. Specifically, failures in west-to-east, north-to-south, 
northwest-to-southeast, and southwest-to-northeast directions exhibit 
the sharpest efficiency reductions (Fig. S7), highlighting the importance 
of maintaining directional connectivity in these critical corridors.

5. Discussion

5.1. Dynamic biological flow of species-specific

To validate the applicability of the dynamic biological flow frame
work in analyzing species-specific movement, we selected the Ailurus 
fulgens (red panda) and Rhinolophus sinicus (Chinese horseshoe bat) as 
representative species. Ailurus fulgens is a flagship species of moun
tainous regions, with strong habitat specialization, particularly depen
dent on high-quality, continuous forest habitats, and has limited 
migration and dispersal abilities. In contrast, Rhinolophus sinicus is a 
habitat generalist, highly adaptable, and able to utilize various forest 
and cave environments. Ailurus fulgens is an endangered species, while 
Rhinolophus sinicus is a sensitive species and a natural host of the SARS 
virus, making them important representative species in this study (Ge 
et al., 2013; Thapa et al., 2018).

Despite similar number of corridor directions, Ailurus fulgens and 
Rhinolophus sinicus show significant differences in dynamic biological 
flow, indicating species influence flow intensity more than direction 
(Fig. 6). Both migrate west-to-east, north-to-south, northwest-to- 
southeast, and southwest-to-northeast, with populations decreasing 
along the way (Fig. 6ab). Ailurus fulgens has a net inflow of −0.13 along 

Fig. 5. Ecological network efficiency evaluation in MSBBC, including (a) spatial distribution of betweenness centrality, edge betweenness, and overall ecological 
network efficiency, (b) network efficiency assessment under key habitat failures, and (c) network efficiency assessment under directional corridor failures.
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the west-to-east route (outflow: 0.26, inflow: 0.13) (Fig. 6c). Loess 
Ridges serves as a major outflow region, while Hengduan, Yunling, and 
Ailao Mountains attract inflows (Fig. S8). Protecting Loess Ridges and 
maintaining corridor integrity would enhance connectivity and reduce 
losses. Rhinolophus sinicus experiences the highest migration loss 
(−0.09) in the southeast-to-northwest direction, suggesting significant 
ecological threats (Fig. 6d), likely due to habitat fragmentation, resource 
depletion, or environmental barriers. In contrast, west-to-east corridors 
have more pathways but lower migration losses (−0.03). Its outflow 
regions, primarily near Loess Ridges, appear highly fragmented, raising 
concerns about habitat connectivity. Overall, habitat distribution de
termines dynamic flow direction, while species-specific adaptability 
influences flow intensity. These findings inform conservation planning: 
for Ailurus fulgens, focus on improving outflow habitats and strength
ening connectivity to inflow areas; for Rhinolophus sinicus, prioritize 
reducing fragmentation and mitigating threats along high-loss routes. 
Such efforts would enhance species survival and network resilience 
within MSBBC.

5.2. Dynamic biological flows and conservation priorities in the MSBBC

Biological flow has partially mitigated ecological isolation between 
eastern and western China but has not fully bridged the gap. In some 
areas, imbalanced flows may even exacerbate habitat degradation. The 
dominant west-to-east and north-to-south migration patterns remain 
constrained, resulting in an overall negative net inflow, with 

approximately 48 % of species failing to reach suitable target habitats, 
exposing significant migration bottlenecks and connectivity deficits. 
Regional variations in climate, topography, and human activities further 
shape species movement and habitat needs (Shrestha et al., 2021; Xu 
et al., 2024a). For endangered species like Ailurus fulgens and sensitive 
species like Rhinolophus sinicus, their strict dependence on habitat 
integrity and connectivity increases the risks of population extinction 
and disease transmission.

To address these issues, it is necessary to establish a cross-provincial 
ecological corridor restoration alliance along the Hu Line. Specifically, 
priority should be given to restoring east-west corridors with significant 
efficiency losses (e.g., corridor connecting Inner Mongolia to central- 
eastern regions) and to reducing high species losses along north–south 
migration routes (e.g., areas with minimum net inflow reaching −16). 
From the MSBBC perspective, the Hengduan Mountains have been 
identified as a hotspot of high biological outflow and a core biodiversity 
center, where reducing species loss and enhancing the attraction ca
pacity of surrounding source areas should be prioritized. The Inner 
Mongolia Pastoral Area, due to its large habitat area and strong attrac
tion to surrounding small patches, requires further improvement of 
habitat quality to consolidate its function as a key sink. The Yellow River 
Basin has relatively weak overall connectivity, it serves as an important 
north–south migration bridge, playing a critical strategic role in sup
porting eastern biodiversity and alleviating western ecological vulner
ability (Fu et al., 2022). Strengthening the cross-regional ecological 
corridor collaboration mechanisms along the Hu Line, unifying critical 

Fig. 6. Biological flow characteristics of Ailurus fulgens and Rhinolophus sinicus, including the number of directional corridors (a, b) and dynamic net biological flow 
(c, d).

H. Mu et al.                                                                                                                                                                                                                                      Environmental Impact Assessment Review 116 (2026) 108138 

9 



ecological node planning, and enhancing connectivity of the ecological 
network to prevent species isolation, reduce landscape fragmentation, 
and mitigate disease transmission risks caused by human activities.

5.3. Dynamic biological flow and sustainable development

Dynamic biological flow is fundamental to maintaining ecosystem 
stability and biodiversity, shaping species migration, gene exchange, 
and ecological health. However, uneven regional development disrupts 
these flows through natural barriers, human activities, and infrastruc
ture expansion, impacting ecological security and sustainability (Jin 
et al., 2019; Wang et al., 2025). In MSBBC, a well-planned ecological 
network would connect key habitats, reducing pressure on western 
ecosystems while supporting eastern biodiversity. Globally, many 
countries face similar spatial disparities to China’s Hu Line, where 
geographic and demographic imbalances hinder conservation and 
development (Linard and De Longueville, 2024). In the U.S., population 
and economic hubs are concentrated on coasts and major river plains, 
avoiding mountainous and interior regions. In Canada, over 90 % of the 
population is clustered near the U.S. border due to harsh northern cli
mates. Australia’s interior remains largely uninhabited, with settlements 
concentrated along the eastern coast, mirroring the Hu Line pattern. 
These patterns reflect challenges in achieving balanced human devel
opment and biodiversity conservation across large-scale landscapes.

The MSBBC case study illustrates how enhancing cross-regional 
ecological connectivity can address such challenges by integrating dy
namic biological flows into national spatial planning and conservation 
strategies. Strengthening ecological corridors, improving habitats 
quality, and promoting collaborative management across administrative 
boundaries are key actions to mitigate habitat fragmentation and sup
port ecosystem resilience. The dynamic biological flow framework thus 
provides a scalable and transferable model for other regions facing 
similar connectivity constraints. By applying these insights globally, 
regions can better achieve biodiversity targets, safeguard ecological 
functions, and promote sustainable landscape development (Blicharska 
et al., 2019; Jin et al., 2021; Stehfest et al., 2019). Incorporating dy
namic biological flow analysis into national spatial planning will help 
achieve global biodiversity targets (e.g., CBD Target 3), enhance 
regional resilience, and support sustainable development.

5.4. Uncertainty and future research

The directional characteristics of dynamic biological flows observed 
in this study are consistent with classical biogeographical theories, 
including island biogeography theory and metapopulation theory 
(Hanski, 1999; MacArthur and Wilson, 1963). Larger and higher-quality 
habitats act as critical sinks, attracting more inflow, while smaller and 
fragmented patches tend to have lower or negative net inflows. The 
dominant west-to-east and north-to-south flow patterns reflect species’ 
tendency to migrate toward regions with more favorable environmental 
conditions and richer resources, confirming theoretical predictions from 
ecological gradient studies (Fox et al., 2011). Habitat size and connec
tivity significantly influence species migration flows, with stronger 
flows observed in high-quality habitats such as the Hengduan and 
Yunling Mountains, while flows are significantly reduced in areas 
heavily disturbed by human activities, such as the Yellow River Basin. 
This supports the “habitat area effect” in island biogeography theory. 
The reliability of our findings is supported by the integration of multi- 
source datasets (e.g., habitat quality, connectivity, biodiversity) and 
the newly developed ELT-Direction and ELT-Biological Flow tools, 
which together improve the accuracy of directional flow and network 
efficiency assessments.

This study has several limitations. First, there may be differences in 
the delineation of ecological sources and resistance surfaces. We 
selected landscape core areas larger than 10 km2 based on structural 
integrity and species requirements, but other methods of delineation 

may affect the results. Second, the movement parameters of mammals 
(such as maximum dispersal distance and migration trends) were mainly 
derived from existing literature (Sunquist, 2002). While these parame
ters effectively reflect the characteristics of certain species, extrapo
lating them across different spatial and temporal scales may introduce 
uncertainty. Therefore, future research should calibrate these parame
ters using more extensive field data or long-term monitoring data. The 
current model also does not account for seasonal migration patterns or 
interannual variations in habitat suitability, which may lead to errors in 
estimating migration direction and flow intensity. Future studies should 
incorporate seasonal variations and consider the seasonal changes in 
habitat suitability to improve the model’s dynamics and accuracy. 
Furthermore, while the relationship between network efficiency and 
species flows has been analyzed, the coupling between ecosystem ser
vices (such as water regulation, pollination, etc.) and network efficiency 
has not been explored. Future research should further investigate the 
long-term effects of species migration on ecosystem services. Lastly, data 
resolution and scale uncertainty may affect the assessment of ecological 
network efficiency in the application of protected areas, particularly at 
the provincial, basin, and specific protected area scales. The integration 
of high-resolution remote sensing data will help improve the consistency 
and accuracy of network characteristics at different scales and provide 
support for precise conservation planning.

6. Conclusions

This study developed a dynamic biological flow framework to 
elucidate ecological gap between eastern and western China. The 
framework focuses on the MSBBC ecological network and quantitatively 
reveals species migration patterns and network efficiency. The analysis 
integrates complex network metrics and dynamic biological flow sim
ulations to identify critical corridors and vulnerable habitats under 
different corridor and habitat degradation scenarios.

The findings address three central questions posed in this study. 
First, the current state of regional ecological corridors reveals a network 
efficiency of 0.053, with intra-patch corridors exhibiting higher con
nectivity and lower resistance, particularly in core regions like the 
Qinling, Qilian, Daba, and Hengduan Mountains, whereas the Yellow 
River Basin shows weaker, fragmented connectivity due to human dis
turbances. Second, the quantification of dynamic biological flows in
dicates strong west-to-east (21 %) and north-to-south (18 %) migration 
trends; however, a net outflow persists, with 48 % of species failing to 
reach target habitats, especially along north-to-south routes where los
ses are most severe due to latitudinal barriers. Third, ecological source 
areas and biological flows significantly influence network efficiency: 
failures in Inner Mongolia reduce efficiency by 24 %, intra-patch east- 
west corridor disruptions cause a 57 % decline, and inter-patch west-to- 
east corridor losses lead to a 13 % drop, with cascading effects most 
pronounced in Inner Mongolia and the Hengduan Mountains. These 
results highlight the urgent need to strengthen corridors in vulnerable 
regions, mitigate migration barriers, and enhance flow driven by 
species-specific adaptability and habitat distribution. Therefore, it is 
essential to establish cross-regional corridor alliances (especially along 
the Hu Line), prioritize the restoration and reinforcement of east-west 
corridors with significant efficiency losses, and improve the area and 
quality of habitats in key outflow and inflow zones to enhance ecological 
resilience and promote sustainable development in both eastern and 
western China.
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