
Climate and land-use change reshape shorebird habitat networks in China's 
greater bay area: Trends from scenario-based projections

Geng Huang a,b, Wenjia Hu c, Jianguo Du c,d, Yunzhe Huang a,b, Yifei Jia a,b,* ,  
Yuyu Wang a,b,**

a School of Ecology and Nature Conservation, Beijing Forestry University, Beijing, 100083, China
b Centre for East Asian-Australasian Flyway Studies, Beijing Forestry University, Beijing, 100083, China
c Key Laboratory of Marine Ecological Conservation and Restoration, Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, 361005, China
d APEC Marine Sustainable Development Center, Xiamen, 361005, China

A R T I C L E  I N F O

Keywords:
Shorebird habitat
Network connectivity
Climate and land-use disentanglement
Scenario analysis
Coastal urban management strategies

A B S T R A C T

Accelerated urbanization and land reclamation have caused widespread loss of coastal wetlands, reduced habitat 
availability and increased migration costs for shorebirds. However, the interactive effects of climate change and 
land-use transitions on habitat networks remain insufficiently understood, especially in rapidly developing bay 
regions. We developed a scenario-based framework to disentangle climate and land-use impacts on shorebird 
habitat networks. Integrating species distribution models, landscape connectivity assessments and circuit theory, 
we mapped potential habitat networks in the Guangdong-Hong Kong-Macao Greater Bay Area and projected 
dynamics under three scenarios: Current Trend Scenario (CTS), Sustainable Development Scenario (SDS), and 
Ecological Protection Scenario (EPS) for 2030-2070. Each scenario included two sub-scenarios to compare 
climate change and land-use effects. Results show that EPS initially expands habitat network over a short period 
but declines thereafter; SDS shows a steady decline throughout the projection period; and CTS generates the most 
severe habitat loss. Comparison of sub-scenarios revealed that land-use change influences climate impacts based 
on development pathways. Under EPS and SDS, incorporating land-use change enhanced habitat connectivity in 
early decades, whereas under CTS, land-use change consistently accelerated habitat loss. Our findings reveal that 
climate and land-use change jointly drive irreversible degradation of shorebird habitat networks, characterized 
by patch loss, corridor simplification, and network collapse. While ecologically oriented land-use can slow this 
trajectory and sustain connectivity in the short term, it cannot offset long-term climate pressures. This demon
strates the need for more ambitious conservation measures that integrate climate mitigation and land-use 
adaptation to sustain habitat networks under global change.

1. Introduction

Migratory waterbirds, particularly shorebirds (Charadriidae and 
Scolopacidae), preferentially utilize habitat edges along inland and 
coastal waters and rely heavily on interconnected habitat networks for 
foraging and stopovers (Zockler et al., 2016; Ma et al., 2023; 
Gallo-Cajiao et al., 2024). Their sensitivity to changes in habitat con
nectivity and rapid response to environmental disturbances make them 
effective bioindicators of coastal ecosystem health (Ross-Smith et al., 
2016; Yoon et al., 2018; Li et al., 2024). However, the integrity of 
these habitats is severely threatened by converging global change 

stressors. Accelerated urbanization, large-scale land reclamation, and 
infrastructure development have collectively led to the widespread loss 
and fragmentation of coastal wetlands, thereby threatening the integrity 
of shorebird habitats (Mott et al., 2023; Liu and Ma, 2024). Hard engi
neering measures such as seawalls and dikes enforce coastal squeeze, 
hindering the inland migration of tidal flats and salt marshes, intensi
fying habitat loss under sea-level rise scenarios (Nazarnia et al., 2020). 
Meanwhile, climate change exacerbates these pressures by altering 
temperature and precipitation patterns, disrupting food resource avail
ability and creating phenological mismatches between shorebirds and 
their prey (Breiner et al., 2022; Wang et al., 2022). These stressors 
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underscore the critical need for a comprehensive framework to identify 
and manage key shorebird habitats.

Given the spatially dynamic nature of migratory shorebird ecology, 
identifying and managing functional habitat networks is essential for 
effective conservation planning (Huang et al., 2025). In migratory sys
tems, the ecological value of a habitat patch depends not only on its local 
suitability, but also on how it is connected to other stopover, foraging, 
and roosting sites across the landscape (Lisovski et al., 2024; Peng et al., 
2025). In this context, the structural integrity and functional cohesion of 
the network, reflected in the degree of connectivity among habitat 
patches, are primary determinants of migratory success and long-term 
population viability (de Felipe et al., 2024; Lisovski et al., 2024). 
Crucially, while research on habitat area loss is abundant, a significant 
knowledge gap remains regarding the systematic understanding of the 
complex interactive and compounding effects of future climate change 
and urban development on network connectivity (Hoffmann et al., 2019; 
Morelli et al., 2020; Lin et al., 2026). Most existing studies still focus on 
single drivers or treat them in aggregate, which can obscure the specific 
pathways through which habitat degradation and fragmentation occur 
(Liu et al., 2024b; Wei et al., 2024). Furthermore, established conser
vation efforts, such as the Action Plan for the Protection and Restoration of 
Migratory Bird Flyways in China (2024-2030), often remain focused on 
fixed Protected Areas (PAs), failing to adequately address the need for 
robust, dynamic, and functional corridors across landscapes (Delach 
et al., 2024).

The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) provides 
a representative case for examining how climate change and rapid urban 
development reshape shorebird habitat network connectivity. As an 
irreplaceable stopover region for migratory waterbirds along the East 
Asian-Australasian Flyway (EAAF), the GBA supports diverse wetland 
habitats, including extensive mudflats, mangroves, estuaries, and 
aquaculture ponds, which sustain important waterbird populations 
(Zhang et al., 2019; Ye et al., 2025). However, over the past four de
cades, the region has faced unprecedented competition for land and sea 
resources (Lin et al., 2025), and the coastal habitats supporting these 
migratory waterbirds have become increasingly threatened by multiple 
pressures, including land reclamation, urban expansion, and 
climate-induced coastal degradation (Wikramanayake et al., 2020). This 
combination of pressures means that the future of the GBA's ecologically 
sensitive coastal areas is closely tied to regional policy and spatial 
planning. Translating global strategic goals, such as the 
Kunming-Montreal Global Biodiversity Framework (KMGBF) target of 
establishing well-connected and resilient ecosystems, into actionable 
outcomes in the GBA requires a detailed, scenario-based understanding 
of how land-use trajectories may mediate or intensify climate impacts on 
ecological connectivity (Gurney et al., 2023; Spiliopoulou et al., 2023). 
Addressing this challenge requires robust spatial modeling that can 
anticipate changes in network function and prioritize zones that can 
serve as resilience-based refugia under future stress (Stralberg et al., 
2020; Liang et al., 2024; Xu et al., 2024a; Su et al., 2025).

To address this critical gap, this study establishes a robust framework 
to explore the future dynamics of shorebird habitat networks in the GBA 
under multiple development and climate scenarios. Our study provides 
two primary innovations to the field by: (1) disentangling coupled im
pacts on connectivity. We employ scenario-specific sub-scenarios to 
explicitly isolate and quantify the modulating role of contrasting future 
land-use pathways on the projected effects of climate change on habitat 
network functionality and resistance; (2) policy-relevant resilience 
assessment. We apply a comprehensive connectivity assessment to a 
high-pressure coastal system under three distinct, policy-relevant future 
pathways (Current Trend, Sustainable Development, and Ecological 
Protection). This provides policymakers with directly comparable, long- 
term projections of ecological network resilience that are essential for 
proactive spatial planning.

Specifically, our research has three main objectives: (1) to identify 
and delineate the potential shorebird habitat network using Species 

Distribution Models and Circuit Theory; (2) to assess how the structural 
and functional integrity of this network changes under multiple, policy- 
relevant land-use and climate scenarios spanning 2030-2070; and (3) to 
quantify the independent and combined contributions of climate change 
and land-use transformation to future habitat connectivity loss. Ulti
mately, our findings offer scenario-specific and actionable scientific 
guidance for strengthening the GBA's ecological security pattern and 
ensuring alignment with global conservation commitments.

2. Materials and methods

2.1. Study area

The GBA, located in southern China at the lower reaches of the Pearl 
River and bordering the South China Sea, covers approximately 56,000 
square kilometers. Although it accounts for only 0.6% of China's land 
area, it supports a human population of approximately 86.7 million. In 
2023, the region's GDP exceeded 14 trillion RMB, making it one of the 
most urbanized bay areas in the world and ranking fourth globally after 
the New York, San Francisco, and Tokyo Bay Areas (Yang et al., 2019). 
The region contains four Ramsar-designated wetlands of international 
importance, providing critical stopover sites for shorebirds (Yang et al., 
2022).

Meanwhile, the coastal region of the GBA is subject to significantly 
greater climate change pressure than inland provinces (Jiang et al., 
2024). Over the past 60 years, the region has experienced an average 
temperature increase of 0.21 ◦C per decade, accompanied by more 
intense and concentrated rainfall, an increasing number of heavy pre
cipitation days, and a sea-level rise rate that exceeds the national 
average (Xin et al., 2021).

Our study area includes nine coastal cities, incorporating a 10-km 
seaward buffer zone to account for coastal and nearshore ecological 
processes (Fig. 1).

2.2. Methodological framework and scenario settings

This study developed a scenario-based framework to identify po
tential habitat networks for shorebirds (Fig. 2). First, habitat suitability 
across the study area was modeled using Maximum Entropy (MaxEnt), 
followed by the delineation of core habitat patches via Morphological 
Spatial Pattern Analysis (MSPA) and related spatial methods. Subse
quently, a resistance surface for shorebird migration was constructed 
using Spatial Principal Component Analysis (SPCA), and habitat corri
dors connecting the core patches were identified based on circuit theory. 
By integrating habitat patches and corridors under different scenarios, 
we delineated potential habitat networks.

To account for the dual pressures of climate change and land-use 
transitions, we designed three scenarios for simulation: the Current 
Trend Scenario (CTS), the Sustainable Development Scenario (SDS), and 
the Ecological Protection Scenario (EPS). EPS aligns with SSP1-RCP2.6, 
representing a pathway emphasizing strong ecological protection and 
low emissions; SDS corresponds to SSP2-RCP4.5, reflecting a balanced 
trajectory between development and conservation; and CTS parallels 
SSP5-RCP8.5, depicting a future dominated by rapid economic growth 
and limited environmental safeguards. To examine long-term dynamics, 
we conducted simulations for the years 2030, 2050, and 2070. These 
scenarios were designed to represent contrasting policy-relevant devel
opment and conservation pathways, thereby enabling comparison of 
how alternative planning orientations may influence future habitat 
network dynamics (Table A1).

To further disentangle the respective impacts of climate and land-use 
change, each scenario includes two sub-scenarios: Sub-scenario I, 
serving as the integrated scenario, considers simultaneous changes in 
both climate and land use. In contrast, Sub-scenario II, as the climate- 
driven scenario, serves as a control condition, isolating the effect of 
climate change by keeping land-use variables constant (Details are 
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provided in Appendix A.1).
In the real world, climate and land-use changes are intrinsically 

coupled and cannot be physically separated. Sub-scenario II is a theo
retical construct designed to isolate and quantify the influence of con
trasting land-use pathways on connectivity by holding land-use 
variables constant relative to the coupled scenario setting. This com
parison allows us to evaluate how alternative planning orientations may 
mediate climate-related impacts on habitat network dynamics. 
Accordingly, Sub-scenario I (Coupled Impacts) represents the primary 
modeled projection under the adopted scenario assumptions, whereas 
Sub-scenario II provides a comparative reference for interpreting the 
potential contribution of land-use pathways.

2.3. Data sources and preprocessing

This study primarily utilized three types of data: shorebird occur
rence data, climate change data, and geospatial data.

Species occurrence data were compiled from our team's field surveys 
and citizen science databases. During 2020-2022, our team participated 
in the Nationwide Synchronized Surveys of Coastal Waterbirds. A 
combination of transect and point count methods was employed, 
whereby birds were observed and counted from fixed high vantage 
points near open water bodies or extensive mudflats to ensure full vis
ibility of habitats and improve counting accuracy. In total, 53 field 
surveys were conducted, resulting in the collection of 1426 shorebird 
occurrence records across the GBA. Publicly available records from the 
China Bird Report Center website (http://www.birdreport.cn/), eBird 
(https://ebird.org) and the Global Biodiversity Information Facility 
(https://www.gbif.org) were also compiled for the same time period to 

ensure temporal compatibility with the field survey data.
Climate data were obtained from the WorldClim v2.1 database, 

which includes 19 bioclimatic variables related to temperature and 
precipitation. These data cover both current climatic conditions and 
three future scenarios: SSP1-RCP2.6, SSP2-RCP4.5, and SSP5-RCP8.5. 
For each variable, the downscaled CMIP6 GeoTIFF files were used. 
Geospatial datasets included eight variables such as land use, vegeta
tion, and topography, as detailed in Table 1. Considering the importance 
of land-use change for future projections, this study employed the Finer 
Resolution Observation and Monitoring of Global Land Cover (FROM- 
GLC Simulation) dataset, which provides high-resolution projections of 
global land-use change under various pathway scenarios. To ensure its 
accuracy and applicability to our study area, we manually calibrated the 
dataset based on local conditions. Specifically, we visually compared the 
simulated land-use patterns with recent Landsat 8 satellite imagery to 
assess consistency with real-world observations. We further validated 
the reliability of the projected land-use boundaries under future sea- 
level-rise scenarios using the flood-inundation analysis tool within 
ArcGIS Pro's hydrologic modeling framework. Detailed results of sea- 
level rise inundation are provided in Appendix A.3. These steps 
improved the reliability and applicability of the dataset for subsequent 
simulations and projections.

We used a scoring system to select indicative shorebird species that 
are common, migratory, and sensitive to habitat change along the East 
Asian-Australasian Flyway (EAAF) in the GBA (Huang et al., 2025). 
Detailed scoring criteria and species information are provided in Ap
pendix A.2. Ultimately, 12 indicator species were identified, including 
10 threatened species (IUCN, 2025). Despite inter-species differences, 
they share critical non-breeding habitat functions during stopover, 

Fig. 1. Geographical location and land use/cover of the study area.
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predominantly relying on functionally similar habitat types such as 
intertidal mudflats, shallow water areas, and associated aquaculture 
ponds. Modeling the species as a functional group helps mitigate the 
issue of sparse occurrence data (especially after spatial thinning) which 
could otherwise lead to model over-fitting and reduced predictive power 
for individual rare species. The resulting multi-species suitability map 
characterizes the potential habitat network for migratory shorebirds.

To mitigate spatial autocorrelation and sampling bias, the integrated 
occurrence dataset was subjected to spatial thinning, removing all re
cords closer than 1 km. This resulted in a final sample size of 337 in
dependent occurrence points used for MaxEnt modeling.

2.4. Identification of habitat patches

Data pre- and post-processing were performed in the R statistical 
environment (R version 4.3.2), utilizing packages including ENMeval, 
dismo, and raster (Muscarella et al., 2014; Hijmans et al., 2024). Envi
ronmental variables included 19 bioclimatic variables and six geospatial 
variables, namely land use, vegetation, altitude, slope, aspect, and 
nighttime lights (Table A4). All variables were standardized and 
resampled to 30 × 30 m using the nearest-neighbor interpolation 
method. Since multicollinearity can lead to unstable parameter esti
mates in SDMs (Sillero, 2011), we screened the environmental variables 
to reduce the negative impact of multicollinearity. Then we calculated 
Pearson's correlation coefficients among all environmental variables. 
For variables with |r| ≥ 0.85, we removed them based on ecological 

Fig. 2. The methodological framework of this study.
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relevance and contribution rates.
In Sub-scenario I, both future bioclimatic variables and projected 

land-use datasets were incorporated, reflecting simultaneous changes in 
climate and land-use patterns. In contrast, Sub-scenario II used the same 
set of future bioclimatic variables, while land-use variables remained 
unchanged, allowing only bioclimatic variables to vary. The distribution 
records of the indicator species, along with the selected environmental 
variables, were input into MaxEnt software (version 3.4.4) for species 
distribution modeling. 75% of the occurrence data were randomly 
selected for model training, with the remaining 25% reserved for testing. 
The model was run using the bootstrap method with 10 replicates, and 
the average output was used as the final prediction. The output format 
was set to Logistic, while all other parameters remained at their default 
settings. To evaluate the relative importance and contributions of 
environmental variables, the jackknife test was applied. The habitat 
suitability maps produced by the MaxEnt model were converted into 
binary maps to identify the suitable habitats.

Based on these suitable habitats, we further identified the habitat 
patches to serve as network nodes by integrating MSPA and landscape 
connectivity metrics. MSPA was used to extract core habitats, which 
represent larger habitat patches within the foreground pixels that can 
provide extensive habitats for species and are important for biodiversity 
conservation. We then applied Conefor 2.6 to calculate the Probability 
of Connectivity (PC) index and the delta Probability of Connectivity 
(dPC), as detailed in Appendix A.5. Patches larger than 10 ha were 
considered critical for maintaining bird diversity (Chen et al., 2024). 
Finally, only those patches that were identified as core areas by MSPA 
and had dPC >1 were designated as shorebird habitat patches (Saura 
and Torné, 2009).

2.5. Identification of habitat corridors

2.5.1. Evaluation of the ecological resistance surface
In this study, the ecological resistance surface was developed by 

combining seven environmental and anthropogenic factors weighted 

through SPCA. Coastal wetland shorebirds are influenced by both 
environmental and anthropogenic factors. Land-use is a major driving 
factor (Patankar et al., 2021), with shorebirds favoring specific habitats 
such as reed beaches, bare flats, grasslands, and wetlands, which offer 
abundant foraging opportunities. Vegetation cover, as indicated by 
NDVI, is a key factor influencing waterbird distribution due to its close 
association with foraging habitats and food resources (Barchiesi et al., 
2022). For shorebirds, areas with lower coastal vegetation cover are 
preferred, as these regions provide abundant benthic food resources (Ma 
et al., 2013). Topographic features, such as elevation and slope, also 
impact shorebird habitat suitability (Zockler et al., 2016); shorebirds 
generally prefer low-elevation, flat areas, while elevated and rugged 
terrain can hinder their normal activities. Local Deviation from Global 
Mean (LDFG) and Terrain Ruggedness Index (TRI) were also included as 
resistance factors for shorebirds (Wang et al., 2021). Detailed de
scriptions of these indices and their relevance to shorebirds, along with 
the formulas used for their calculation, are provided in Appendix A.6. 
Most previous studies have determined the weights of these factors using 
methods such as the Analytic Hierarchy Process (AHP). These methods 
typically rely on expert judgment to assign scores and derive weights, 
which can introduce a high degree of subjectivity (Liu et al., 2024a). In 
contrast, we applied SPCA to incorporate spatial data information 
(Harris et al., 2011). We performed Z-score standardization on the 
resistance factor raster data, followed by the application of the Principal 
Components tool in ArcGIS Pro (Table A5).

Wind farms can affect migratory birds through several mechanisms 
(Marques et al., 2014). Research shows that the rotation of turbine 
blades and signal lights can disrupt shorebird habitats and migratory 
paths, impacting ecological structure and stability (Madsen and 
Boertmann, 2008; Cohen et al., 2022). Habitat alteration and fragmen
tation may reduce habitat suitability and resource availability near 
turbines (Tolvanen et al., 2023). Disturbances caused by rotor move
ment, noise, vibration, flashing lights, and human activities can lead to 
behavioral changes, such as avoidance or altered migratory routes 
(Drewitt and Langston, 2006; Marques et al., 2020, 2021). We extracted 
the offshore and onshore coordinates of wind farm locations in the study 
area from the Vortex Interface (vortexfdc.com) and applied 500 m buffer 
zones around these points in ArcGIS Pro. These areas were considered 
high-resistance zones and spatially overlaid with the raster data gener
ated from SPCA, resulting in the final resistance surface layer.

2.5.2. Establishment of habitat corridors
Circuit theory is commonly used to model habitat corridors by esti

mating resistance distances and identifying key areas that facilitate 
species movement. Areas with the highest ‘current’ density are recog
nized as migration hotspots, highlighting their critical role in main
taining landscape connectivity. In this study, habitat corridors were 
extracted using the Linkage Mapper Toolbox and Circuitscape software. 
The Centrality Mapper module was employed to assess the importance 
indices of habitat patches and corridors. Additionally, the Pinch Point 
Mapper and Barrier Mapper modules were used to identify ecological 
pinch points and barriers within the corridors. Using the natural breaks 
classification method, the top 20% of areas with the highest current 
density were extracted as ecological pinch points, while the top 20% of 
areas with the highest resistance values were identified as ecological 
barriers (Huang et al., 2025). Ecological pinch points, characterized by 
high current density, represent areas with limited alternative pathways 
and therefore require priority protection to ensure habitat conservation. 
Ecological barrier points, on the other hand, obstruct species movement 
between habitats, and their mitigation is essential for improving overall 
network connectivity.

2.6. Evaluation of habitat network

Based on complex network theory, habitat patches are regarded as 
network nodes, and habitat corridors are treated as network edges. The 

Table 1 
Data sources and description in this study.

Data Sources Description

Climate data (BIO1- 
19)

WorldClim database 
(http://www.worldclim. 
org/)

Raster, 1 km × 1 km

Land-use/land- 
cover (LULC)

Annual China Land Cover 
Dataset (http://doi.org/10. 
5281/zenodo.4417809)

Raster, 30 m × 30 m (2022)

Finer Resolution 
Observation and Monitoring 
of Global Land Cover dataset 
(http://www.geodata.cn)

Raster, 30 m × 30 m (2030, 
2050, 2070)

Digital Elevation 
Model (DEM)

Geographic Spatial Data 
Cloud (https://www.gs 
cloud.cn/)

Raster, 30 m × 30 m (2022)

Slope (SLO) Calculated from DEM data 
in ArcGIS Pro

Raster, 30 m × 30 m (2022)

Aspect (ASP) Calculated from DEM data 
in ArcGIS Pro

Raster, 30 m × 30 m (2022)

Terrain Ruggedness 
Index (TRI)

Calculated from DEM data 
in ArcGIS Pro

Raster, 30 m × 30 m (2022)

Local Deviation 
from Global 
Mean (LDFG)

Calculated from DEM data 
in ArcGIS Pro

Raster, 30 m × 30 m (2022)

Normalized 
differential 
vegetation index 
(NDVI)

Landsat 8 Surface 
Reflectance NDVI (2022) 
Dataset, Calculated Using 
the Google Earth Engine 
Platform

Raster, 30 m × 30 m (2022)

Nighttime Light 
index (NTL)

NOAA VIIRS DNB Monthly 
V1 (2022) dataset, 
calculated using the Google 
Earth Engine platform

Raster, spatially enhanced 
using bilinear interpolation 
to a resolution of 
30 m × 30 m (2022)
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evaluation of ecological network nodes is conducted through metrics 
such as degree, clustering coefficient, betweenness centrality, closeness 
centrality, and eigenvector centrality. Degree represents a node's direct 
connectivity, identifying highly connected ecological patches that 
facilitate species movement. Clustering coefficient reflects local stabil
ity, where tightly connected neighboring patches enhance habitat 
resilience. Betweenness centrality highlights key bridge nodes that 
maintain migration pathways and mitigate fragmentation. Closeness 
centrality measures a node's global efficiency in species dispersal, 
identifying critical diffusion hubs. Eigenvector centrality assesses a 
node's influence within the network, emphasizing patches with wide
spread ecological impact through connections to other significant 
habitats.

Subsequently, the ecological network connectivity index is applied to 
assess the connectivity of the habitat network (Santini et al., 2016; Zhao 
et al., 2024). This index, comprising the network loop degree (α), node 
connectivity rate (β), network connectivity degree (γ), and connectivity 
density index (ρ) analyzes changes in network connectivity (Details are 
provided in Appendix A.7). It provides a comprehensive evaluation of 
overall ecological network connectivity using single indicators.

The detailed process and results of the potential spatial configuration 
of the shorebird habitat network are provided in Appendix A.8.

3. Results

3.1. Changes in habitat patches under different scenarios

The baseline potential suitable habitat in the GBA consists of 232 
discrete patches covering 1629 km2. Large patches form continuous 
complexes along the coast and riparian corridors beside the Pearl River, 

while smaller patches occur inland and within urban zones where 
fragmentation is severe (Fig. 3a). Under the integrated climate and land- 
use trajectory (Sub-scenario I), our projections showed that EPS initially 
expanded habitat extent. Both patch count and total area increased 
through 2030, reaching 245 patches and 1764 km2 respectively, before 
declining after 2050. In contrast, the SDS drove steady decline 
throughout the projection period, with patch numbers decreasing to 179 
and total area contracting to 1418 km2 by 2050. CTS produced the most 
severe habitat loss, reducing patches to 117 and area to 1224 km2 by 
2070. These trajectories confirm that only EPS provided a temporary, 
short-term habitat expansion, while both SDS and CTS resulted in 
continued fragmentation and loss (Fig. 3b). Moreover, the spatial 
changes are accompanied by a consistent northward shift in the average 
latitude of the remaining habitat patches (Fig. 3c and Fig. A10). This 
latitudinal redistribution reflects the influence of rising temperatures 
and sea-level encroachment, which progressively reduce habitat suit
ability in low-latitude coastal zones.

Comparing Sub-scenario II with Sub-scenario I revealed how land- 
use change could either mitigate or amplify climate impacts (Fig. 3b). 
Under EPS, Sub-scenario II produced smaller initial gains than the in
tegrated scenario, with both trajectories declining after mid-century. 
This pattern indicated that land-use change initially enhanced habitat 
gains beyond those achieved through climate factors alone. Under SDS, 
land-use dynamics partially offset climate-driven losses in patch count 
while marginally reducing total area. Conversely, under CTS, incorpo
rating land-use change accelerated habitat decline, amplifying losses in 
both patch number and total area by 2030. These contrasts demonstrate 
that land-use change may buffer or exacerbate climate-driven habitat 
trends depending on the development pathway. The results highlight the 
importance of coupling emissions reductions with targeted land-use 

Fig. 3. (a) Potential shorebird habitat patches identified in the study area and PAs listed in the “Action Plan for the Protection and Restoration of Migratory Bird Flyways 
in China (2024-2030)”. (b) Changes in the number and area of habitat patches under different scenarios. (c) Spatial variations in the distribution of habitat patches 
under Sub-scenario I.
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management to optimize shorebird habitat conservation.
To better understand habitat persistence and resilience, we further 

analyzed the proportion of stable habitat patches, defined as those 
consistently identified as suitable in both current and future periods. The 
results reveal a continuous decline over time under the combined im
pacts of climate change and land-use transitions (Fig. 4). In the short 
term, EPS maintains a relatively high retention rate. However, after 
2050, the degradation of stable habitats becomes more pronounced. By 
2070, this proportion drops to 54.94 percent under EPS, 46.63 percent 
under SDS, and further declines to 42.47 percent under CTS. Spatially, 
stable patches are predominantly concentrated in estuarine and pro
tected coastal zones. Notable examples include the Nansha Wetland, the 
Futian Mangrove National Nature Reserve, and the Mai Po and Inner 
Deep Bay wetlands, which collectively sustain large and persistent 
shorebird habitats. These patches function as critical nodes for main
taining migratory stopover, foraging, and roosting functions within the 
habitat network. In contrast, many smaller patches along the open 
coastline have undergone progressive degradation and disappearance, 
particularly under CTS, as intensified land conversion and sea-level rise 

increasingly undermine the suitability of low-lying intertidal zones for 
shorebird use.

3.2. Changes in habitat corridors under different scenarios

The potential shorebird habitat network in the GBA relies on 489 
ecological corridors spanning 3729.7 km. The longest corridor runs 
86.5 km, connecting the Tan River and Yamen Watercourse while 
linking key sites like the Gudoushan Provincial Nature Reserve and the 
Modaomen Channel. These corridors provide the basic framework for 
the regional habitat network, allowing shorebirds to move across frag
mented coastal landscapes (Fig. 5a). Under the integrated climate and 
land-use trajectory (Sub-scenario I), connectivity grows during the early 
EPS period. Corridor count and total length peak at 536 and 3815.1 km 
by 2030. This trend shifts after mid-century by 2070 both measures drop 
significantly to 263 corridors and 1896.1 km. SDS shows a similar 
pattern but declines more gradually, ending with 237 corridors and 
1840.2 km in 2070. CTS demonstrates continuous losses throughout the 
century, shrinking the network to 197 corridors and 1592.3 km by 2070. 

Fig. 4. Spatial distribution of stable habitat patches and proportion of stable habitat patch area.
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In general, EPS delivers short-term gains but cannot fully offset long- 
term pressures from climate and land-use changes. SDS maintains 
moderate connectivity, while CTS leads to severe fragmentation and 
network breakdown (Fig. 5b). Notably, several important corridors 
persist across different timeframes and scenarios. These include con
nections between the National Huidong Sea Turtle Nature Reserve and 
Mai Po Nature Reserve, Shenzhen Bay and Qi'ao-Dangan Island, and 
Zhenhai Bay Mangrove National Wetland Park and Guanghai Town in 
Jiangmen (Fig. 5c and Fig. A11).

Comparison of Sub-scenario II with Sub-scenario I reveals that land- 
use change alters connectivity in different ways depending on the 
development pathway. Under EPS and SDS, the inclusion of land-use 
dynamics in Sub-scenario I leads to the formation of additional corri
dors during the early decades, with numbers and lengths exceeding 
those under climate-only projections in 2030. For instance, EPS shows 
536 corridors under Sub-scenario I, compared to 472 under Sub-scenario 
II. This suggests that ecologically oriented land-use can initially enhance 
habitat connectivity. However, by 2070, climate-only projections retain 

Fig. 5. (a) The establishment results of potential habitat corridors. (b) Changes in the number of habitat corridors under different scenarios. (c) Spatial distribution of 
habitat corridors under different scenarios.
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higher corridor numbers and longer total lengths, as land-use expansion 
in Sub-scenario I gradually weakens the network. Under CTS, land-use 
change accelerates connectivity loss across all decades, limiting poten
tial movement routes for shorebirds. These findings show that while 
land-use management may provide early benefits, only sustained 
ecological protection can prevent long-term habitat isolation and con
nectivity loss under climate change and sea-level rise.

3.3. Evaluation and comparison of habitat networks under different 
scenarios

Across all scenarios, the ecological network connectivity index α, β, 
and γ exhibit a general downward trend over time, indicating progres
sive simplification and fragmentation of the network (Fig. 6a). EPS and 
SDS consistently outperform CTS in maintaining network integrity, 
particularly in the short term. For instance, under Sub-scenario I, α 
reaches 0.602 in EPS by 2030 and 0.580 in SDS, compared to 0.514 in 
CTS. Similarly, β and γ attain higher values in EPS (2.188 and 0.735, 
respectively), reflecting better-connected and more cohesive networks. 
However, this advantage diminishes over time. By 2070, all indices 
decline substantially, with CTS showing the most severe degradation 
(α = 0.354, β = 1.684, γ = 0.571 in Sub-scenario I).

The impact of land-use change, when compared to climate drivers 
alone, varies across scenarios and periods (Fig. 6b). In EPS, the inclusion 
of land-use change initially enhances α by 5.3% in 2030, suggesting a 
short-term synergistic effect between ecological planning and climate 
adaptation. However, this benefit reverses by 2070, when α drops by 
4.7% relative to the climate-only projection. In contrast, SDS and CTS 

show consistent negative effects of land-use change on all indices 
throughout the projection period. In 2070, CTS exhibits the steepest 
decline in α (− 9.1%), β (− 4.1%), and γ (− 3.9%) under Sub-scenario I 
compared to Sub-scenario II, highlighting the compounding impact of 
unregulated land-use expansion under high-emission pathways. Overall, 
the habitat network is undergoing a process of simplification. Under 
CTS, network structures are becoming increasingly fragmented, with 
both habitat patches and corridors shrinking in spatial extent and 
functional capacity. Local subnetworks, particularly in the southern 
region where small, fragmented island habitats are located, are gradu
ally disappearing. In contrast, some clusters of robust source patches and 
corridors persist in larger, well-managed coastal wetland areas. 
Although early improvements are observed under EPS, the long-term 
trend still indicates a gradual simplification of the network, especially 
in peripheral zones.

4. Discussion

4.1. Methodological refinement and ecological interpretation of habitat 
corridors

Numerous studies have shown that habitat networks play an 
important role in linking fragmented patches, facilitating species 
movement, and supporting ecological processes (Mossman et al., 2015; 
Keten et al., 2020). By mitigating the effects of habitat fragmentation, 
such networks are increasingly regarded as an important tool for 
biodiversity conservation (Xu et al., 2024b). However, many such 
studies are primarily rooted in urban planning and landscape ecology, 

Fig. 6. (a) The ecological network connectivity index under different scenarios. (b) Relative changes in habitat network metrics under Sub-scenarios I compared to 
Sub-scenarios II.
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and often lack integration of species-specific ecological information, 
which may limit their value for biodiversity conservation (Ashrafzadeh 
et al., 2020; Modica et al., 2021; Beger et al., 2022; Mu et al., 2024). In 
this study, we addressed this limitation by focusing on shorebirds as 
indicator species and by integrating habitat preferences and migratory 
behavior into both habitat suitability modeling and resistance surface 
construction.

The resulting pattern of habitat nodes and corridors supports the 
ecological relevance of this framework. High-centrality habitat nodes 
and corridors, such as the complex formed by the Futian Mangrove 
National Nature Reserve and Mai Po wetlands, were consistently iden
tified as key components of the regional network. Moving beyond 
generic landscape ecology approaches, our study improved the ecolog
ical relevance of resistance surface construction by integrating shorebird 
migratory behavior and habitat preferences, rather than relying solely 
on expert judgment. The application of Spatial Principal Component 
Analysis (SPCA) further improved the objectivity of the resistance sur
face and enabled a more realistic representation of multiple environ
mental constraints (Liu et al., 2024a). In addition, the coastal wind farms 
identified in our analysis may act as local resistance sources, reinforcing 
the need to avoid such infrastructure in ecologically sensitive areas and 
to strengthen post-construction monitoring (Guan, 2023).

The modeled potential habitat network also showed broad consis
tency with existing conservation planning and regional knowledge in 
the GBA (Yang et al., 2022, 2024; Liu et al., 2025). The identified po
tential habitat patches overlapped with existing Protected Areas listed in 
the Action Plan for the Protection and Restoration of Migratory Bird Flyways 
in China (2024-2030), including several well-recognized waterbird 
habitats in the GBA (Fig. 3a). Similarly, the corridor pattern identified in 
our study was broadly consistent with the regional corridor framework 
proposed in the Pearl River Delta Waterbird Ecological Corridor Con
struction Plan (2020-2025) issued by the Forestry Administration of 
Guangdong Province. Although these consistencies do not constitute 
direct validation of observed migration routes, they provide indirect 
support for the ecological plausibility and policy relevance of our 
modeling framework.

The ecological pinch points and barriers identified through circuit 
theory highlight priority areas for targeted restoration within the po
tential habitat network. Transitional zones at the interface of urban and 
natural landscapes are especially critical for sustaining corridor con
nectivity and ecological functionality. To simultaneously mitigate 
ecological barriers and prevent further degradation of pinch points, 
cities should adopt integrated landscape management strategies that 
prioritize the planning and implementation of blue-green infrastructure. 
Priority actions include restoring degraded intertidal flats and estuarine 
margins, protecting remaining coastal buffer zones, enhancing wetland- 
urban transition habitats, and integrating ecological corridors into 
coastal development and zoning plans. These strategies should also 
incorporate targeted hydrological management and the retention of 
native vegetation to improve the resilience, continuity, and multi
functionality of urban coastal ecosystems.

4.2. Adaptive strategies for shorebird conservation and habitat network 
enhancement under future scenarios

Our scenario analysis clearly demonstrates that the GBA's extensive 
regional development policies (Chong and Pan, 2020), while driving 
economic growth, have simultaneously contributed to land-use frag
mentation (Zhang et al., 2023). Under the development-first CTS tra
jectory, we project the progressive degradation and eventual functional 
collapse of the coastal habitat network due to the compounded effects of 
land-use intensification and climate drivers. This confirms the urgent 
need to reconcile urban expansion with long-term ecological resilience.

Crucially, the quantified comparison between our sub-scenarios 
allowed us to distinguish the relative roles of climate change and 
land-use transformation in shaping connectivity (Baisero et al., 2020). 

Notably, in the short term, proactive land-use planning and ecological 
restoration such as those reflected in EPS can partially offset 
climate-induced disruptions (α enhanced by 5.3% in 2030), maintaining 
higher levels of connectivity than under climate change alone. However, 
this buffering capacity declines over time, particularly under intensi
fying development trajectories. Unregulated land-use expansion exerts a 
more immediate and structurally disruptive impact on network integrity 
(up to 9.1% steeper decline in α under 2070-CTS). These findings un
derscore the potential of targeted land-use regulation to yield immediate 
conservation gains, while also emphasizing the importance of priori
tizing stable habitat patches that can serve as climate refugia. Such 
forward-looking planning enhances ecological resilience to future 
climate-driven pressures. This integrated approach, which jointly con
siders short-term buffering and long-term structural vulnerabilities, of
fers a complementary perspective to existing studies that have primarily 
emphasized synergistic threats in inland systems (Mantyka-Pringle 
et al., 2015; de Felipe et al., 2024). In contrast, our coastal-focused 
analysis reveals a temporally lagged but ultimately more profound 
impact of land-use expansion, which represents a distinction of critical 
importance for long-term spatial planning.

In this context, greater policy support for biodiversity conservation 
becomes essential. A representative example is the Pearl River Delta 
Waterbird Ecological Corridor Construction Plan (2020-2025). Our simu
lations under EPS and SDS suggest that proactive ecological strategies 
can reduce habitat loss and fragmentation in the short term. By pro
moting a more cohesive and resilient habitat network, such corridor- 
based planning can effectively complement regional development 
under future environmental change. The findings support established 
conservation paradigms demonstrating that large, contiguous PAs with 
targeted waterbird management yield superior biodiversity outcomes 
(Wauchope et al., 2022). Where the establishment of such PAs is con
strained, other effective area-based conservation measures (OECMs) 
offer viable options for safeguarding ecologically important zones 
beyond formal PAs boundaries (Brighton et al., 2024). Strengthening the 
protection and ecological restoration of coastal and island ecosystems is 
therefore essential for sustaining the regional shorebird habitat network.

Although sites such as the Futian Mangrove National Nature Reserve 
and Mai Po Nature Reserve have achieved notable conservation gains 
through focused restoration and adaptive management, our results 
indicate that several ecologically important shorebird habitats lie 
outside these well-protected areas. Unprotected intertidal flats, estua
rine shorelines and island-associated wetlands constitute the principal 
conservation gaps within the regional habitat network and are projected 
to face increasing pressure under future climate and land-use change. 
Expanding formal protection in these gap areas, upgrading the man
agement of smaller wetland reserves, restoring degraded coastal habi
tats and more effectively integrating shorebird habitat priorities into 
regional planning will be critical for maintaining the integrity of the 
broader shorebird habitat network in the GBA.

In addition to localized efforts, cross-regional collaboration is 
essential. Facilitating cooperation between inland urban areas and 
Special Administrative Regions (SARs) can help build a comprehensive 
conservation network. This is particularly important within the context 
of EAAF, where recent research emphasizes the importance of 
improving the social-ecological fit between institutional arrangements 
and migratory connectivity (Gallo-Cajiao et al., 2024). By strengthening 
node-level coordination across key flyway sites, conservation planners 
can more effectively maintain functional connectivity under future 
scenarios of land-use change and climate pressure. Such coordination 
enhances the ability of institutions to respond collectively to spatially 
distributed ecological dynamics across political boundaries. The success 
of these actions depends on a variety of factors, including hydrological 
conditions, land-use patterns, population density, and the engagement 
of local communities and authorities. Financial investment and institu
tional capacity are equally vital. Targeted support for conservation 
planning, periodic protection, and adaptive management is critical to 
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building a climate-resilient wetland network (Kujala et al., 2013). Such a 
network not only supports shorebird conservation, but also sustains 
broader biodiversity and human well-being (Assessment, 2005; Gardner 
and Finlayson, 2018; Breiner et al., 2022).

4.3. Limitations and prospects

Compared to previous studies, this research proposes a framework 
for analyzing changes in habitat networks under different future sce
narios. The framework can be adapted to the specific conditions of 
different study areas by collecting diverse species distribution data and 
adjusting key environmental driving factors, thereby positively 
contributing to biodiversity conservation in various regions. Although 
we have thoroughly considered the impacts of various environmental 
factors, such as climate change, land-use change, and sea level rise, on 
future scenarios, other factors such as Nighttime light, which is influ
enced by socioeconomic activities, energy use, technological changes, 
and urbanization pose significant challenges in constructing a compre
hensive dynamic prediction model (Kii et al., 2024). Similarly, DEM 
mainly describes static topographical features, and its changes are 
influenced by natural and anthropogenic geological processes, the 
timing and scale of which are difficult to predict accurately. NDVI re
sponses to climate and land-use changes are typically nonlinear and 
influenced by complex interactions among various factors, making the 
prediction of future changes highly uncertain (Teng et al., 2023; 
Mehmood et al., 2024).

The framework proposed in this study is effective for identifying and 
evaluating modeled potential shorebird habitat networks, but it does not 
directly represent observed migration routes or species-specific move
ment pathways. Although the modeled network is broadly consistent 
with existing important waterbird habitats, Protected Areas, and 
regional corridor planning in the GBA, these consistencies provide in
direct support rather than direct validation. In addition, while the sce
nario framework was developed under contrasting policy-oriented 
pathways, current statutory land-use control lines, such as urban 
development boundaries and ecological protection redlines, were not 
explicitly imposed as hard spatial constraints in the simulation. There
fore, the results should be interpreted as comparative projections under 
alternative development and conservation pathways, rather than as 
exact forecasts under full implementation of existing regulatory 
boundaries. Obtaining direct observational evidence for target species 
would require extensive long-term field monitoring and species-specific 
movement data. Future studies should therefore integrate tracking data, 
such as GPS or satellite tracking and radio telemetry, and further 
incorporate policy-constrained land-use simulations to refine the 
modeled network and improve its applicability to regional conservation 
planning in densely urbanized coastal regions.

5. Conclusion

This study underscores the critical importance of maintaining habitat 
corridors to mitigate fragmentation and sustain biodiversity, particu
larly for migratory shorebirds in densely urbanized coastal regions such 
as the GBA. By integrating SDMs, landscape connectivity analysis, and 
circuit theory, and grounding these within a scenario-based framework, 
we developed a comprehensive approach for identifying and optimizing 
shorebird habitat networks under current and future scenarios. 
Scenario-based projections revealed that conservation-oriented devel
opment pathways (EPS and SDS) can significantly buffer network 
degradation and temporarily maintain corridor continuity, yet they 
remain insufficient to reverse the overarching trajectory of climate- 
driven habitat decline. Our comparative analysis further demonstrates 
that unregulated land-use expansion (CTS) exerts the most immediate 
and structurally disruptive impact, accelerating habitat loss by com
pounding negative climate effects. These findings highlight the need for 
ambitious, integrated conservation strategies that combine climate 

change adaptation with proactive, policy-relevant land-use planning to 
preserve coastal biodiversity. Our framework provides a valuable tool 
for projecting habitat network dynamics and informing conservation 
planning in coastal regions. Future research should build on these pro
jections by incorporating high-resolution movement data and coastal 
geomorphological dynamics to refine our understanding of habitat 
network resilience under accelerating global change.
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