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Anthropogenic disturbances and climate change are projected to become leading
drivers of biodiversity loss and ecological connectivity degradation in marine
ecosystems. However, the lack of quantitative understanding for seascape
connectivity modeling hinders our ability in providing large-scale marine
conservation guidance. By applying well-established theories and tools in
landscape connectivity study and marine-specific indicators, we proposed a
framework to evaluate the resistance-based seascape connectivity among marine
habitats and Marine Protected Areas (MPAs) across China’s coastal sea. The spatial
vulnerability of marine habitats was further assessed to prioritize conservation effort.
Our results showed that 82% of China’s coastal seas were covered with middle to
high level of resistance for migratory marine species, mainly due to concentrated
inshore anthropogenic disturbances such as ship traffic and ocean pollution. With
the modeled migration distances of different species guilds from short-range (25 km)
to long-range (100 km), the area percentage of connected corridors increased from
12.02% to 44.68% in the study area. Vulnerable areas were identified as high
resistance (high exposure) and abundant threatened species (high sensitivity) but
with small number of connected corridors (low adaptive capacity), primarily
distributed in offshore regions of Yellow Sea and East China Sea. Collectively,
inshore regions with high anthropogenic disturbances warrant regulation and
mitigation in major coastal cities and ports. While the lack of interconnected
networks for offshore regions prioritized efforts to enhance seascape connectivity
through the establishment of MPA network. Sensitive species groups require more
attention in future marine conservation, including threatened populations, climate
refugees of marine species, and species with limited movement ranges. This study
highlights the potential of developing seascape connectivity model based on
landscape theories, and the importance of seascape connectivity study in guiding
evidence-based marine conservation strategies.
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1 Introduction

Global marine ecosystems have been threatened by intensified
climate change and anthropogenic disturbances, exacerbating
marine biodiversity loss in oceans (Duarte et al., 2020; Dai et al,,
2023; Pigot et al., 2023; Saintilan et al., 2023). The IUCN Red List of
Threatened Species maintained records of up to 630 endangered
marine species by 2020, and 34 marine species were declared extinct
(IUCN, 2020). Recognizing the pressing need for marine
biodiversity conservation, global initiatives such as the Sustainable
Development Goal 14 highlights the significance of preserving
marine habitats and biodiversity (Griggs et al., 2013), and the
Post-2020 Global Biodiversity Framework emphasizes the
imperative need of expanding ocean protection efforts (Erdelen,
2020). Consequently, there has been a growing awareness of the
challenges surrounding the protection of global marine ecosystems
with scientific guidance (Halpern et al., 2019).

To eliminate the gap between conservation goals and the
current status of marine ecosystems, seascape connectivity studies
have emerged as valuable tools for providing guidance for effective
and scientific marine conservation and management (Virtanen
et al,, 2020). Seascape connectivity is defined as the spatial linkage
across marine ecosystems, which measures potential ecological
processes at a seascape scale, including species migration and
larval dispersal throughout various seascape structures, and the
likelihood of spatial pathways taken by organisms (Treml et al,
2008; Olds et al., 2016; Pittman, 2017). Seascape connectivity
studies have been instrumental in informing marine conservation
planning across different spatiotemporal scales because the
metapopulation persistence of marine organisms is often
determined by seascape connectivity through ontogenetic
migration and larval dispersal (Olds et al., 2016; Weeks, 2017;
Virtanen et al, 2020). Conservation prioritization facilitated by
seascape connectivity models empowers decision makers to allocate
resources strategically, enhancing the efficacy of marine spatial
planning in attaining crucial conservation goals (McLeod et al,
2009; Engelhard et al., 2017). The vulnerability assessment
framework, which incorporates exposure, sensitivity, and adaptive
capacity, is often used as a comprehensive framework to identify
conservation gaps with high ecological risk and to guide socio-
ecological management (De Lange et al., 2010; Dudley et al., 2021).
Although seascape connectivity quantifies the adaptive capacity and
resilience of marine ecosystems, it has yet to be incorporated into
the broader framework of vulnerability assessment to provide
thorough and multifaceted insights into marine spatial
conservation planning (He et al., 2018).

The connectivity of marine ecosystems faces substantial threats
primarily driven by climate change and anthropogenic
disturbances. Global warming has led to severe changes and
anomalies in ultraviolet (UV) radiation, ocean acidification, and
sea surface temperature, predominantly attributed to human
influence (Abadie et al., 2018; Barneche et al., 2021). Specifically,
in China’s coastal sea for the past 40 years, the sea surface
temperature (SST) of offshore China has increased by 0.16 °C/
decade and accelerate to 0.45 °C/decade (1.88%/decade) over the
past decade, which is almost twice the warming rate of the global
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mean SST (Qi et al., 2019; Tang et al., 2020). These environmental
stresses threaten a rich variety of key biogenic habitats (ie.,
mangroves, seagrass, coral reefs, and salt marshes) distributed
along and off the coast. In addition to climate change, 59% of
global marine ecosystems are directly threatened by human
activities, including fishing efforts, ship traffic, and land- or
aquatic-sourced pollution (Halpern et al,, 2019). In connectivity
studies, these factors are listed as resistances that hinder the
movement of marine organisms among ecosystems and increase
the physiological costs associated with migration through a
particular environment (Zeller et al., 2012). While landscape
connectivity studies have widely applied the quantification of
resistance as organisms move through landscape patches
(Dickson et al., 2017; Hilty et al., 2020), these climatic or
anthropogenic resistances may be interpreted with different
sources and functions in the context of seascape connectivity
modeling. This necessitates a thorough examination of migration
resistance in marine ecosystems using resistance-based connectivity
modeling to advance seascape connectivity-based
conservation efforts.

Seascape core patches in marine conservation networks play a
pivotal role in the ontogenetic migration of marine organisms
(Kong et al., 2021). Marine Protected Areas (MPAs), as a type of
core patch, are designed as specialized areas for the conservation of
marine resources, environment, and biodiversity. MPAs contribute
to seascape-scale conservation by safeguarding critical habitats
within the local ecosystem and acting as effective components of
the broader marine network (McLeod et al., 2009). MPAs have been
widely recognized as effective tools to restore and preserve marine
biodiversity, especially in coastal exclusive economic zones (EEZs),
where invaluable biodiversity is heavily affected by anthropogenic
disturbances (Sala et al., 2021). In addition, the key natural habitats
of mangroves, salt marshes, seagrass, and coral reefs in marine
systems also play critical roles as biofilters, nurseries, and foraging
sites to improve species ontogenetic migration and seascape
connectivity (Mumby et al., 2004; Olds et al., 2013; Olson et al.,
2019). The larval dispersal of marine species may rely heavily on
nursery habitats to supply juvenile populations, depending on the
proximity and area of the connected network of MPAs and key
habitats (Weeks, 2017). In addition to acting as potential core
patches in connecting neighboring habitats, MPAs and key habitats
maintain the function of mitigating resistance along migration
corridors (Jacob et al., 2020), especially in filtering coastal
pollution, providing alternative habitats near marine exploitation,
and enhancing population resilience against fishing efforts
(Wallentinus and Nyberg, 2007; Game et al., 2009; Ling et al,
2009). The interconnected networks of MPAs and key habitats are
efficient in maintaining and restoring marine biodiversity and
ecosystem resilience to disturbances (Swadling et al., 2019).
Although previous research on connectivity modeling has
acknowledged the positive impacts of MPAs and key habitats
(Galpern et al., 2011; Zeller et al., 2012; Cecino et al., 2021), the
contributions and responses of core marine habitats in framing
seascape connectivity models are still not well addressed.

Here, we modeled resistance-based seascape connectivity based
on landscape theories and tools and assessed the vulnerability of
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marine ecosystems to identify priorities in marine conservation
planning. We integrated the positive effects of MPAs and key
habitats as offset factors in resistance modeling in China’s coastal
seas. The resistance-based seascape connectivity of marine species
guilds with different migration distances was projected.
Additionally, by integrating resistance and connectivity maps with
the distribution of threatened marine species, we identified
vulnerable areas following the vulnerability assessment
framework. Areas with high levels of resistance (exposure) and
threatened species distribution (sensitivity) but not well connected
by corridors (low adaptive capacity) were identified as vulnerable
areas in marine conservation, with critical implications for
prioritizing marine conservation efforts.

2 Materials and methods

2.1 Study area

China’s coastal sea is of great significance for marine
biodiversity preservation and serves as a critical zone for
supporting the lifecycle of global marine species. This region
consists of four parts: Bohai Sea, Yellow Sea, East China Sea, and
South China Sea. However, this coastal region also experiences high
levels of anthropogenic disturbance from both terrestrial pollution
and marine human activities. According to the Ministry of Ecology
Environment of China in 2018, 43% of the monitored land-sourced
sewage outfalls failed to meet national standards, such as major
pollutants of total phosphorus, ammonia nitrogen, and suspended
matter. Extensive anthropogenic disturbance has become the major
challenge in China’s coastal sea, including ship traffic, fishing
efforts, and nearshore pollution, exacerbating the degradation of
coastal ecosystems and the loss of seascape connectivity and
resilience. In addition to human disturbances, climatic effects
exert great pressure on marine species in the coastal seas of
China. In this region, over 250 MPAs were established to provide
additional protection to 9.3% of China’s coastal sea. In this study,
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we used the spatial extent of the Marine Function Zone (MFZ) of
China’s coastal sea as our study area to model resistance-based
seascape connectivity, which is the near-coast sea crucial to natural
resources, biodiversity protection, and marine socio-economic
development (Lu et al., 2015).

2.2 Mapping resistance and offset factors

With reference to well-established theories and methods of
landscape connectivity, our methodology is provided in three
parts (Figure 1): (1) estimating the resistance surface using
anthropogenic and climatic disturbances, as well as offset effects
of key habitats and MPAs based on patch sizes. The landscape
change datasets were substituted with marine function zones to
serve the essential function of regulating various seascape types
within the marine environment. The proposed framework is the
first to incorporate posititve influence of key habitats and MPAs in
resistance modeling. Connectivity analysis was performed using the
Linkage Mapper Tool, leveraging graph theory and least-cost theory
to accurately measure the spatial arrangement of corridors and the
degree of permeability within the landscape (McRae and Kavanagh,
2011; Mitchell et al.,, 2013); and (3) assessing spatial vulnerability
from the three aspects of exposure (represented by resistance),
sensitivity (threatened species distribution), and adaptive capacity
(connected corridors) (Pacifici et al., 2015).

Based on landscape connectivity studies and the characteristics
of marine ecosystems, we selected a series of indicators to model
human disturbances and climate change (Table 1) and identified
potential core patches in the connectivity network. Resembling land
use and cover change in terrestrial connectivity modeling, the MFZ
(Supplementary Figure 1) was used to specify the domain function
of nearshore marine area for the usage and regulation based on
environmental, biological, and social-economic conditions (Lu
et al., 2015). The main types of MFZ included protected and
reserved areas, recreation, tourism, fishing, industry, mining,
shipping, and reclamation (Supplementary Table 1). The spatial

Landscape » Seascape Connectivity Modeling
Habitats forest, grassland, mangrove, seagrass, I Core Least-cost
wetland coral reef, saltmarsh ... I Patches Theory
Area-based
protected areas Marine Protected Areas
Zonation pe C y
land use and cover Marine Function Zone Species Guilds with
different migration distance
Short-range (25 km)
Human road construction, ocean pollution, DIstirDares Principal Mid-range (50 km)
population pressure, ship traffic, M T Component Long-range (100 km)
Impacts industrial pollution fishing effort ... Effect Analysis | 2
lim. sea surface P ), (3 vation - e
,C atte surface temperature UV radiation, . Tl Species - itivity & —tqulnerablll t
mpacts ocean acidification 7 Analysis Connected Corridors— Adaptivity| ssessmen

FIGURE 1

Framing seascape connectivity modeling and conservation analysis. The datasets used in the marine system were selected based on the landscape
system into four categories. They were further transformed to calculate the disturbance and offset effects in marine ecosystems. Least-cost theory
from landscape modeling was applied to seascape connectivity for species guilds with different migration distances (25 km, 50 km, and 100 km).
Vulnerability assessments regarding resistance-based connectivity and threatened species were performed using modeling results to prioritize

conservation efforts.
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TABLE 1 Spatial datasets used in seascape connectivity modeling.

o . Data
Factor/Objectives  Resolution
Sources
Marine
Marine P A
Protected arme' rote}cted reas Vector MNR, 2011
in China
Area
Distribution of Mangrove Zhang
. . Vector
in China et al. (2022)
Global Distribution .
Vector UNEP, 2015
of Saltmarsh
Habitats
lobal Distributi
Global Distribution Vector UNEP, 2020
of Seagrasses
Global Distribution of
Vector UNEP, 2018
Coral Reefs
Species IUCN Red List of Vecto Brooks
r
Distribution Threatened Marine Species et al. (2016)
Sea Surface ‘ 1 km Halpern
Temperature Anomalies et al. (2015)
Climat Hal
1mate Ultraviolet Anomalies 1 km alpern
Change et al. (2015)
Halpe
Ocean Acidification 1 km pern
et al. (2015)
Shipfinder,
Ship Traffic 0.05° P
2020
Shipfinder,
Fishing Effort 0.05° pRnaer
2020
Marine F ion Z
arme' unc't lon £one Vector MNR, 2011
in China
Human . Sajjad
X Reclamation Vector
Disturbance et al. (2018)
Halper
Ocean Pollution 1 km apertt
et al. (2015)
Hal
Inorganic Pollution 1 km apern
et al. (2015)
Hal
Invasive Species 1 km alpern

et al. (2015)

MNR, Ministry of Natural Resource of China; UNEP, United Nations
Environment Programme.

extent of the MFZ and MPA of China’s coastal sea was extracted
from spatial planning by the Ministry of Natural Resource of China
in 2011, and we also included the updated reclamation zones from a
previous study (Sajjad et al., 2018). Salt marsh, coral reef, and
seagrass distributions were derived from the global dataset of the
United Nations Environment Programme (UNEP, data.unep-
wcme.org/datasets). Mangrove distribution in China was
interpreted on a finer scale from remote sensing images in a
previous study in coastal East Asia (Zhang et al., 2022).

While road construction and population distribution are
prominent factors influencing land ecosystem connectivity (Li
et al,, 2019), this study utilized ship traffic and fishing efforts to
quantify human influences in marine ecosystems (Chen et al,
2022), which generate underwater noise, oil spills, and turbidity
that hinder marine species movement and lifecycle (Jonsson et al.,
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2021). In addition, we included spatial datasets of marine- and land-
based pollution potentially resulting from wastewater, which has
detrimental effects on marine wildlife migration (Lott, 2022). The
shipping density distribution was derived from Automatic
Identification System datasets with a 1 km x 1 km resolution in
Shipfinder (www.shipxy.com). Fishing effort is represented by the
density of fishing ships, and ship traffic is represented by the total
density of passenger ships, cargo ships, tankers, and high-
speed crafts.

Climatic factors, such as ocean acidification, SST anomalies,
and UV radiation anomalies, were also included, which could result
in habitat loss and food web alteration in large-scale marine
environments and negatively impact species migration and
resilience (Berkstrom et al., 2020). These changes in
environmental conditions may hinder marine species movement
in local regions, resulting in a range shift in native species (Morelli
et al,, 2017; Pinsky et al., 2020).The preprocessed datasets (Table 1)
were used as inputs to generate the resistance layers and core
patches. Ocean pollution, land-sourced inorganic pollution,
invasive species risk, and climate change indicators were derived
from Halpern et al. (2015) at a resolution of 1 km x 1 km. All the
geospatial datasets were scaled to a resolution of 1 km. Spatial
analysis and preprocessing were performed using ArcMap 10.4.1.

Mapping resistance from anthropogenic disturbance and
climate change is informative for understanding exposure to
marine species, and it is the crucial first step in advancing
Euclidean distance to resistance distance for functional
connectivity modeling with detailed spatial information (Magris
et al., 2014; Halpern et al, 2019; Keeley et al., 2021). Here, we
adopted a resistance scoring system from landscape connectivity
studies to normalize the resistance factors with equal weights, with
higher scores representing greater resistance (Theobald, 2010; Li
et al., 2019; Trew et al., 2019). Human-induced resistance factors,
such as ocean pollution, risk of invasive species, ship traffic, and
fishing effort, were divided into five levels based on their percentiles
and assigned a resistance score from 1 to 5 (i.e., the highest 20% of
the factor was assigned a value of 5, while the 20% lowest was
assigned a value of 1) (Supplementary Table 2). Marine climate
change factors, such as ultraviolet radiation anomalies, ocean
acidification, and SST anomalies, were scored using the same
statistical approach to evaluate the impact of climate change. We
implemented a scoring system ranging from 1 to 5 for different
types of areas within the MFZ. This scoring was derived from expert
evaluations of the key functions of the areas, distinguishing between
natural and unnatural attributes and assigning scores accordingly.
The methodology involved referencing the expert assignment
approach utilized in quantifying the effect of different land-use
covers within landscape connectivity studies. (Theobald, 2010). As a
destructive coastal redevelopment in China, the constructed
reclamation area in the MFZ was considered to have the highest
level of resistance to species (scored as 5), while aquaculture and
fishing zones scored as 3 and tourism zones scored as 1 with the
least impact (Supplementary Table 1). Although different species
may exhibit varying responses to the aforementioned disturbances,
the selected resistance indicators significantly impact a broad
spectrum of marine species and imply a seascape-scale resistance
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spatial pattern (Doney et al., 2011; Pinsky et al., 2019). The overall
resistance score ranged from 0 to 40, ranking from low (0-15),
middle (16-29), to high resistance (30-40).

To reveal how resistance was offset by MPAs and key habitats,
we calculated the difference in resistance with or without offset
factors. Such mitigation effects of core patches on disturbances are
positively correlated with their size (Bruno and Kennedy, 2000;
Mitchell et al., 2013; Edgar et al.,, 2014; Shinomiya et al., 2017).
Therefore, we assigned an offset score ranging from -1 to -5
(negative as in resistance score for mitigation) based on the level
of patch size (with the largest 20% patches in this study scored
as —5, while the smallest 20% patches scored as —1 in offsetting
resistance, etc.). The overall resistance layer was the accumulation
of the scored indicators of anthropogenic disturbance, climate
change, and offset factors, with equal weights for each factor.
Principal Component Analysis (PCA) was applied to illustrate the
contribution and relationship of each indicator in the study area.

2.3 Modeling seascape connectivity

To account for variability in migration distances among marine
species (Caldwell and Gergel, 2013), we mapped seascape
connectivity at different migration distances based on species
guilds with different traits. Resistance-based connectivity
modeling developed in landscape ecology utilizes the least-cost
path (LCP) to indicate the best possible migration corridors,
which is calculated as the path with the least cumulative
resistance connecting core patches (Carroll et al., 2012). By
adjusting the longest LCP modeled as the migration distance, we
were able to investigate how marine species guilds with different
migration distances exhibit different spatial patterns of seascape
connectivity. Core patches, including MPAs and key natural
habitats, were used as connecting nodes in the modeled network
to determine the pathways of marine species migration.

The migration distances of many common marine fishes,
invertebrates, and their larvae generally range from 10 km to 100
km (Palumbi, 2004). Within this range, we conducted a series of
connectivity modeling at different migration distances
(Supplementary Figure 3) using the Linkage Mapper Tool
(Kavanagh et al,, 2012; Cecino et al,, 2021). Among these, three
representative species guilds were selected (25 km, 50 km, and 100
km) to present the spatial distribution of seascape connectivity.
These three selected distances represent the major marine species
guilds as short-range (25 km) and mid-range (50 km) species,
including Rhynchobatus immaculatus, Odontaspis ferox, and
Squatina formosa, and pelagic long-range (100 km) species,
including whales, sharks, and tuna. In addition to the LCPs
identified by the Linkage Mapper Tool, it also generates a map of
rank-based connectivity metrics across the spatial extent,
comprising the spatial aggregation of alternative migration
pathways based on the prioritization of lower cumulative
resistance. The connectivity metrics modeled in this study were
derived from multiple habitat types and least-cost distances across a
resistance map; specifically, lower connectivity metrics indicate a
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higher priority for species migration in such a path. These paths are
characterized by lower cumulative resistance costs that species
encounter when moving across seascape patches. The best paths
were identified as LCPs with a connectivity metric value of 0 (ie.,
the first path to choose with the least resistance). The actively
connected areas, considered as connected corridors, were identified
based on ranked connectivity metrics ranging from 0 to 200,000,
representing the first 200,000 paths prioritized by species for
migration among patches.

2.4 ldentifying conservation priority areas
based on vulnerability assessment

The identification of conservation priorities in marine
ecosystems was based on the vulnerability assessment framework;
the resistance map represents exposure magnitude, the spatial
distribution of threatened marine species included in the TUCN
Red List to represents sensitivity, and a layer of connected corridor
numbers to indicates adaptive capacity. The conservation status of
the threatened species was classified by [IUCN using criteria such as
decline rate, distribution area, population size, and distribution
fragmentation (IUCN, 2020). These threatened marine species
populations, including critically endangered (CR), endangered
(EN), and vulnerable (VU) species, are particularly sensitive to
both anthropogenic disturbances and climate change (Crozier et al.,
2021; O’Hara et al., 2021), making it imperative to maintain a highly
connected network for their resilience. The number of threatened
species in each area was used as an indicator of the sensitivity and
level of conservation demands in that region.

To specify seascape connectivity with different migration
abilities, we quantified the spatial distribution of the number of
connected corridors throughout the eight species guilds
(Supplementary Figure 3), ranging from 0 to 8. Areas with low
corridor numbers indicate that only species with long dispersal
distances (usually 100 km-150 km) can reach those places, whereas
these corridors are not accessible by short-range and mid-range
species. Given the significant heterogeneity of biodiversity
distribution and connectivity across the four seas in China, we
classified the values of threatened species number and corridor
number into three levels (low, mid, and high) according to the
percentile intervals in each region. For instance, this categorization
identified pixels with the highest 33.3% of species numbers in a
giving sea as high number of threatened species.

Vulnerable areas were identified as regions characterized by high
levels of human-induced and climatic disturbances, as well as the
abundance of threatened marine species, but lacking sufficient
connected corridors. Based on these three aspects of vulnerability,
we categorized four categories with critical conservation implications:
(1) highly vulnerable (mid-to-high exposure and sensitivity with low
adaptability), (2) vulnerable (mid-to-high exposure and sensitivity
with mid-level adaptability), (3) slightly vulnerable (high exposure,
sensitivity, and adaptability), and (4) protected (low exposure and
sensitivity with mid-to-high adaptability). We then calculated the
percentage of area in each category across the four regions.
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FIGURE 2

Distribution of the overall resistance across China's coastal seas. The high value of resistance in red represents a high level of disturbance to marine
species’ migration. Four major economic zones were zoomed in to show more regional details: Bohai Rim (A); Yangtze River Delta (B); Megalopolis

Minsanjiao (C); and Pearl River Delta (D).

3 Results

3.1 Spatial distribution of resistance

Most of the study area was covered by low to middle resistance,
and areas with high resistance were scattered with small patches
(Figure 2). Approximately 78.18% of the study area was covered by
middle resistance (between 16 and 30), 18.54% of the study area had
low resistance (<15), and only 3.28% was covered by high resistance
(between 31 and 40). Incorporating the offset effect of MPAs and
key habitats into resistance quantification significantly lowered the
total resistance within these core patches by an average decrease of
27.88% and a total resistance decrease of 2.14% in the whole study
area (p <0.05). The resistance offset effect is especially significant in
the East China Sea and South China Sea, where total resistance is
high, but many MPAs and key habitats exist. This indicates the
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effectiveness of protected areas in mitigating anthropogenic or
climatic disturbances. The reduced resistance prioritizes the
connected pathways to be modeled within or close to these
patches in regions such as the Yellow Sea, East China Sea, and
South China Sea. The resistance score was distributed with a high-
to-low gradient change from the inshore to offshore areas in China’s
coastal sea. High resistance was mainly identified in the inshore area
along the coastline, but the offshore regions of the Bohai Sea and
South China Sea had relatively low resistance. The overall resistance
varies spatially across the four seas, where the East China Sea and
Yellow Sea are covered with higher resistance than the Bohai Sea
and South China Sea.

Among all the resistance factors, ship traffic, fishing efforts, and
ocean pollution were identified as the key factors. This result was
substantiated by examining the relationships between the total
resistance distribution on PCA, which revealed cosine similarities
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Contribution of different resistance factors in the study area (China’s coastal sea) based on Principal Component Analysis (PCA). Arrows of resistance
distributed close to each other are positively correlated, whereas orthogonal arrows are not correlated. The length and color of each arrow represent the
quality of this indicator for the first two key components (Dim1 and Dim?2). The correlation between the two variables was stronger when the angle

between the arrows was smaller.

of 0.93, 0.95, and 0.96, respectively (Figure 3). The high values of
these anthropogenic resistances are spread across the East China
Sea and part of the Bohai Sea. Most anthropogenic disturbance
indicators, including inorganic pollution and invasive species, are
distributed along the coastline as point-source resistance. High
resistance values were concentrated in major coastal cities
(Shanghai and Yangtze River Delta; Shenzhen and Pearl River
Delta) and ports (Tianjin Port and Bohai Rim; Xiamen Port and
Megalopolis Minsanjiao), which are regions with intensive coastal
development of industry and harbors in the inshore areas.

Climate change indicators, on the other hand, were less related
to the spatial patterns of overall resistance (Figure 3), although they
showed a latitudinal gradient across China’s coastal sea
(Supplementary Figure 2C). Ultraviolet anomalies had significant
impacts on resistance at higher latitudes (Bohai Sea), whereas ocean
acidification appeared to be more severe at lower latitudes (South
China Sea).

3.2 Seascape connectivity in different
migration distances

The number of LCPs and the area covered by connected
corridors increased substantially with higher modeled distances
for species migration ability (Figure 4, Supplementary Figure 3),
indicating a changing pattern of seascape connectivity from local to
broader scales corresponding to different marine species guilds. The
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number of LCPs in the study area increased from 504 at 25 km, 749
at 50 km, to 924 at 100 km. The percentage of connected corridor
areas in the study area (with connectivity metrics ranging from 0 to
200,000) varied from 12% at 25 km, to 26% at 50 km, and reached
44% at 100 km (Figure 4).

Spatially, connectivity for short-range species (within a distance
of 25 km), the actively connected networks were sparsely distributed
in small fragmented areas. Linkages between inshore and offshore
seas were not established, whereas connections mostly appeared
among inshore habitats. The number and area of corridors for mid-
range species (50 km) were higher than those for short-range
species, especially in economic development zones with relatively
higher human disturbances (Yangtze River Delta, Megalopolis
Minsanjiao, and Pearl River Delta). However, only a part of the
offshore core patches in these regions was incorporated into their
connectivity network. Corridors for long-range species (100 km)
covered the highest proportion of the coastline in both inshore and
offshore areas, but the connectivity gaps in the Bohai Sea and Yellow
Sea were apparent compared to those in the southern part of
China’s coastal sea.

3.3 Vulnerability assessment
Across China’s coastal sea, our results showed that 18.5% of the

total area was identified as highly vulnerable, while an additional
24.0% was categorized as vulnerable. These vulnerable areas are
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FIGURE 4

Seascape connectivity of China's coastal sea for species guilds with different migration distances, including short-range (25 km), mid-range (50 km),
and long-range (100 km) species. With the least-cost path (rank-based connectivity metric of 0) in the center, the actively connected areas (rank-
based connectivity metrics of 0 to 200,000) surrounded are the corridors prioritized by organisms while moving across patches with minimal
cumulative resistance. Panels on the side of each map were detailed connectivity maps for major coastal economic zones, including Bohai Rim (A),
Lianyungang Port (B), Yangtze River Delta (C), Megalopolis Minsanjiao (D), and Pearl River Delta (E).

mainly distributed in the southern Bohai Sea and offshore areas of
the Yellow Sea and East China Sea. In contrast, only 4.1% of the
study area was categorized as protected, mainly in the inshore
region of the northern Bohai Sea and western South China Sea.
Among the four regions studied, the Bohai Sea had the highest
percentage of highly vulnerable areas, accounting for 23.7% of its
total area, where a large number of threatened marine species and
high resistance scores were present, but a small number of corridors
were shown to support such biodiversity. South China Sea has the
largest area under protection, accounting for 9.4% of the region.
The Yellow Sea has the smallest proportion of areas in all vulnerable
categories combined, with 40.7% of the areas classified in the three
vulnerable categories and 4.4% in the protected category. The East
China Sea exhibited the largest areas in the three vulnerable
categories combined, with 46.5% covering almost half of the
region, primarily in offshore areas.

4 Discussion

4.1 Framing resistance-based
seascape connectivity

Globally, marine ecosystems are facing increasing threats from
both anthropogenic disturbances and climate change, endangering
the invaluable biodiversity and lifecycles of marine species (Doney
et al,, 2011; Griggs et al., 2013; Hilborn, 2016; Halpern et al., 2017).
There is a pressing need to assess resilience and vulnerability in
marine ecosystems on a seascape scale to guide large-scale marine
conservation efforts with ample scientific evidence (Chin et al,
2010; Pacifici et al,, 2015). In this study, we framed a seascape
connectivity model to provide implications for marine conservation
implications. Connectivity modeling, coupled with marine species
distribution, allows us to examine the spatial patterns of
vulnerability in coastal regions (Wilson et al., 2020).
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Threats to marine ecosystems are especially intense in coastal
seas, where heavy human activities occur, including coastal urban
pollution, ship traffic, and exploitation of marine resources
(Montefalcone et al., 2010; Puritz and Toonen, 2011). In China’s
coastal sea, marine biodiversity is exposed to high levels of
anthropogenic disturbances and climate change impacts with the
rapid coastal economic development of China (Jiao et al., 2015; Xu
et al,, 2016), raising concerns about regional seascape vulnerability.
Human activities have challenged seascape resilience at a regional
scale, with a concentrated distribution in major economic zones.
Specifically, the inshore regions of major coastal metropolises and
ports in China are exposed to concentrated and intensive human
disturbances, such as the Bohai Rim, Yangtze River Delta, and Pearl
River Delta (Figure 2). In 2019, four of the major ports in these
coastal regions were listed in the top five global busiest ports
according to data collected from Lloyd’s list, illustrating the high
impact of the world’s most concentrated shipping business on
coastal ecosystems. In addition, large-scale reclamation and ocean
pollution along China’s coastline have also been identified as key
factors contributing to the overall seascape resistance (Ma et al,
2014; Jiao et al,, 2015). In contrast, climate change impacts are less
concentrated and drastic compared to heavy human disturbances in
China’s coastal seas. For instance, even with high levels of SST
anomalies, the Yellow Sea has a rather low resistance value with
lower anthropogenic disturbances (Figure 2) (Xu et al,, 2018). As
anthropogenic effects had the highest contribution to determining
the spatial patterns of overall resistance (Figure 3), the key to
reducing resistance to seascape connectivity is to restrict and
mitigate concentrated human activity along China’s coastline,
especially in inshore areas due to the development of major ports
and coastal cities. Enlarging or proliferating connected core patches
(key habitats and MPAs) are of great help in lowering the exposure
to human impacts and enhancing the adaptive capacity to
disturbances at the local scale, as shown in the mitigation effect
provided by these core patches in our model (Figure 2). However,
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the gradual but large-scale impact of climate change should not be
overlooked because it requires long-term commitment, particularly
for high-emission countries, to battle the critical global impact and
consequences even beyond current measurement (Chin et al., 2010;
Beier, 2012; Magris et al., 2014).

Connectivity is often modeled as a practical way to quantify the
adaptive capacity of ecosystems in the face of anthropogenic and
climatic exposures (Grober-Dunsmore et al., 2009; Ortodossi et al.,
2019; Virtanen et al., 2020). Marine species tend to migrate and
adjust their distribution ranges in response to environmental stress
or as part of their natural life cycle (Berkstrom et al., 2013). Climate
refugee (or range-shifters) of marine species, which describe species
forced to shift their ranges due to climate change impact, may
significantly rely on connected corridors and habitat resources to
maintain their population integrity (Ashcroft, 2010; Pimentel et al.,
2014; Noll, 2018). Therefore, preserving connectivity on a seascape
scale is critical for marine ecosystem resilience (Mellin et al., 2016;
Li et al, 2019). Areas connected with corridors, especially for
multiple species guilds, indicate a greater capacity for species with
a variety of traits to access suitable and abundant marine habitats,
shelters, and resources to migrate to complete lifecycle processes or
avoid stress. We found that short- and mid-range marine species
(including R. immaculatus, O. ferox, and S. formosa) showed
connected corridors only in the inshore regions of China’s coastal
sea (Figure 4), which are more likely to be restrained from offshore
movement because of the lack of core patches and connected
corridors for these species. Even with abundant habitat resources,
the inshore region is highly concentrated with shipping and
pollution (Figure 2), which serve both as environmental stress
and resistance that impedes movement (Zeller et al., 2012).
Therefore, the loss of inshore habitats under high stress levels
could potentially have catastrophic effects on short- to mid-range
species whose lifecycles are closely tied to these habitats, including
reproduction, shelter, access to food (Hitt et al., 2011; Olds et al,,
2013; Abadie et al., 2018), and lack of alternative corridors to
migrate. In contrast, pelagic long-range species (=100 km, e.g.,
whales, sharks, and tuna) can redistribute their movement pathways
through offshore areas in an extended spatial range (Figure 4).
Corridors for these species are distributed across the inshore and
offshore coastal seas; thus, alternative pathways in such connectivity
networks may ease the local losses of connectivity due to
disturbances. Therefore, in addition to the mitigation and
regulation of human impacts in the concentrated inshore region,
it is important to highlight the need to ensure that short- and mid-
range marine species have ample protection and support with an
interconnected network for movement. Emphasis should be placed
on offshore areas that may not be actively connected and utilized
because of the lack of existing core patches, especially in the Bohai
Sea and Yellow Sea with large corridor gaps. Ensuring the
implementation of the critical attributes outlined by Edgar et al.
(2014) for successful MPAs holds promise for restoring and
conserving fish abundance and biomass, particularly in regions
where MPAs are lacking. The establishment of a larger,
interconnected network of MPAs can potentially enhance
population sustainability not only within protected sites but also
by creating a spillover effect on neighboring non-reserve areas
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(Kininmonth et al., 2011; Edgar et al., 2014). The design
considerations for MPA locations and sizes based on connectivity
principles should be tailored to site-specific conservation objectives
and account for their relevant spatiotemporal scales (Balbar and
Metaxas, 2019). At local or regional scales, establishing small but
abundant patches may also effectively enhance connectivity and
conserve the population if they are placed in proximity within the
connected network (Weeks, 2017; Wintle et al., 2019). In essence,
applying MPA networks as an effective tool to promote connectivity
in offshore regions and to preserve critical inshore habitats is
imperative to safeguard seascape connectivity and resilience,
particularly under high exposure.

4.2 Prioritizing seascape conservation
efforts through vulnerability assessment

Building on the modeling of resistance-based seascape
connectivity, we further applied the vulnerability assessment
framework to explicitly prioritize marine conservation efforts in
China’s coastal seas (He et al.,, 2018). Vulnerable areas were
identified as regions characterized by high levels of human-
induced and climatic disturbances, as well as the abundance of
threatened marine species but lacking sufficient connected
corridors. The identified vulnerability may significantly increase
the risk of a higher local extinction rate, loss of critical ecological
functions, and reduced ecosystem resilience to disturbances (Etter
etal., 2011; Kininmonth et al., 2011; Pacifici et al., 2015; Sajjad et al.,
2018). The areas highlighted in red in Figure 5 are primarily located
in offshore regions, particularly in the offshore Yellow Sea and East
China Sea, where the absence of well-established MPAs and key
habitats creates significant conservation gaps for locally threatened
species. These regions overlap with the high risk of coastal natural
hazards, which may continue to intensify under climate change
scenarios (Sajjad et al, 2018). This risk underscores the crucial
importance of conserving these vulnerable regions as they are
susceptible to potential catastrophic events that could significantly
disrupt marine populations (Dulvy et al., 2003). A small proportion
of the study area (4.1%) was identified as protected areas, mainly
situated within a connected network of core patches or contained
within these patches. Only 10.1% of the study area is safeguarded by
the current MPA and key habitats. The sustainable development
goals and “30 x 30” target of the global biodiversity framework
highlight the importance of effective conservation in halting
biodiversity loss and conserving key habitats (Shen et al., 2023).
This leads to a large gap of 19.9% in the coverage of biodiversity
conservation targets in China’s coastal sea. The identified areas with
high vulnerability in the four regions can be further prioritized as
potential conservation zones to increase total coverage. The spatial
conservation gaps identified in our study underscore the urgency to
expand the MPA network and establish oftshore support systems
for the preservation of threatened marine species.

Notably, we found that the Yellow Sea suffered the greatest
exposure to SST anomalies (Supplementary Figure 2), creating
potential marine climate refugees seeking a suitable range shift.
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Vulnerability map of China's coastal sea, assessed in terms of exposure (resistance), sensitivity (threatened marine species), and adaptive capacity
(number of corridors). The right panels show a detailed view of the Bohai Rim (A), Yellow Sea (B), and Pearl River Delta (C). The left panel (D) show
the area percentages of the four categories in the four seas: ®Highly Vulnerable, @Vulnerable, @Slightly Vulnerable, and @Protected.

However, offshore regions with a high number of threatened species
are left unconnected and unprotected because of insufficient MPA
networks. Intensifying marine heat waves caused by climate change
has substantially reduced the supporting capacity and resilience of
marginal coral reefs, which act as thermal refugia in the South
China Sea (Mo et al., 2022). Climate change-induced range shifts of
species could significantly alter community structure, and such
shifting may be much faster in marine environments due to fewer
physical barriers than in terrestrial ecosystems (Wallingford et al,
2020). The tropicalization of foundation species, such as the
poleward expansion of mangroves, could rapidly replace salt
marsh habitats and critically impact coastal ecosystem structure
and function (Osland et al., 2022). Sensitive marine species groups
that can be disproportionately affected by conservation gaps include
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climate refugees outpaced by changes in native habitats, threatened
species with vulnerable populations, and/or short-to-mid-range
species with limited corridors for migration (Wilson et al., 2020;
Hermoso et al,, 2021). Climate refugee marine species have been
shown to have significantly greater diversity in patches with greater
connectivity and protection of climate change refugia (Morelli et al.,
2017); therefore, prioritizing strategies to enhance seascape
connectivity is crucial for climate-adaptive conservation efforts
targeting these sensitive species groups (Littlefield et al., 2019).
Strategies to support marine ecosystem connectivity and resilience
may include the establishment of MPA networks, habitat
restoration initiatives, and identification and improvement of key
migration routes (McLeod et al., 2009; Wallace et al., 2010;
Fraschetti et al., 2021).
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We identified marine conservation priorities along the coastal sea
of China by applying the proposed seascape connectivity framework
and vulnerability assessments. Our results showed that inshore
regions of China’s coastal sea concentrate on both high levels of
anthropogenic disturbances and connected corridors, while offshore
regions often lack sufficient interconnected networks to protect
sensitive threatened species. Consequently, marine conservation
efforts in inshore regions should prioritize the regulation and
mitigation of human impact in major coastal cities and ports such
as Bohai Rim, Xiamen Port, Lianyungang Port, and Pearl River Delta.
Offshore conservation efforts should be directed toward enhancing
seascape connectivity, providing connected corridors, and facilitating
species movement. The combined strategy of conservation and
marine spatial planning should prioritize species groups that are
particularly sensitive to environmental stress, including threatened
populations, climate refugees of marine species, and short-to-mid-
range species. Collectively, this study underscores the potential of
applying existing tools and theories from landscape connectivity
studies and marine-specific indicators in functional connectivity
modeling at a seascape scale. Furthermore, our results highlight the
important role of seascape connectivity modeling in prioritizing
spatial marine conservation strategies, thereby providing valuable
insights for evidence-based marine conservation efforts. The
proposed modeling framework introduces uncertainties regarding
how the impact of resistance factors might change with varying water
depths and how populations of marine species might respond to the
identified potential corridors. Further research is necessary to address
these uncertainties and enhance the understanding of their influence
within the framework.
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