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A B S T R A C T   

Cumulative effects assessment (CEA) should be conducted at ecologically meaningful scales such as large marine 
ecosystems to halt further ocean degradation caused by anthropogenic pressures and facilitate ecosystem-based 
management such as transboundary marine spatial planning (MSP). However, few studies exist at large marine 
ecosystems scale, especially in the West Pacific seas, where countries have different MSP processes yet trans
boundary cooperation is paramount. Thus, a step-wise CEA would be informative to help bordering countries set 
a common goal. Building on the risk-based CEA framework, we decomposed CEA into risk identification and 
spatially-explicit risk analysis and applied it to the Yellow Sea Large Marine Ecosystem (YSLME), aiming to 
understand the most influential cause-effect pathways and risk distribution pattern. The results showed that (1) 
seven human activities including port, mariculture, fishing, industry and urban development, shipping, energy, 
and coastal defence, and three pressures including physical loss of seabed, input of hazardous substances, ni
trogen, and phosphorus enrichment were the leading causes of environmental problems in the YSLME; (2) 
benthic organisms, fishes, algae, tidal flats, seabirds, and marine mammals were the most vulnerable ecosystem 
components on which cumulative effects acted; (3) areas with relatively high risk mainly concentrated on 
nearshore zones, especially Shandong, Liaoning, and northern Jiangsu, while coastal bays of South Korea also 
witnessed high risk; (4) certain risks could be observed in the transboundary area, of which the causes were the 
pervasive fishing, shipping, and sinking of pollutants in this area due to the cyclonic circulation and fine-grained 
sediments. In future transboundary cooperation on MSP, risk criteria and evaluation of existing management 
measures should be incorporated to determine whether the identified risk has exceeded the acceptable level and 
identify the next step of cooperation. Our study presents an example of CEA at large marine ecosystems scale and 
provides a reference to other large marine ecosystems in the West Pacific and elsewhere.   

1. Introduction 

The increasing pressures exerted by expanding footprints of human 
activities have led to the ongoing decline of marine ecosystem health 
and biodiversity loss worldwide (United Nations, 2021; Halpern et al., 

2019). This alarming situation prompted the proposal of ambitious ac
tions such as the 2030 Agenda for Sustainable Development (United 
Nations, 2015), the Convention on Biological Diversity targets 
(Convention on Biological Diversity, 1993), and the United Nations’ 
Ocean Decade Actions (United Nations, 2020) to facilitate the 
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sustainable development of the ocean. One core strategy to mitigate the 
cumulative anthropogenic effects of these plans is the application of 
ecosystem-based marine management (Arkema et al., 2006; Long et al., 
2015), of which a widely recognized tool is marine spatial planning 
(MSP). Cumulative effects assessment (CEA) is seen as one of the key 
enabling factors for effective marine spatial planning (Zuercher et al., 
2022). Various MSP initiatives, such as the European Union’s Marine 
Spatial Planning Directive (Friess and Grémaud-Colombier, 2021), have 
incorporated CEA to understand how and to what extent human drivers 
are affecting different ecosystem components. Meanwhile, the recogni
tion of the cross-border nature of these cumulative effects as well as 
marine ecosystems has promoted transboundary cooperation on MSP in 
recent years, such as in the Baltic Sea and the Benguela Current Large 
Marine Ecosystem (Jay et al., 2016; Janβen et al., 2018; Finke et al., 
2020). 

A promising and broadly applied approach to CEA is environmental 
risk assessment, as they share the same nature of assessing the likelihood 
of the environment being impacted as a result of exposure to one or more 
pressures (Judd et al., 2015; Stelzenmüller et al., 2018; U.S.Environ
mental Protection Agency, 1992). Most risk assessment methods were 
developed and evolved based on the cumulative effects mapping 
established by Halpern et al. (2008) (e.g., Bevilacqua et al., 2018; 
Menegon et al., 2018; Stelzenmüller et al., 2010). This method usually 
includes three key steps: (1) quantifying and mapping the intensity of 
pressures, (2) mapping the occurrence of ecosystem components, and 
(3) developing impact weight to express the vulnerability of the 
ecosystem component to a pressure (Korpinen and Andersen, 2016). 
CEA has been conducted at local, regional, and global scales, targeting 
either one or multiple ecosystem components (Halpern et al., 2008; 
Bevilacqua et al., 2018; Kelly et al., 2014). Despite the advances made 
globally, few holistic studies exist at large marine ecosystems scale 
considering multiple pressures on multiple ecosystem components (but 
see Kirkman et al., 2019; Bergström et al., 2019), especially in the West 
Pacific area. 

LMEs are large-scale delineated ecosystem units that are distin
guished by unique natural characteristics of bathymetry, hydrography, 
productivity, and trophically dependent populations (Sherman et al., 
2005). As highly ecologically-connected areas (Sherman et al., 2005), 
they will play a key role in promoting transboundary cooperation on 
ecosystem-based MSP due to the common concern about the trans
boundary environmental issues of bordering countries (Kirkman et al., 
2019). CEA, therefore, should be undertaken at scales such as large 
marine ecosystems to better align management objectives. However, the 
diversity of methodologies, principles, and definitions poses challenges 
to CEA outcomes communication, and cooperation (Foley et al., 2017). 
Stelzenmüller et al. (2018) proposed a risk-based approach to provide 
standardized and comprehensive guidance for CEA. This framework 
ensures that the identification of key cause-effect pathways is in line 
with regional governance settings. This further guides the data and in
formation gathering and gap-filling process for the risk assessment of 
cumulative effects to achieve a robust and standardized outcome to 
better inform cooperation and management. 

The Yellow Sea is a transboundary semi-closed large marine 
ecosystem (Tang et al., 2016) that has been identified to be at risk of 
cumulative effects from a multitude of anthropogenic activities (Zhang 
et al., 2019). It is such an area where neighboring countries have 
different progress of MSP (e.g., MSP is under revision and development 
in China and South Korea, respectively) yet the cooperation on tackling 
transboundary problems is paramount because of the degradation of the 
ecosystem (United Nations Development Programme/Global Environ
ment Facility, 2018). To date, no CEA has been conducted at the YSLME 
scale to identify the cause-effect pathways between drivers, pressures, 
and ecosystem components and understand the risk distribution of cu
mulative effects. However, the call for transboundary cooperation to 
facilitate more effective mitigation of environmental issues in the area 
(United Nations Development Programme/Global Environment Facility, 

2018; United Nations Development Programme/Global Environment 
Facility, 2019) requires such knowledge to inform future policy 
direction. 

Therefore, this study aims to identify and map the risk of cumulative 
effects of human pressures in the YSLME by applying the risk-based CEA 
framework. Specifically, we (1) identified the main anthropogenic ac
tivities, their associated pressures, and vulnerable ecosystem compo
nents through a systematic literature review, (2) analyzed the 
relationships between different components using a conceptual Driver- 
Pressure-State-Impact (DPSI) model and network analysis, and (3) 
mapped the most concerning cumulative pressures and vulnerable 
ecosystem components to identify areas at risk. This is the first 
comprehensive assessment of cumulative effects in the YSLME and our 
findings will provide implications for the transboundary cooperation on 
MSP in the region and a reference to other large marine ecosystems in 
West Pacific and elsewhere. 

2. Material and methods 

2.1. Study area 

The YSLME extends between 119 and 127◦ E and 31–40◦N. The 
northern boundary is a northeasterly line drawn from Penglai on the 
Shandong Peninsula to Lvshun and the southern boundary is a line 
drawn from the north bank of the Yangtze River estuary to Jeju Island, 
and then northwards to the Korean mainland (Fig. 1) (United Nations 
Development Programme/Global Environment Facility, 2020). The 
maritime jurisdiction of North Korea is excluded from our study due to 
data limitations (however the term “YSLME” is still used hereinafter to 
refer to the study area). The YSLME has abundant marine resources and 
high biodiversity along the coast supporting a dense coastal population. 
It provides more than two million tons of capture fisheries and over 14 
million tons of mariculture production annually (Sun et al., 2022). 
Tourism thrives due to the beautiful scenic spots and bathing beaches 
the YSLME provides, attracting a growing number of tourists each year. 
Several metroplexes have grown around the YSLME. It is also an 
important maritime shipping route, with the world’s top trade ports, 
such as Qingdao Port, distributed along the coast. It is expected that the 
shipping density will continue to increase with the robust economic 
growth of the bordering countries (Choi, 2022). Additionally, the 
ambitious goals of carbon neutrality announced by China and South 
Korea are boosting the renewable energy industry, for example, the 
expanding installation of offshore wind turbines. 

2.2. Risk identification 

The starting point of CEA is risk identification, which establishes the 
linkages between human activities, their corresponding pressures, and 
the effects on the respective ecosystem components, processes, and 
functions (Stelzenmüller et al., 2020). At first, we conducted a system
atic literature review, to identify the main human activities and pres
sures as well as important ecosystem components and services in the 
YSLME. We used the DPSI framework to structure the relationships be
tween human activities (Drivers), their associated pressures (Pressures), 
and key ecosystem components (State) and services (Impact) (Elliott 
et al., 2017). Further, we deployed a network analysis to unfold the 
interconnectedness between pressures and ecosystem components. 

To obtain as much information on the cause-effect pathways of our 
study area, we used different keyword combinations to search the 
literature via the Web of Science (Table S1 in Supplementary Material). 
The search was not date-restricted and all document types were 
accepted. Particular attention was paid to the study area during the 
search process due to the area-specific nature of our research. When 
there were few studies on considered activities and associated effects 
regarding the study area, searching was no longer limited to the Yellow 
Sea but refined to China and South Korea instead (e.g., energy) or even 
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no region limitation at all (e.g., cable and pipeline). Additional publi
cations obtained from references and three papers in Chinese were also 
included using Google Scholar and China National Knowledge Infra
structure (CNKI), respectively. Besides, keyword research was con
ducted for reclamation because most human activities involve this 
activity. 

The reviewing process followed the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) working flow to 
extract information on named activities, their associated pressures, and 
impacted ecosystem components while ensuring transparency (Fig. S1 in 
Supplementary Material). The literature research resulted in a total of 
1507 records (excluding duplicates). A first screening of the title and 
abstract was performed to exclude publications irrelevant to the 
considered category of activities and associated effects, leaving a total of 
647 relevant publications. Further screening was conducted based on 
the full article contents. The criteria for exclusion in this step were 
whether the publications mentioned the effects of considered activities 
and whether the effects were on marine ecosystems. The second 
screening led to a reduction to 377 records. A total of 413 publications 
(including 36 publications from Google Scholar and CNKI) were 
included in the review of pressure-state relationships in the YSLME. 

Following the general idea of a unifying DPSI framework proposed 
by Elliott et al. (2017) in this study Drivers are represented by human 
activities in the study area, Pressures reflect the mechanisms of natural 
and social system changes induced by human activities, State refers to 
the ecosystem state as a result of multiple pressures and is represented 
by different ecosystem components, and Impact is the resultant impacts 
on social welfare, represented by ecosystem services (Elliott et al., 
2017). 

A total of 12 human activities including mariculture, agriculture, 
fishing, shipping, port, industry and urban development, energy, 
tourism, mineral and mining, disposal and dumping, cable and pipeline, 
and coastal defence were incorporated based on the classifications 
defined by China’s Marine Functional Zoning and South Korea’s Marine 
Spatial Planning and Management Act (Table S2 in Supplementary 
Material). Climate change was also included, considering that it has 
started to attract attention due to its potential prominent effects on the 
study area (Ma et al., 2019). The categorization of pressures was adapted 
from the EU MSFD and classifications applied in previous studies 
(Borgwardt et al., 2019; HELCOM, 2018). In the end, 16 pressures 

grouped in five categories were determined, which are substances (e.g., 
N&P enrichment), biological (e.g., input of non-indigenous species), 
physical (e.g., physical loss of seabed), energy (e.g., input of sound) and 
chemical (e.g., acidification) pressure types. The typologies of State and 
Impact were gradually identified through a literature review, indicating 
key ecosystem components and services at risk. 

We explored the vertex strength and detected clusters. Vertex 
strength indicates the overall weight of each node (namely the total links 
going through the node), in which the node represents each component 
of the DPSI model, and cluster detection provides an insight into what 
nodes are the most connected (Luke, 2015). Network analysis was per
formed in ‘R’ (R Core Team, 2013) with the “igraph” package (Csardi 
and Nepusz, 2006). 

2.3. Spatially explicit risk analysis 

We conducted a spatially explicit risk analysis to identify areas with 
high risk of cumulative effects. Based on the results of the DPSI and the 
network analysis, we selected the top seven activities (port construction, 
mariculture, fishing, industry and urban development, shipping, energy, 
and coastal defence), three pressures (physical loss of seabed, input of 
hazardous substances, and N&P enrichment), and six ecosystem com
ponents (benthic organisms, four fish species, algae including micro
algae and Chl-a, tidal flats, seabirds, and marine mammals) as inputs to 
the spatially explicit risk analysis according to their vertex strength (see 
details in section 3.1). The ecosystem services (Impact) identified in the 
DPSI were not included. Data on human activities and pressures (N =
10), and ecosystem components (E = 10) included in the spatial analysis 
are primarily openly available datasets collected from publications, re
ports, governmental websites, and remote sensing data (for details see 
“Data sources and processing” and table S3 in Supplementary Material). 

To make each layer comparable, we log (x+1)-transformed all layers 
and rescaled them between 0 and 1. For activities of port, industry and 
urban development, and coastal defence, a buffer zone representing 
their effect distances was applied to obtain the respective spatial foot
prints (Table S3 in Supplementary Material). 

Ecologically significant areas (ESAs) were first identified by aggre
gating the ecosystem components and summarized as: 

Fig. 1. Geographical location of the study area. Sea areas under North Korea’s jurisdiction were excluded due to data scarcity. The southern spatial scope is UN- 
defined EEZ boundary. 
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ESAs=
∑m

j=1
Ej (1)  

where Ej is the j ecosystem component. All included ecosystem com
ponents were treated as equally vulnerable in this study. Thus, the 
higher the value for a respective area, the more ecosystem components it 
has. 

We constructed two different scenarios to quantify the risk of cu
mulative effects for the here-defined ESAs: (1) equal weight and (2) 
weight based on the number of links identified through the DPSI and the 
vertex strength, which reflected the relative importance of different 
pressures (Table S4 in Supplementary Material). The spatial distribution 
of cumulative pressures (CP) of the two scenarios was calculated as: 

CP=
∑n

i=1
Iiwi,

∑
wi = 1 (2)  

where Ii is the i pressure layer, and wi is the weight of Ii. 
Subsequently, the risk of cumulative effects (CE) was calculated 

following Halpern et al. (2008): 

CE =CP ∗ ESAs (3)  

3. Results 

3.1. Disentangling cause-effect pathways 

The systematic literature review process produced a nested DPSI 
model (Fig. 2A). Activities (Drivers) were linked to a variety of different 
pressures. Seven top activities with the largest vertex strength caused 
the most pressure: port (31), mariculture (24), fishing (23), industry and 
urban development (19), shipping (18), energy (18), and coastal defence 
(18) (Fig. 2B). The studies on the effects of disposal and dumping, and 
agriculture were mainly related to pollution. To date, there was less 
research on the environmental impacts of tourism (14), mineral and 
mining (11), and cable and pipeline (8). Additionally, climate change 
(7) emerged as a concerning topic as its significant effects on the YSLME 
started to be increasingly recognized. The focus of climate change was 
mainly on the rise in sea surface temperature, acidification, sea level 
rise, and their effects on fisheries, algae, and coastal security. 

The three highest-ranking pressures were physical loss of seabed 
(44), input of hazardous substances (34), and nitrogen and phosphorus 
enrichment (N&P enrichment) (31) (Fig. 2B). The loss of seabed mainly 
refers to the loss of coastal tidal flats caused by reclamation for port 
construction, mariculture, industrialization and urbanization, and 
agriculture (Koh and de Jonge, 2014; Wang et al., 2014). Besides, the 
emerging installation of offshore wind turbines also contributes to 
seabed loss in the offshore area. Hazardous substances were mainly 
released, inter alia, through mariculture antibiotics, oil leaking from 
shipping, persistent organic pollutants (e.g. polycyclic aromatic hydro
carbons, PAHs), and heavy metals discharged from land-based activities. 
The excessive input of nutrients has long been a concern in the YSLME, 
as symptoms of eutrophication such as harmful algal blooms and hyp
oxia have only become more frequent and prominent (J. J. Wang et al., 
2020). For example, the green tide blooms in the Yellow Sea have 
become a recurrent transboundary disaster since its first appearance in 
2007, in which high nutrient concentration is believed to be an indis
pensable contributing factor (Wang et al., 2015; Zhang et al., 2020). In 
addition, marine litter, including microplastics, also started to receive 
attention in the academic community. However, relatively less attention 
was paid to the remaining pressures. 

The most vulnerable ecosystem components emerging from the 
literature included both biotic and abiotic components. The most con
cerning top six were mainly marine organisms: benthic organisms (57), 
fishes (34), algae (27), seabirds (23), and marine mammals (20) (Fig. 2A 
and B). Only tidal flats (27) were among those top six ecosystem 

components, the other non-biotic components received a smaller pro
portion of attention. Seabed loss indicates a direct threat to the survival 
of benthic organisms. Besides, the widely distributed bottom trawling 
effort (Zhang et al., 2016) and long-distance transported contaminants 
through currents also pose threats to benthic communities. The 
composition of fish is shifting from demersal, high-value species to 
pelagic, lower-value species, and further to demersal, low-value species 
(Wu et al., 2019). Besides, the reproduction of fishes is also decreasing 
due to pollution, eutrophication, and climate change (Tang et al., 2016). 
Pollution and coastal construction also reduce ecologically significant 
algae such as Silvetia siliquosa (KORDI and KEI, 2006). Furthermore, a 
structural change in phytoplankton has been observed due to the change 
in N/P and N/Si ratio, leading to a regime shift from diatoms to di
noflagellates (Li et al., 2021; Moon et al., 2021). The loss of tidal flats is 
closely related to the survival of seabirds. It was reported that degraded 
and shrunk tidal flats had caused a drastic decline in the population of 
seabirds in the area (Duan et al., 2022; Studds et al., 2017). The same is 
true of marine mammals. Bycatch, habitat reduction, and human 
disturbance such as noise and collision are the main factors threatening 
marine mammals (Byun et al., 2013; Kim et al., 2012; Song, 2011; Yan 
et al., 2018). Especially, the spotted seal and narrow-ridged finless 
porpoise are under threat, with the latter listed as an endangered species 
by the IUCN Red List. In China and South Korea, the two species are now 
listed as protected mammals. However, marine mammals are largely 
understudied in terms of their biodiversity priority areas and response to 
threats (KORDI and KEI, 2006). 

The multitude and high intensity of pressures in the study area have 
probably led to a great loss of ecosystem services such as biodiversity 
maintenance and food supply (Fig. 2A and B). For example, it was 
estimated that food supply was reduced by 21–23% and 22–27% in the 
South and North Yellow Sea from 2000 to 2010, respectively, and the 
loss of biodiversity maintenance contributed greatly to this reduction 
(Song et al., 2021). 

The cluster detection presented nine subsets (Fig. 3). The first one is 
climate change and associated pressures such as sea level rise and 
acidification. The second cluster contains the remaining Drivers with a 
wide range of pressures they produce. These pressures are the ones that 
represent physical and chemical disturbances, for example, siltation and 
input of organic matters. The third cluster contains pressures that are 
directly linked to biotic ecosystem components such as extraction of 
species and entanglement. The larger fifth cluster is distributed with 
abiotic ecosystem components and potentially lost ecosystem services. 
The remaining clusters present ecosystem components and services that 
are also impacted but relatively less connected with other nodes. 

3.2. Mapping ecosystem components at risk and risk of cumulative effects 

3.2.1. Ecologically significant areas 
Fig. 4 shows the ESAs that indicate the number of occurring 

ecosystem components. Many ESAs with high values are distributed 
along the coastal areas of the study site, especially the Liaoning (E = 10, 
Fig. 4A), Shandong (E = 9, Fig. 4B), and northern Jiangsu Provinces 
(southern Haizhou Bay) (E = 9, Fig. 4C and D). These areas are impor
tant spawning and feeding grounds for fishes and important habitats for 
algae, seabirds, and mollusks. The coastal zones of Liaoning Province 
and southern South Korea (E = 8, Fig. 4E) are also priority areas for 
marine mammals such as spotted seals. The middle coasts of Jiangsu 
Province (E = 3) and South Korea (E = 6) (Fig. 4C and E) are also critical 
habitats for many endangered seabirds due to the wide distribution of 
tidal flats. Besides, hotspots of ESAs were also found in the central area 
of the Yellow Sea (E = 4, Fig. 4F), which provide feeding and wintering 
grounds for fishes. Regions between coastal and central areas have 
relatively lower values for ESAs. 

3.2.2. Risk of cumulative effects 
Fig. 5A and B represent the spatial distribution of cumulative 
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Fig. 2. (A) DPSI model illustrating the cause-effect pathways in the study area identified through a systematic literature review. (B) Barplot of vertex strength. The 
green bars represent activities (Drivers), the orange bars represent pressures (Pressures), the purple bars represent ecosystem components (State), and the pink bars 
represent ecosystem services (Impact). The height of the bars represents the vertex strength of different nodes in the DPSI. 
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Fig. 3. DPSI network clusters. Nodes within each subset are more connected. See Table S5 in Supplementary Material for the full name of each node.  

Fig. 4. Ecologically significant areas (ESAs) identified through the aggregation of ecosystem components. (A) Nearshore area of Liaoning Province, (B) nearshore 
area of Shandong Province, (C) nearshore area of Jiangsu Province, (D) Haizhou Bay shared by Shandong and Jiangsu Provinces, (E) nearshore area of South Korea 
and (F) offshore area. 
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pressures of the different weighting scenarios. No part of the study area 
was free from cumulative pressures. In general, in both scenarios, a 
larger proportion of the study area (scenario 1: 80%, scenario 2: 87%) 
scored very low-to medium-high (Fig. 6A). These areas were primarily 
distributed in the offshore part. However, almost all near-shore areas 
scored high to very high in both scenarios. A weighting of the pressures 
(scenario 2) shrunk the very high-pressure areas around the Shandong 
Peninsula, and along the coast of Liaoning Province (7%–2%). The areas 
under high pressure also reduced notably in nearshore areas of South 
Korea and Jiangsu Province in scenario 2 (13.7%–11.6%). But the 
pressure level in South Korea’s coastal bays and coastal area of Jiangsu 
Province remained high. The central area of the YSLME scored high in 
both scenarios. 

Fig. 5C and D shows the risk maps of cumulative effects. In both 
scenarios, areas with a high-risk score of cumulative effects are the result 
of a high intensity of cumulative pressures and ESAs values. The two 
scenarios showed a quite similar risk distribution pattern. Overall, the 
risk score mainly ranged from very low to medium in both scenarios 
(scenario 1: 89%, scenario 2: 90%). The risk of cumulative effects was 
relatively high near coastal zones. The areas scoring the highest were 
almost identical for the two scenarios, with scenario 1 having a larger 
proportion of high-scored areas (scenario 1: 20.1%, scenario 2: 19.6%, 
Fig. 6B). On China’s side, regions with high risk are mostly concentrated 
on the near coasts of Liaoning and Shandong Provinces and Haizhou 
Bay. High-risk areas were also seen in the near-shore area of South 
Jiangsu Province. The risk of cumulative effects on South Korea’s side 

Fig. 5. Distribution of cumulative pressures (A and B) and risk of cumulative effects (C and D). Cumulative pressures were calculated based on the overlay of ten 
pressures. Cumulative effects were the product of cumulative pressures and ESAs. Scenario 1 reflects equal weight, and scenario 2 reflects weight based on the 
number of links. 
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was lower than that of China. Like areas showing the highest levels of 
cumulative pressures, high-risk areas were primarily located around 
bays with the largest risk distributed in the Saemangeum area. Due to 
the relatively higher ecological importance and high cumulative pres
sures, the central area of YSLME also presented a certain amount of risk. 

4. Discussion 

4.1. Risk of cumulative effects 

To our knowledge, this study is the first attempt to conduct a holistic 
cumulative effects assessment of the YSLME. We followed the risk-based 
CEA procedure proposed by Stelzenmüller et al. (2018), with a focus on 
risk identification and spatially-explicit risk analysis, aiming to under
stand the most influential cause-effect pathways and risk distribution 
pattern. This was further accomplished by combining literature review 
with DPSI model and network analysis, and spatial analysis tools such as 
ArcGIS. 

The risk identification based on the literature review showed that 
physical loss of seabed, input of hazardous substances, and nitrogen and 
phosphorus enrichment (N&P enrichment) were the most frequently 
mentioned pressures. This result is consistent with the outputs of the 
Transboundary Diagnostic Analysis for the YSLME (United Nations 
Development Programme/Global Environment Facility, 2020; United 
Nations Development Programme/Global Environment Facility, 2007), 
which identified the pressing transboundary environmental problems 
facing the YSLME (see section 4.2). Globally, sea use change (e.g., 
coastal wetlands converted to agricultural land) and pollution 
(including contaminations and nutrients) are the dominant pressures 
resulting in marine biodiversity loss (Jaureguiberry et al., 2022). 

Similarly, economic incentives to develop maritime shipping, maricul
ture, coastal industries and cities in the last four decades caused a loss of 
approximately half of the natural tidal flats in the Yellow Sea region 
(Yim et al., 2018), along with various pollutants discharged from both 
land- and sea-based activities. The rest of the non-climate pressures 
ranked low mainly because of their lower number of effects on the 
ecosystem components or a lower number of associated drivers reported 
in the literature. Climate change is seen as an emerging menace to the 
YSLME and has recently been added as a regional priority (United Na
tions Development Programme/Global Environment Facility, 2020). 
Recent studies started to recognize the intertwined effects of climate 
change and overfishing, and the importance of conservation and resto
ration of tidal flats to mitigate the effects of climate change (MacKinnon 
et al., 2012; Moores et al., 2019). The low vertex strength and 
connectedness of climate change in our DPSI highlighted the need for 
more in-depth research on these potential interactive effects of climate 
change with other pressures and cascading effects on the YSLME in the 
future. 

The literature review followed the PRISMA workflow to ensure a 
transparent and structured process, although the search may not have 
been exhaustive. For example, we did not include articles published in 
Chinese and Korean, except for several (n = 3) Chinese publications 
from CNKI. The additional literature was used as supplementary evi
dence when searched studies on the effects of certain activities were 
sparse or when there were only case studies from elsewhere instead of 
our study area. However, given the systematic process adapted for the 
review, the obtained literature was deemed adequate to provide the 
knowledge base for identifying the most concerning activities and their 
associated pressures in the YSLME. Further, the here presented findings 
are also consistent with previous studies (United Nations Development 

Fig. 6. Area distribution of cumulative pressures (A) and risk of cumulative effects (B). The y-axis is ordered by the area of scenario 1, indicating a decrease in area 
from top to bottom. Scenario 1 reflects equal weight, and scenario 2 reflects weight based on the number of links. 
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Programme/Global Environment Facility, 2020). 
In the DPSI model, we mainly distinguished between State and Impact 

to include both natural and societal components because we acknowl
edged that ecosystem-based management needs to consider the full 
array of environmental, economic, and societal impacts of human ac
tivities (Elliott et al., 2017). However, we did not include the ecosystem 
services identified in the mapping analysis as the main focus of our study 
was to assess the spatial pattern of cumulative effects of the YSLME. 
Nevertheless, including ecosystem services can highlight the negative 
feedback of unsustainable human activities on social welfare, and 
ecosystem services mapping is an emerging topic to spatially express the 
degradation of ecosystem services due to cumulative anthropogenic 
pressures. But quantifying and mapping marine ecosystem services 
remain challenging due to less available data and methods (Buonocore 
et al., 2021; Lavorel et al., 2017). Future comparison of the effects of 
cumulative pressures on ecosystem services would facilitate the 
trade-offs between conservation and socio-economic development. 

Hotspots of ESAs were identified by aggregating the best available 
presence data of selected ecosystem components, which include four 
commercially important fishes (anchovy, chub mackerel, small yellow 
croaker, and Spanish mackerel), priority areas of algae, coastal mol
lusks, and marine mammals, and key biodiversity areas of seabirds, and 
tidal flats (see Fig. S3 in Supplementary Material). ESAs hotspots are 
found at nearshore Shandong, Liaoning, and northern Jiangsu Prov
inces. It is contrast with other nearshore areas of Jiangsu and South 
Korea. This variation can be mainly explained by the higher aggregation 
of spawning grounds for fishes in these areas due to the nutrient-rich 
waters brought by nearby rivers (Li et al., 2018). The ESAs values of 
Korea might be underestimated because we do not have access to data 
on species migrating in the Korean coastal area. Besides, there is no 
available detailed information on benthic organisms in both nearshore 
and offshore regions. Existing datasets of coastal mollusks concentrate 
on the Shandong, Liaoning, and South Korea’s coasts. Data on marine 
mammals is available for nearshore areas of the Liaoning Province and 
southern South Korea, with no information about offshore areas. The 
relatively less available information for the regions between coastal and 
central areas probably resulted in lower values for ESAs. As demon
strated by the maps (Fig. 5C&D), the risk pattern is largely dominated by 
available ecological information. Therefore, the abovementioned gaps 
need to be addressed in future studies. 

Our study provides the first assessment of the spatial differentiation 
of anthropogenic cumulative effects. In either scenario, the overall 
pattern of cumulative pressures and risk distribution are similar. Rela
tively high cumulative pressures and risk concentrate along the near
shore areas. This pattern is conformed with observations from other 
parts of the world (e.g., Menegon et al., 2018; Beauchesne et al., 2020; 
Andersen et al., 2020; Hammar et al., 2020), where diverse activities, 
such as coastal development (industries and cities), port construction, 
and mariculture usually aggregate in the immediate vicinity, resulting in 
the overlap of multiple pressures with high intensities. Meanwhile, 
South Korea and Jiangsu Province of China, by contrast, possess a 
comparatively lower risk than Shandong and Liaoning Provinces of 
China. This is because these two regions have higher fishing hours, 
shipping density, and port throughputs, whilst also owning higher ESAs 
values than South Korea and Jiangsu. As for the observed risks in the 
transboundary area of the YSLME, the main contributors can be ascribed 
to the more widely distributed fishing and shipping activities (Fig. S2 in 
Supplementary Material) across the YSLME, as well as the sinking of 
pollutants from land- and sea-based activities in this area due to the 
cyclonic circulation and fine-grained sediments (Wang et al., 2017). 
Since fishes are highly migratory species, overfishing could inevitably 
lead to the degradation of fishery resources throughout the Yellow Sea. 
The footprints of these pressures all expanded to the transboundary area 
and contributed to the risks in this area, thus becoming transboundary 
issues. 

Different pressures tend to contribute disproportionally to the 

overall risk due to their way of operation (Halpern and Fujita, 2013). For 
example, port construction can directly cause loss of seabed, while 
shipping mainly produces pollution and noise, whereas seawater can 
absorb a certain amount of disturbance due to its self-purification ca
pacity and marine life always show avoidance behavior (Kong and Ye, 
2014; Erbe et al., 2019). The exposure to a pressure, combined with the 
intrinsic characteristics of sensitivity and adaptive capacity of an 
ecosystem component, would allow for a determination of the vulner
ability of the ecosystem component to the pressure (Adger, 2006). 
However, a full characterization of ecosystem sensitivities and adaptive 
capacities concerning the relevant pressures is beyond the scope of this 
study. A common practice to acquire the vulnerability score is expert 
consultation, whereas calibration using ground-truthing data is also 
crucial because the result could be fairly different (Bevilacqua et al., 
2018; Halpern and Fujita, 2013). Ideally, an important aspect of risk 
identification is the definition of risk criteria relevant to vulnerabilities, 
reflecting e.g., the threshold of the acceptable level of risk, indicating 
beyond which the ecosystem starts to decline and management action 
should be taken (Stelzenmüller et al., 2020). However, in our case, such 
information is not available. For example, the mechanisms of pollution 
effects on marine mammals are not clear (Jo et al., 2017). Therefore, it 
should be noted that the risk level identified here represents no absolute 
value and cannot be viewed as the criterion to judge whether some high 
risk has exceeded the acceptable level, but rather as a reference to 
identifying areas with potentially higher risk than other regions within 
the study area. Notwithstanding, our risk pattern can be considered as a 
footprint of likely cumulative effects (Fig. 5C) (Halpern et al., 2008). 

We further designed scenario 2 for the spatially explicit risk analysis 
using vertex strength as a proxy of weight under the simple assumption 
that the more attention a pressure receives in studies, the greater 
contribution to cumulative effects it is likely to make. The overall 
pattern between the two scenarios is quite similar, with variations being 
observed at a local scale, for instance, a decreased risk in the nearshore 
region of southern Jiangsu and an increased risk in the central area. Such 
change can be of significance because it might be vital to determine 
whether further exploitation can continue in an ecologically important 
area (e.g., fishing ground) or should be designated as a protected area. 

The data collected in this study represents the first compilation of 
publicly available data across the whole study area. Yet, data limitations 
are always a challenge in cumulative effects assessment (Andersen et al., 
2020; Hammar et al., 2020). This might represent an underestimate of 
cumulative pressures and effects. Besides the ecological data gaps 
mentioned above, which resulted in the large percentage of 0-value risk 
area (Fig. S4 in Supplementary Material), constraints also exist in 
socio-economic aspects. For instance, the mariculture distribution was 
interpreted from satellite images. This method could result in a loss of 
actual locations because many facilities are also placed underwater. 
Thus, to prompt a more improved understanding of risk distribution, 
socio-economic information is another dimension that needs gap-filling. 

Our attempt to conduct an integrated and comprehensive assessment 
with partially lacking data and knowledge might increase the uncer
tainty of the aggregated risk results. However, the combination of risk 
analysis using DPSI and spatially-explicit risk approach allowed us to 
follow a clear research hypothesis, i.e., building the risk of cumulative 
effects identification on the most concerning pressures identified 
through literature review to get an overview of cumulative risk distri
bution in the Yellow Sea. 

4.2. Implications for transboundary MSP 

Transboundary MSP is widely agreed as a process in which at least 
two states, sharing a boundary at the territorial sea or the exclusive 
economic zone, jointly manage a marine area (Hassan et al., 2015). 
However, transboundary MSP is still in comparative infancy worldwide 
mainly due to differentiated institutional arrangements and lacking 
communication between interested parties (Moodie and Sielker, 2022; 
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Wang et al., 2022). Fundamental to a successful transboundary MSP is a 
common goal or vision (e.g., environmental protection) that could 
provide valid links between existing MSP frameworks, thus building 
coherence (Friess and Grémaud-Colombier, 2021). The established 
collaboration and exchange lay the foundation of transboundary coop
eration in MSP (Jay et al., 2016). China and South Korea have estab
lished cooperation in marine science and technology since 1994 (Zhang 
et al., 2019). Especially, since its first launch, the YSLME project funded 
by the United Nations Development Programme and Global Environ
ment Facility has brought together China and South Korea to negotiate 
solutions to transboundary environmental issues. Transboundary 
anthropogenic problems identified by the phase I (2005–2010) project 
include pollution and contamination, ecosystem change such as 
increased frequency of harmful algal bloom, overfishing, and biodiver
sity loss (United Nations Development Programme/Global Environment 
Facility, 2007). In phase II (2014–2021), emerging issues including 
climate change, impacts of marine ranching, re-employment of dis
placed fishers, new pollutants, and marine protected areas expansion 
were added as new concerns (United Nations Development Pro
gramme/Global Environment Facility, 2020). 

Our study took a step further and offered a footprint distribution of 
cumulative effects to highlight more impacted areas. Although the 
highest risk emerges near the coast as is often observed (Menegon et al., 
2018; Beauchesne et al., 2020; Andersen et al., 2020; Hammar et al., 
2020), the YSLME also experiences a relatively medium level of risk in 
the transboundary area. As discussed above, pollution is one of the key 
pressures explaining this risk level. It was reported that the threshold 
effects level of PAHs, i.e., the minimal concentration in benthic organ
isms at which a toxic reaction has started to be observed, is 768 ng/g 
(Khim et al., 2018). The values in the transboundary area are still below 
this threshold (maximum 414 ng/g). However, the concentration of 
PAHs is likely to be underestimated because the survey was conducted 
before 2017 (see Table S3 in Supplementary Material). Given the con
stant accumulation of PAHs in marine environments from various 
sources including shipping (P. Wang et al., 2020), the values are prob
ably higher. In addition, we did not include other pollutants of concern 
such as mercury, which was estimated to have reached the threshold 
effects level in 2014 in this area (Luo et al., 2012; Yu et al., 2021). 
Fishing becomes a transboundary problem mainly due to the migration 
of fishes. Many commercially important fish species such as Chub 
mackerel have been reported to be overexploited (Y. -B. Wang et al., 
2020). Their spawning, feeding, and wintering grounds across the 
YSLME also degraded due to multiple pressures (Li et al., 2018). 
Furthermore, in the future, human activities are expected to intensify in 
the central region. For example, deep-sea salmonid cage culture 
covering 50,000 m3 of the central Yellow Sea Cold Water Mass has 
started in 2020, with an expected optimal annual yield of 1500t (Dong, 
2019). The first environmental impact assessment indicated that the 
water, sediment physicochemical parameters, and microbial community 
structure changed during the culture period (Li et al., 2022). 

These developments, therefore, must receive close attention, and 
monitoring programs must be put in place to prevent further increases in 
risk. So far, various actions have been taken according to the National 
Strategic Action Plans built upon the Strategic Action Programme 
developed by the project. Among those actions are the reduction of 
fishing efforts by 25–30%, rebuilding of over-exploited marine living 
resources, and contaminations discharge control (see Table S6 in Sup
plementary Material) (United Nations Development Programme/Global 
Environment Facility, 2020). However, the performance of these man
agement efforts remains largely unclear. For example, despite the 
adoption of total allowable catch control, it is difficult to implement in 
practice due to the wide distribution and migration of fishes, thus 
leading to uncertain impacts on the recovery of fish biomass (Chen et al., 
2018). Besides, current efforts are mostly confined to individual coun
tries, with limited cross-border cooperation (United Nations Develop
ment Programme/Global Environment Facility, 2019). A key issue to 

tackle therefore is to concentrate efforts on evaluating the impacts of 
measures on the YSLME, because it is important to determine the 
remaining capacity of the ecosystem to absorb disturbances and 
threshold under residual cumulative pressures (Stelzenmüller et al., 
2020). Looking forward, the identification of risk criteria and evaluation 
of existing management measures should be incorporated in the future 
transboundary MSP initiative to determine context-specific criteria to 
better understand risk levels and identify the next step for better 
cooperation. 

Another enabling factor of transboundary MSP is data and infor
mation sharing (Jay et al., 2016). Despite the conceivable challenges, 
sufficient data constitutes the basis of elaborated CEA and broader 
evidence-based transboundary management (see section 4.1). In this 
regard, joint survey and monitoring plans could be initiated by the 
YSLME Interim Commission Council, the regional governance mecha
nism (Zhang et al., 2019), and it would be the organization responsible 
for data storage and distribution to ensure data availability and stan
dardization as much as possible. In addition, the risk pattern identified is 
helpful in the construction of marine protected areas network under 
discussion in the YSLME now, which could serve as a starting point for 
transboundary cooperation on MSP (Gissi et al., 2018). It could be used 
to identify conservation priority areas that possess a concurrent high 
ESAs value and high risk, and elimination of this kind of conflict is 
crucial (Boyce et al., 2022). 

5. Conclusion 

This study presents the first comprehensive assessment of the risk of 
cumulative effects in the YSLME based on the best knowledge available. 
Risk identification via literature review demonstrated that seven human 
activities including port, mariculture, fishing, industry and urban 
development, shipping, energy, and coastal defence, and three pressures 
including physical loss of seabed, input of hazardous substances, nitro
gen and phosphorus enrichment were the major factors causing envi
ronmental problems of the YSLME. Five biotic ecosystem components, 
including benthic organisms, fishes, algae, seabirds, and marine mam
mals, and one abiotic ecosystem component, namely tidal flats, emerged 
as the most affected endpoints of the natural system. The impacted 
ecosystem components further led to the loss of ecosystem services such 
as diversity maintenance and food supply, posing threats to social wel
fare. Relatively higher cumulative effects are mainly concentrated on 
nearshore areas, especially Shandong, Liaoning, and northern Jiangsu 
Provinces, and some coastal bays of South Korea such as Saemangeum. 
Meanwhile, quite a certain amount of risk could also be observed in the 
transboundary area of the YSLME, which could be ascribed to the more 
pervasive fishing, shipping, and sinking of contaminants in this area. 
Current measures mainly are confined to individual countries and their 
effectiveness remains largely unknown. To facilitate more effective 
ecosystem-based management, transboundary cooperation on MSP will 
be needed in the future. Necessary steps in transboundary MSP include 
(1) determination of context-specific risk criteria, which indicate the 
vulnerabilities of ecosystem components to different pressures, to 
further understand the threshold of the acceptable level of risk and 
determined the absolute value of current risk, (2) evaluation of existing 
management efforts to inform policy adjustment in cooperation, (3) gap- 
filling of ecological and socio-economic data. 
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