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Due to their position at the land–sea interface, coastal wetlands are extremely

vulnerable to oil spills. However, few studies have focused on the vulnerability

of coastal wetlands to oil spill hazards. In this study, we developed a spatial

vulnerability approach and assessment based on the vulnerability scoping

diagram in the Chinese Bohai Sea, where oil spill events are serious and

frequent, and aimed to assess the spatial heterogeneity of the vulnerability of

coastal wetlands under oil spill stress by integrating various indicators for

exposure, sensitivity, and adaptive capacity into a composite index. This

study normalized and aggregated data across sub-indices and combined

related information with a geographic information system (GIS) model. The

weighted results indicated that oil spill sources, as well as the natural

environment in which the wetlands were located, dominated the degree of

vulnerability of various coastal wetlands. The vulnerability assessment results

suggest that there are obvious spatial variations among the different wetlands

surrounding the Bohai Sea and each wetland had a different level of

vulnerability, and highlights the need to enhance adaptive capacity to reduce

vulnerability. This paper provides a quantitative assessment method for

determining the spatial variation of coastal wetland vulnerability under oil

spill stress, which can be used to better understand potential oil spill risks in

coastal wetlands to support spill prevention and improve response readiness in

the future.
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1 Introduction

Coastal wetlands commonly include mangroves, salt marshes, seagrass, coral reefs,

estuaries, and coastal water bodies with depths of 6 m or less (Ramsar Convention

Secretariat, 2010). They play an irreplaceable role in supporting bioproductivity, habitat

provision, carbon sequestration, coastal protection (Li et al., 2018), climate regulation

(Crooks et al., 2011), the promotion of siltation (Yuan et al., 2022), and preventing
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damage caused by coastal disasters, such as floods and tropical

cyclones (Narayan et al., 2017; Sun and Carson, 2020). However,

due to strong sea–land interactions, coastal wetland

environments are suffering from unprecedented levels of

disturbance. In China, coastal wetlands lost 8.01 × 106 ha from

1950 to 2014, with a total loss rate of 58.00% (Sun et al., 2015),

which could cause a series of problems such as flooding and

storm damage, fishery structure change, and biodiversity loss

(Li et al., 2018). It is particularly noteworthy that the frequent

occurrence of marine oil spill accidents has caused coastal

wetlands to be under enormous ecological pressure, leading to

reduced biodiversity and habitat degradation, resulting in long-

term toxic effects, and posing a serious threat to wetland

ecosystems (Mendelssohn et al., 2012).

Understanding the vulnerability of coastal wetlands under oil

spill stress is of great significance for wetland ecosystem

conservation. Over the past few decades, various ecological

vulnerability assessment frameworks have been proposed, such

as the oil vulnerability index (OVI), environmental sensitivity

index (ESI), vulnerability of marine ecosystems (VME), regional

vulnerability assessment (ReVA), ecological vulnerability analysis

(EVA), and vulnerability scoping diagram (VSD). Extensive

research focusing on the vulnerability assessment has been

conducted using the above framework (Bhowmik, 2022),

especially in the areas of global warming and sea level rise

impact on coastal wetlands (Thorne et al., 2018; Kåresdotter

et al., 2021). By contrast, relatively fewer studies have been

conducted on the vulnerability of coastal wetlands under oil

spill stress. Nonetheless, this problem also needs attention for

the following reasons (Nelson and Grubesic, 2018): (1) offshore oil

transportation and mining activities are becoming increasingly

frequent, and the amount of oil used for production and

transportation is increasing; (2) oil and gas operations are high-

risk industries, and the uncertainty of marine environments will

greatly increase such risks; (3) once a marine oil spill occurs, it is

difficult to control and will obviously aggravate the ecological

pressure on adjacent wetland systems; and (4) oil spill disasters
Frontiers in Marine Science 02
occur frequently all over the world, and their destructiveness is

difficult to predict. Hence, it is necessary to assess the potential

impact of oil spills on coastal wetlands and formulate reasonable

emergency strategies in advance.

Vulnerability assessment aims to use composite indices to

provide critical information for policymakers as to why certain

regions are more vulnerable to disturbance than others (Jha and

Gundimeda, 2019), indicating that the spatial characteristics of

vulnerability for different wetlands under oil spill stress are not

spatially homogeneous. The Chinese Bohai Sea is one of the

busiest sea areas in China, with frequent oil spill accidents

(Liu et al., 2015; Wang et al., 2018a), resulting in coastal

wetland exposure to large oil spill risks, and its vulnerability is

particularly worthy of attention. Therefore, from the perspective

of spatial pattern differentiation, this paper took the Bohai Sea as a

case study, focused on the spatial heterogeneity of coastal wetland

vulnerability under oil spill stress to understand the spatial

variation of coastal wetland vulnerability once spills occur, and

put forward practical and effective countermeasures, which will

help ensure the ecological security of coastal wetlands and provide

a scientific basis for wetland conservation, as well as support for

policymakers in drafting coastal wetland protection laws.
2 Data and methods

2.1 Study area

Geographically, the Bohai Sea consists of Liaodong Bay, Bohai

Bay, Laizhou Bay, and the central part of the Bohai Sea, and it is

connected to the outer sea through the Bohai Strait (Figure 1A).

There are multiple contiguous coastal wetlands along the Bohai

Sea coasts, including coastal swamp, coastal marsh, lagoon,

estuarine water, tidal flat, and shallow marine water. Recently,

researchers have obtained the spatial distribution of these

wetlands through remote sensing (Mao et al., 2020; Sun et al.,

2020a). There are only a few differences in details. In this study,
FIGURE 1

(A) Location of the Chinese Bohai Sea. (B) Wetlands surrounding the Bohai Sea. (C) Oil spill risk sources surrounding the Bohai Sea.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1073906
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.1073906
the wetland data provided by Sun (Sun et al., 2020a) were used,

which included the Liaohe estuary wetlands in the north of

Liaodong Bay and its nearby areas, the northern Bohai Bay

wetlands, the western Bohai Bay wetlands, the southern Bohai

Bay wetlands, the western Laizhou Bay wetlands, the southern

Laizhou Bay wetlands, and the Yellow River Delta wetlands

(Figure 1B). There is also a small patch of wetland in the

southwest of the Liaodong Peninsula, but due to its small area,

this study does not consider it. As a high-risk area for oil spills, this

sea area is densely covered with various risk sources, including oil

tanks in ports, oil pipelines, oil platforms, and channels for

ships (Figure 1C).
2.2 Assessment indices

VSD is the most commonly used vulnerability assessment

framework, which is composed of three elements: exposure,

sensitivity, and adaptive capability (Polsky et al., 2007). Based on

the VSD vulnerability assessment framework, the vulnerability

assessment indicators of coastal wetlands under oil spill stress

were systematically decomposed into exposure indices,

sensitivity indices, and adaptive capacity indices. The detailed

indices are listed and described in Tables 1–3. (1) In this study,

the exposure of coastal wetlands under oil spill stress was

reflected by the spatial characteristics of various oil spill risk

sources. As mentioned above, multiple risk sources are densely

distributed in the Bohai Sea (Figure 1C), which greatly increases

the risk of coastal wetlands being exposed to oil spills. Five

indices that represented oil spill risk sources were included: oil

storage tanks built in coastal ports, oil pipelines, offshore oil

production platforms, ships, and channels. (2) The sensitivity of

coastal wetlands under oil spill stress was reflected by the

environmental self-purification capability, which was mainly

represented by the natural environment in which the wetlands

were located, including the substrate, slope degree, and shoreline
Frontiers in Marine Science 03
tortuosity. (3) The adaptive capacity of coastal wetlands under

oil spill stress was reflected by the oil spill response capability,

which was represented by the quantity of the corresponding oil

spill response equipment stored in harbors. The data were

obtained and renewed from a survey for the Maritime Safety

Administration (MSA) (Wang et al., 2018a).
2.3 Assessment methods

2.3.1 Data processing
The influence scope of exposure indicators was determined

through buffer analysis in ArcGIS 10.5 software. By referring to

the scope of the influence of several past oil spill accidents (the

2010 Dalian Xingang Port oil spill, the 2011 Penglai 19-3 oil spill,

and the 2018 Sanchi oil tanker collision), this study took a

distance of 35 km as the area affected by oil spills from oil

pipelines and oil tanks, took 29 km as the threshold of the area

affected by oil spills from platforms, and took 27 km as a rough

buffer distance for channel oil spills, with the impact range

decreasing gradually from the oil spill site to the periphery. The

buffered file was rasterized after buffer analysis. This paper used

the uniform sampling method to preprocess the AIS data to

ensure maximum data representativeness after sampling for the

Bohai Sea in 2018. In view of the large AIS data volume, the data

for the first minute of each hour of each day were selected for

analysis. Thus, on each day, vessel distributions over a total of

24 min were sampled and documented in a shapefile.

Furthermore, the shapefile was rasterized, and the average

tonnage value of the ship in each grid was calculated.

For sensitivity indicators, this study assumed a buffer distance

of 20 nautical miles, which was the distance from the nature

reserve areas, tourism and leisure areas, and mari-aquaculture

areas that could be influenced by the spilled oil (Wang et al.,

2018b). The distance from the coast, wind speed, wave height,

maximum ocean current velocity, slope degree, bathymetry and
TABLE 1 Coast wetland oil spill risk exposure indicators.

Label Index Data sources Interpretation

EX(1)
Oil
storage
tanks

Geospatial Data Cloud
(https://www.gscloud.cn/)

Represents the spatial distribution of storage tanks. Data were extracted from
Gaofen-2 satellite images.

EX(2)
Oil
pipelines

Rice University’s Baker Institute for Public Policy
(https://www.bakerinstitute.org/chinas-oil-
infrastructure/)

Represents the spatial distribution of pipelines. Data were vectorized from public
maps.

EX(3)
Oil
platforms

Liu et al., 2015 Represents the spatial distribution of oil platforms.

EX(4) Ships http://www.shipxy.com/
Represents the tonnage of the ship. Data were obtained from the Automatic
Identification System (AIS).

EX(5) Channels https://www.chart.msa.gov.cn/customer/home
Represents the spatial distribution of the channels. Data were vectorized from the
Electronic Navigational Charts (ENC) issued by Maritime Safety Administration
(MSA).
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substrate were stored in point shapefiles, which were directly

converted to raster data. For the substrate, this study assumed that

the normalized value of clay was 100, the normalized value of silt

was 70, the normalized value of fine sand was 50, the normalized

value of coarse sand was 20, and the normalized value of sand with
Frontiers in Marine Science 04
gravel was 10 (Wang et al., 2018b). Various buffer distances from

0 to 20 nautical miles were assumed, according to the value of

shoreline tortuosity for the coastlines.

For adaptability indicators, each emergency capability was

represented by the quantity of the corresponding emergency
TABLE 3 Coastal wetland adaptive capacity indicators (renewed from published studies (Wang et al., 2018a; Wang et al., 2018b).

Label Index Data sources Interpretation

AD(1) Rescue capability Local MSA Represents the quantity of rescue ships.

AD(2) Towing capacity Local MSA Represents the quantity of tugs.

AD(3) Firefighting capability Local MSA Represents the quantity of fireboats.

AD(4) Protective suits for rescue team Local MSA Represents the quantity of chemical splash proof suits.

AD(5) Capacity for containing oil Local MSA Represents the quantity of contaminated oil booms.

AD(6) Capacity for trans-shipping oil Local MSA Represents the quantity of unloading pumps.

AD(7) Capacity for cleanup of spilled oil Local MSA Represents the quantity of oil skimmers.

MSA, Maritime Safety Administration.
TABLE 2 Coastal wetland sensitivity indicators.

Label Index Data sources Interpretation

SE(1)
Nature
reserve area

Nature Reserve Specimen Resource
Sharing Platform in China (http://www.
papc.cn)

As an important ecological resource, numerous nature reserves for wetlands have been
established (Meng et al., 2017), including wetland nature reserves and wetland parks. If the
wetland is close to these nature reserves and parks, its sensitivity is high.

SE(2)
Tourism
and leisure
area

Local Municipal Bureau of Culture and
Tourism (MBCT)

Some wetlands have additional economic value if they provide recreational activities
(Barbier, 2013). If the wetland is close to the tourism and leisure areas, its sensitivity is
high.

SE(3)
Mari-
aquaculture
area

National Earth System Science Data
Center, National Science & Technology
Infrastructure of China (http://www.
geodata.cn)

Mari-aquaculture has been a significant factor in wetland loss (Richards and Friess, 2016). If
the wetland is close to the mari-aquaculture areas, its sensitivity is high.

SE(4)
Distance
from coast

Google Earth
Represents the distance from wetlands to the coast. When the wetlands are farther from the
coast, marine oil spills are less accessible, and the wetlands are less sensitive.

SE(5) Wind speed HY−2A satellite radar altimeter product
Represents the annual average wind speed on the sea surface. The spilled oil on the sea
surface is driven by the combined effect of winds waves and currents (Abascal et al., 2010).
The higher the wind speed, the easier the oil spill spread, and the lower the sensitivity

SE(6)
Wave
height

HY−2A satellite radar altimeter product
Represents the average annual wave height on the sea surface. The larger the wave height,
the easier the oil spill flows away, and the lower the sensitivity.

SE(7)

Maximum
ocean
current
velocity

Simulated from General Estuarine
Transport Model (GETM)

Represents the maximum ocean current velocity. The higher the flow rate, the stronger the
wetland self-purification ability, and the lower the sensitivity.

SE(8)
Slope
degree

Re-calculated from the change of
bathymetry

Represents the seabed slope, indicated by the steepness between high and low tide in coastal
wetlands. The steeper slope, the stronger the water exchange capacity, and the lower the
sensitivity (Castanedo et al., 2009).

SE(9) Bathymetry
Digitized from submarine topographic
map of the East China Sea

Represents the depth of sea water. The deeper the water, the stronger the exchange capacity,
and the lower the sensitivity.

SE(10) Substrate
Digitized from a map of marine sediment
types in the East China Sea

Represents the bottom material of the seafloor. Small particle size, oil spill is not easy to
penetrate, and low sensitivity (Petersen et al., 2002).

SE(11)
Shoreline
tortuosity

Google Earth
Represents the ratio of the shoreline segment length (200 m) to the length of the
orientation line for this segment. Zones with more sinuosity present irregularities where oil
could persist, resulting in higher sensitivity (Castanedo et al., 2009).
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equipment. To convert spatially discrete data (the distribution of

emergency facilities) to spatially continuous data, the inverse

distance weighting (IDW) interpolation was used, which

assumes that each input point has a local influence that

diminishes with distance, and it assigns greater weights to the

points closer to the processing cell compared with those

farther away.

Rasterized rectilinear grids were constructed using GIS for

all indices. Subsequently, to eliminate cross-disciplinarity, the

spatially continuous data of all indices were first normalized to

prevent dimension and the order of magnitude from affecting

the comparison between different indices. The whole domain

of the Bohai Sea was overlaid with a raster grid for the

convenience of display (Figure 2). For individual indexes,

each grid cell in the mesh was 1000 m × 1000 m, and the

normalized value for every cell was calculated according to the

following equation:

K = xi −Minð Þ= Max −Minð Þ*100, (1)

where K is the normalized value, x is the true value of the cell, i

represents the identifier of a cell, Min is the minimum value in
Frontiers in Marine Science 05
terms of a specific index, and Max is the maximum value in

terms of a specific index.

2.3.2 Weight determination
The weight of each index determined its contribution to the

vulnerability of coastal wetlands under oil spill stress. Because of

its great flexibility and wide applicability, the analytic hierarchy

process (AHP), a weight determination method that has been

applied widely and studied extensively over the past 40 years was

used to analyze multi-target, multi-criteria complex decisions.

Hence, the AHP was used to determine the weight of the indices

in this study. The AHP generally includes the establishment of a

hierarchical structure, expert evaluation with the purpose of

constructing a judgment matrix, a consistency inspection, and

the determination of weights at all levels (Zhong et al., 2010;

Shabbir and Ahmad, 2016; Song et al., 2017). The main steps in

this study are as follows: (1) Classifying the vulnerability analysis

problem into three hierarchies; the target layer comprises

vulnerability assessment, the criterion layer includes exposure,

sensitivity and adaptability, and the index layer contains 23

indicators. (2) An importance comparison is made between
FIGURE 2

Technology roadmap.
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every two indices on the same hierarchy through experts’

experiences, and the inverse scaling method is used to create

judgment matrices. The maximum eigenvalue of the judgment

matrix was determined by the following formula:

lmax =o
n

i=1
AWi=nWið Þ,   (2)

where lmax indicates the maximum eigenvalue, A indicates the

judgment matrix, W indicates the eigenvector, which represents

the needed weights, and n indicates the dimension of the matrix.

(3) Assessing the judgment matrix’s departure from

uniformity by using the value of the consistency index (CI):

CI = lmax − nð Þ= n − 1ð Þ,   (3)

(4) Consistency inspection for judgment matrix, in order to

ensure the consistency of the pairwise comparison matrix.

CR = CI=RI,   (4)

where RI indicates the random consistency index (Table 4), CR

indicates the consistency ratio.

2.3.3 Vulnerability assessment model
An integrated vulnerability assessment model for coastal

wetlands under oil spill stress was built based on the

gridding technology established above, and in accordance

with various index grading criteria and corresponding

weights.

ESA =o
n

i=1
Ki*Wi,   (5)

where ESA is the value of exposure, sensitivity, or adaptive

capacity; n is the number of indices for exposure, sensitivity,

or adaptive capacity; Ki is the normalized value of index i;

and is the weight of index i. Vulnerability is calculated by the

following formula:

V = E + S + 1 − Að Þ,   (6)

where V is vulnerability, E is exposure, S is sensitivity, and A

is adaptive capacity.

There is no unified standard for the division of vulnerability.

This study divided vulnerability into six grades using the

quantile method (Gilchrist, 2000) to facilitate the clear

representation of the spatial differentiation of wetlands, as

shown in Table 5.
Frontiers in Marine Science 06
3 Results

3.1 Synthetic weight

On the basis of the wetland vulnerability assessment

indicator system for oil spill stress, three criterion layers and

23 indicators were defined according to AHP. The relationships

among the indicators and layers were determined, and were

comprised of ratios of the comparative importance of each pair

of factors. Judgment matrices were constructed, and consistency

inspection was implemented. Finally, the relative weights of all

indices were obtained. The calculation results of each index

weight are shown in Table 6. The weight results showed that

maximum ocean current velocity had the largest contribution to

vulnerability, followed by ships and platforms, and firefighting

capability had the smallest contribution to vulnerability.
3.2 Spatial variation of vulnerability

To clearly visualize spatial differences in exposure,

sensitivity, and adaptive capacity, this study divided their

integrated values into five grades using the quantile method.

3.2.1 Exposure
The spatial patterns of individual indexes for exposure are

shown in Figure 3. Based on the integrated spatial pattern of

exposure (Figure 4), it was found that most part of Liaohe

Estuary wetlands exhibited low exposure; the surrounding area

of the northern Bohai Bay wetlands had medium exposure; the

western Bohai Bay wetlands had medium exposure; and the

southern Bohai Bay wetlands had high expose and extremely

high exposure. Overall, the exposure values of the Yellow River

Delta wetlands and almost all Laizhou Bay wetlands were

extremely low.

3.2.2 Sensitivity
After GIS spatial analysis and visual expression, the

sensitivity of coastal wetlands for each individual index was

identified based on variations in color tone (Figure 5). Using

weighted calculation and spatial overlaying analysis, the

sensitivity from the comprehensive action of multiple indices

was obtained, and the integrated sensitivity spatial pattern of

coastal wetlands under oil spill stress was found (Figure 6),
TABLE 4 RI table values. (Source: Saaty, 1980).

Order 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

RI, random consistency index.
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which was represented through the hue of sea area near the

coastal wetlands. From the spatial pattern of integrated

sensitivity, it was found that the Liaohe Estuary wetlands, the

wetlands in the northern part of Bohai Bay, and the northern

Yellow River Delta wetlands showed extremely high sensitivity.

Comparatively, the southern Yellow River Delta wetlands, the

southern and western Bohai Bay wetlands, and the wetlands

around the Laizhou Bay showed high sensitivity.

3.2.3 Adaptive capacity
The adaptive capacity of each individual index was

represented by gradient tones (Figure 7). Spatial overlaying

analysis was also used for weighted calculation to obtain the
Frontiers in Marine Science 07
integrated adaptive capacity. The spatial patterns in integrated

adaptive capacity (Figure 8) showed that the Liaohe Estuary

wetlands, the southern Bohai Bay wetlands, the Yellow River

Delta wetlands, and the western and southern Laizhou Bay

wetlands were all near sea areas with low adaptive capacity.

The most adaptable wetlands were found on the north and west

of Bohai Bay.

3.2.4 Vulnerability
As shown in Figure 9, the vulnerability of the Liaohe Estuary

wetlands, the southern Laizhou Bay wetlands, the northern part

of the Yellow River Delta wetlands, and the eastern part of

Southern Bohai Bay Wetlands was extremely high; the western
TABLE 6 Weight distribution of each index.

Criterion layer Relative weight Label Relative weight Index layer Synthetic weight

Exposure 0.33

EX(1) 0.2074 Oil storage tanks 0.0684

EX(2) 0.0832 Oil pipelines 0.0275

EX(3) 0.2583 Oil platforms 0.0852

EX(4) 0.3143 Ships 0.1037

EX(5) 0.1368 Channels 0.0452

Sensitivity 0.53

SE(1) 0.1522 Nature reserve areas 0.0807

SE(2) 0.0332 Tourism and leisure area 0.0176

SE(3) 0.0145 Mari-aquaculture 0.0077

SE(4) 0.0493 Distance from coast 0.0261

SE(5) 0.1426 Wind speed 0.0756

SE(6) 0.1599 Wave height 0.0847

SE(7) 0.2536 Maximum ocean current velocity 0.1344

SE(8) 0.0437 Slope degree 0.0232

SE(9) 0.0482 Bathymetry 0.0255

SE(10) 0.0534 Substrate 0.0283

SE(11) 0.0494 Shoreline tortuosity 0.0262

Adaptive capacity 0.14

AD(1) 0.087 Rescue capability 0.0122

AD(2) 0.1191 Towing capacity 0.0167

AD(3) 0.0337 Firefighting capability 0.0047

AD(4) 0.0621 Protective suits for rescue team 0.0087

AD(5) 0.3456 Capacity for containing oil 0.0484

AD(6) 0.085 Capacity for trans-shipping oil 0.0119

AD(7) 0.2675 Capacity for cleanup of spilled oil 0.0374
TABLE 5 Vulnerability spatial variation grading standard.

Grade Extremely low Relatively low Medium low Medium high Relatively high Extremely high

Risk 0–20 20–30 30–40 40–50 50–60 60–100
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Laizhou Bay wetlands and the southern part of the Yellow River

Delta wetlands was relatively high; and most of the northern and

western Bohai Bay wetlands was medium high or medium low.

Overall, coastal wetlands in different regions exhibited various

levels of vulnerability to oil spill stress.
4 Discussion

4.1 Spatial variation of vulnerability

Vulnerability assessment is a broad topic. The methods

currently used for the vulnerability assessment of natural

hazards mainly include the following categories (Sun et al.,

2020b): (1) the statistical analysis method, (2) the vulnerability

curve method, and (3) the evaluation of multiple indicators.

Compared with natural disasters such as floods, the probability

of oil spill occurrence is relatively random, and the recorded

statistical samples are not sufficient for statistical analysis.

Therefore, it is difficult to obtain effective information from

statistical data, and it is also difficult to construct a vulnerability

curve based on statistical data. Generally, in vulnerability

assessments for oil spills, the evaluation of multiple indicators

is relatively common. A commonly used technique is to combine

an oil spill simulation model with GIS (Balogun et al., 2021;

O'Brien-Delpesh et al., 2022). The simulation model randomly

simulates the assumed accidents, and GIS comprehensively

analyzes a wide range of related information. Since this study

focuses on the spatial variation of coastal wetland vulnerability

under oil spill stress, the advantages of GIS in spatial analysis can

be fully utilized. In view of this, the evaluation of multiple

indicators combined with GIS is currently the most suitable

method for this study.

According to the weighted results obtained using the AHP,

sensitivity had the greatest impact on the vulnerability of coastal

wetlands under oil spill stress, followed by exposure, and

adaptive capacity had the least impact on vulnerability.

Exposure could reflect the potential loss of wetlands under

the influence of oil spills. Exposure is related to the oil spill

frequency, oil slick spatial position, oil slick thickness, exposure

duration of floating oil slick (Wang et al., 2020), and the

proximity to the point where the oil spill occurs. Although

vulnerability assessments typically combine sets of index values

related to historical data and contextual information (such as

site, situation, and time) (Nelson and Grubesic, 2017), and the

frequency, intensity, and duration can be calculated based on

historical statistics, historical situations may not be relevant to

oil spill accidents that have not yet occurred, which results in

difficulties in determining the real exposure of coastal wetlands

by relying on historical data. Therefore, analyzing the spatial

pattern of oil spill sources is the most effective way to determine

and visually represent the exposure of coastal wetlands. The
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closer the wetlands to a risk source, the higher the exposure.

Ships have always been considered to be an important source

of marine oil spills and are also the focus of oil spill risks

(Xiong et al., 2015). In this study, ship factors accounted for the

greatest proportion of exposure risk in determining the exposure

of coastal wetlands. Once an oil platform leaks, it will cause

great harm (Yu et al., 2018), and the exposure due to oil

platforms is second only to ship exposure. Due to the low

density of submarine pipelines in the Bohai Sea, they are

considered to cause the lowest exposure risk to coastal

wetlands. Spatially, the exposure of wetlands under oil spill

stress showed significant differences.

Sensitivity assessment is critical for developing an integrated

coastal management framework (de Andrade et al., 2010).

Sensitivity assessment is often influenced by biological,

physical, and socioeconomic factors (Rustemovich and

Alexeevich, 2017; Mamede da Silva et al., 2018; Li and

Johnson, 2019). Therefore, the selection of coastal wetland

sensitivity indices under oil spill stress referred to these

factors. The results showed that sensitivity contributed more

than half of the weight in the vulnerability assessment. Among

the indices that determined the sensitivity, ocean currents played

the most important role in reducing the sensitivity of

coastal wetlands.

The adaptive capacity of coastal wetlands to oil spills is

mainly determined by local oil spill prevention and mitigation

capabilities (Wang et al., 2018a). By enhancing these capabilities,

the adaptive capacity to oil spill disasters can be significantly

improved. Based on the weighted results, increasing the capacity

for containing oil is considered to be the most effective way to

enhance the adaptive capacity, while firefighting capability has

the least effect on enhancing the adaptive capacity. In general,

with the exception of the cleanup capacity and oil spill

containment capacity, there was little difference in the role of

other capabilities. Overall, most coastal wetlands showed

extremely low adaptive capacity to oil spills, with the reason

that the port emergency equipment stores were not located near

coastal wetlands with high ecological value, resulting in the poor

adaptive capacity of each wetland to oil spill stress. In contrast,

the wetlands located between Tianjin Port and Tangshan Port

showed extremely high adaptive capacity because the emergency

equipment stored in the two ports can ensure that the

surrounding waters have sufficient emergency response forces

when oil spills occur.

The seven coastal wetlands around the Bohai Sea discussed

in this study showed obvious spatial variation of vulnerability

under oil spill stress. In view of these findings, local governments

need to formulate conservation strategies in line with the

vulnerability of local wetlands, and departments need to

coordinate and establish effective vulnerability response

mechanisms. The responses of the Chinese government to the

threat of oil spills are described in the following sections.
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4.2 Management of marine oil spills
in China

Generally, increases in the exposure and sensitivity will

increase the system vulnerability, and the increase in adaptive

capacity will decrease system vulnerability. For the oil-spill-

related vulnerability of coastal wetlands determined by the

VSD framework, sensitivity is determined based on the

environmental self-purification capability, which is impossible

to enhance. As exposure depends on the distance from risk

sources to wetlands, exposure is also difficult to change.

Therefore, to reduce the vulnerability of coastal wetlands, the

most effective short-termmethod is to enhance adaptive capacity

through strengthening the ability to prevent and mitigate oil

spill disasters. In this respect, the Chinese government has

taken multiple measures, although some problems remain

(Xiong et al., 2015).

4.2.1 Improving wetland protection laws
related to oil spills

In response to the continued degradation of Chinese

wetlands due to multiple factors, the Chinese government has

made wetland protection a national priority (Jiang and Xu, 2019)

and has issued a series of laws and regulations related to water

pollution prevention (Sun et al., 2015), including the Maritime

Traffic Safety Law of the People’s Republic of China (promulgated

in 1983, and revised in 2016 and 2021) and the Marine

Environmental Protection Law of the People’s Republic of

China (promulgated in 1982, and revised in 1999 and 2017).
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It is particularly worth mentioning that on December 24, 2021,

the 32nd meeting of the Standing Committee of the 13th

National People’s Congress issued the “Wetland Protection

Law of the People’s Republic of China.” This law provides an

important basis for the protection of coastal wetlands and has
FIGURE 3

Visualization of exposure indices. The light-toned areas indicate low exposure, while the dark-toned areas indicate high exposure.
FIGURE 4

Spatial variation of integrated exposure of coastal wetlands.
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been a key milestone for wetland protection in China.

Regrettably, the law does not clearly define the issue of

wetland protection related to oil spill pollution, and the

compensation mechanism for oil spill pollution damage is

incomplete. To address this shortcoming, it is necessary to

establish a complete compensation mechanism for oil

pollution damage and carry out research and the formulation

of regulations specifically for the prevention and control of oil

spill pollution. By improving the environmental legal system, the

adaptive capacity of coastal wetlands to oil spills will be

continuously improved at the legal level.
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4.2.2 Enhancing the coordination capabilities
of various departments

Coastal wetland management related to oil spills involves

multiple government departments in China, including the

Ministry of Ecology and Environment, the State Oceanic

Administration, and the MSA. The responsibilities of the

abovementioned agencies are not clear, and coordination

mechanisms for management are lacking, resulting in difficulties

in the effective protection of wetlands (Meng et al., 2017). To

improve this system, management should consist of integrated

governance rather than a loose combination of various
FIGURE 5

Visualization of sensitivity of indices.
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departments (Tait and Brunson, 2022). In 2016, the “National

Major Offshore Oil Spill Emergency Capability Building Plan” was

issued by the State Council of China. This is the first special plan

dedicated to improving oil spill emergency response capability that

can integrate central government and local government forces,

government and enterprise forces, and various department forces.

The issuance of this plan marked the transformation of China’s oil

spill response capacity from single-department projects to multi-

department coordination. The “Wetland Protection Law of the

People’s Republic of China” (2021) stipulates that “The competent

department of forestry and grassland under the State Council shall, in

conjunction with the competent departments of natural resources,

water administration, housing and urban-rural development,

ecological environment, agriculture and rural areas of the State

Council, establish a wetland protection collaboration and

information reporting mechanism.” It can be seen that the

Chinese government has paid attention to the benefits of

systematic management. Departments can now jointly formulate

emergency plans to establish efficient and scientific management

systems, which can be regarded as an effective form of system

management organization for coastal wetland protection.

4.2.3 Intensifying technical support for oil spill
prevention and control

Establishing an early warning decision support system is

essential to oil spill pollution prevention. At present, the world’s

commonly used oil spill prediction and early warning systems

include GNOME (United States), COZOIL (United States),
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OILMAP (United States), ADIOS (United States), SINTEF

OSCAR (Norway), MOTHY (France), and MOHID

(Portugal). China’s oil spill prediction systems include the

China Marine Oil Spill Integrated Multi-Node Collaborative

Prediction and Early Warning System (National Marine

Information Center), the China Offshore Oil Spill Prediction

and Emergency Decision Support System (Environmental

Protection Service Co., Ltd. of the China National Petroleum

Corporation), the Marine Oil Spill Emergency and Forecast

Response Information System (Dalian Maritime University),

and the Bohai Oil Spill Emergency Forecast System (National

Marine Environment Forecast Center). Commercial systems

(such as OILMAP) and open-source systems (such as

GNOME) can theoretically be used in any sea area if the

corresponding basic geographic information is provided.

However, most non-commercial and non-open source systems

are only applicable to the specific sea area for which the system is

developed. Therefore, further research should be conducted on

the background data of the marine environment in the Bohai Sea

to provide accurate basic information on local marine

environmental elements. In addition, improving the oil spill

trajectory prediction model on the surface of the Bohai Sea,

developing a dynamic change model for underwater oil spills,

and using simulation models for submerged oil spills would also

be significant.

4.2.4 Strengthening the construction of oil spill
emergency equipment warehouses

In 2016, the MSA issued “Guiding Opinions on Strengthening

the Operation and Management of the National Ship Oil Spill

Response Equipment Depot,” which proposes to strengthen the

management of the national ship oil spill emergency equipment

warehouse and optimize the allocation of emergency equipment,

with the aim of ensuring that the stored equipment can be used

when oil spills occur. However, because the construction of

equipment warehouses remains in the initial stage in China,

there are still some problems (Li, 2020), such as unbalanced site

selection and layout, heavy reliance on government financial

investment, and imperfect sharing mechanisms. Faced with the

abovementioned problems, it is necessary to take targeted

measures. For example, for areas with high oil spill risk

exposure in coastal wetlands, the existing equipment warehouses

should be appropriately renovated and expanded, and new

emergency equipment bases for coastal wetland protection

should be built. The government should be encouraged to

purchase services from social emergency forces to participate in

equipment maintenance, and promote the professional, market-

oriented, and large-scale development of oil spill emergency

services. Finally, a regional cooperation mechanism for oil spill

emergency equipment depots should be established, resource

sharing should be promoted, and the ability to coordinate

responses to oil spill pollution should be enhanced.
FIGURE 6

Spatial variation of integrated sensitivity of coastal wetlands.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1073906
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.1073906
4.3 Potential issues and future prospects

There are still some limitations of this study that need to be

further discussed. First, when it comes to applying the method to

other similar areas in the world, the consideration of additional

indicators to local conditions are unavoidable in light of the

complexity of the topic. Second, in this study, the weights of each

indicator were determined by AHP, which requires an intuitive

expression of the percentage of damage from experts

(Subramanian and Ramanathan, 2012); thus, this method still

cannot achieve a completely objective analysis of the weights.

Third, in reality, the weights of the involved factors should

depend on the immediate environment in which the accident

occurs. In order to represent the general situation, some

indicators (such as wind speed and wave height) are replaced

by annual average data in this study. Hence, further work should
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be conducted to support this study incorporating more

indicator-related and weight-related factors.

5 Conclusion

This study attempted to assess the spatial variation of

vulnerability for coastal wetlands under oil spill stress in the

Chinese Bohai Sea. Multiple sources of data including exposure,

sensitivity, and adaptive capacity were involved in this work. For

each individual index, a mesh of 1000 m × 1000 m grid cells was

generated and normalized, and weighted using the AHP. In

addition, maps of exposure, sensitivity, adaptive capacity, and

vulnerability were created based on a GIS. Subsequently, the

spatial variation of coastal wetland vulnerability was analyzed

and discussed. In conclusion, (1) the study developed a GIS-

based assessment method for the spatial variation of coastal
FIGURE 7

Visualization of the adaptive capacity of indices. The dark-toned areas indicate that oil spill response capability is strong, and these areas exhibit
high adaptive capacity, while the light-toned areas indicate that the oil spill response capability is weak, and these areas exhibit low adaptive
capacity.
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wetland vulnerability under oil spill stress and applied this

approach to the Chinese Bohai Sea. (2) The vulnerability of

spatially differentiated features was revealed, and the study

provided a basis for the development of an appropriate coastal
Frontiers in Marine Science 13
wetland conservation decision-making system related to oil

spills in this area. (3) Although the Chinese government has

made progress in developing oil spill prevention and response

capabilities, some problems remain. The government needs to

further improve its oil spill prevention and response capabilities.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding author.

Author contributions

YW designed and performed the research, analyzed the data,

and wrote the paper. PD, JL, and CC collected the data. All authors

contributed to the article and approved the submitted version.

Funding

This work was financially supported by the Natural Science

Foundation of Shandong Province (Youth Program) (grant

number: ZR2022QD020).

Acknowledgments

We would like to express our gratitude to the editors and

reviewers for their helpful comments.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fmars.2022.1073906/full#supplementary-material
FIGURE 8

Spatial variation of the integrated adaptive capacity of coastal
wetlands.
FIGURE 9

Spatial variation of the integrated vulnerability of coastal wetlands.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fmars.2022.1073906/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2022.1073906/full#supplementary-material
https://doi.org/10.3389/fmars.2022.1073906
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.1073906
References
Abascal, A. J., Castanedo, S., Medina, R., and Liste, M. (2010). Analysis of the
reliability of a statistical oil spill response model. Mar. pollut. Bull. 60 (11), 2099–
2110. doi: 10.1016/j.marpolbul.2010.07.008

Balogun, A. L., Yekeen, S. T., Pradhan, B., and Yusof, K. B. W. (2021). Oil spill
trajectory modelling and environmental vulnerability mapping using GNOME
model and GIS. Environ. pollut. 268, 115812. doi: 10.1016/j.envpol.2020.115812

Barbier, E. B. (2013). Valuing ecosystem services for coastal wetland protection and
restoration: Progress and challenges. Resources 2 (3), 213–230. doi: 10.3390/
resources2030213

Bhowmik, S. (2022). Ecological and economic importance of wetlands and their
vulnerability: a review. Research Anthology on Ecosystem Conservation and
Preserving Biodiversity, 11–27. doi: 10.4018/978-1-6684-5678-1.ch002

Castanedo, S., Juanes, J. A., Medina, R., Puente, A., Fernandez, F., Olabarrieta,
M., et al. (2009). Oil spill vulnerability assessment integrating physical, biological
and socio-economical aspects: Application to the cantabrian coast (Bay of Biscay,
Spain). J. Environ. Manage. 91 (1), 149–159. doi: 10.1016/j.jenvman.2009.07.013

Crooks, S., Herr, D., Tamelander, J., et al. (2011) Mitigating climate change through
restoration and management of coastal wetlands and near-shore marine ecosystems:
Challenges and opportunities. Available at: http://hdl.handle.net/10986/18318.

de Andrade, M. M. N., Szlafsztein, C. F., Souza-Filho, P. W. M., Araújo, A. R., and
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