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HIGHLIGHTS

The Bohai Sea is under enormous eco-
environment pressure.

A large of economic losses was caused
by frequent storm surges of the Bohai
Sea.

The oil pollution mainly came from oil
spill accidents and vessels/ports.

The seawater intrusion and soil saliniza-
tion occurred in >90% of coast areas.
The terrestrial pollutants input was one
of the important threats.
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GRAPHICAL ABSTRACT

The main eco-environmental threats of the Bohai Sea come from offshore oil and gas production in the form of
hydrocarbon pollution during extraction, as well as from urban wastewater, and sewage. Oil pollution, which is
mainly from spills, offshore oil platforms and large number of vessels/ports, was found to cause very severe
negative impacts on the eco-environment. Another threat is from excessive groundwater exploitation which
have resulted in seawater intrusion and soil salinization occurrence in more than 90% of coastal areas around
the Bohai Sea. Contamination by terrestrial pollutants was identified as another threat affecting the eco-
environment quality of the Bohai Sea. Approximately 840,000 t of pollutants were carried into the sea by major
rivers annually for 2010-2017. The frequency of storm surges in the Bohai Sea which was 8.83 times per year
and the resulting annual direct economic losses reached 1.77 billion Chinese Yuan for 2006-2017. The results
highlight the urgent need to implement an ecological management strategy to reduce the heavy ecological bur-
dens in the coastal zone of the Bohai Sea.
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ABSTRACT

The environment of the Bohai Sea is under enormous pressure because of rapid economic and urban develop-
ment associated with increased population inhabiting the coastal zone. Environmental threats to the coastal eco-
system were analyzed using 2006-2017 statistical/monitoring data from the State Oceanic Administration,
China. The results showed that harmful algal blooms occurred a total of 104 times during the period of
2006-2017, for a cumulative area of more than 21,275 km?. The main environmental threats came from offshore
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oil and gas production in the form of hydrocarbon pollution during extraction, as well as from urban wastewater
and sewage. Oil pollution, mainly generated from spills, offshore oil platforms and large number of vessels/ports,
was found to cause very severe negative impacts on the environment. Another threat is from excessive ground-
water exploitation which has resulted in seawater intrusion and soil salinization occurrence in more than 90% of
coastal areas around the Bohai Sea. The maximum distance of intrusion by seawater and soil salinization was
more than 40 and 32 km inland, respectively. Contamination by terrestrial pollutants was identified as another
threat affecting the environment quality of the Bohai Sea. Approximately 840,000 t of pollutants were carried

into the sea by major rivers annually for 2010-2017. The standard discharge rate of terrestrial-source sewage
outlets did not exceed 50%; however, only 13.12% of sea areas adjacent to sewage outlets (rivers) met the envi-
ronmental quality requirements for functional marine areas. The results also showed the frequency of storm
surges in the Bohai Sea which was 8.83 times per year and the resulting annual direct economic losses reached
(RMB) 1.77 billion for 2006-2017. The results highlight the urgent need to implement an ecological management
strategy to reduce the heavy ecological burdens in the coastal zone of the Bohai Sea.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

A “coastal zone” is the interface between the land and seawater
under function of ocean-land interactions or the land areas where fresh-
water and saltwater mix and near-shore marine areas (Agardy et al.,
2005). The international consensus on the coastal zone boundary has
not been achieved yet, and the boundaries differ from country to coun-
try. The boundary depends on the specific local geophysics, climate, nat-
ural resources, ecology, socio-economy and management approach (An
and Thu, 2006). A narrow definition for coastal zone is limited to only
the vicinity of the coastline, including only a thin strip of coastal land
and coastal waters, while the broader sense incorporates the Maritime
Competent Jurisdiction of a coastal state. The seaward boundary ex-
tends up to 200 nautical miles into the Exclusive Economic Zone and
more than 10 km inland. The broad definition therefore includes scenic
land, beaches, marshes, wetlands, estuaries, bays, islands, and a large
sea area. Only approximately 10% of countries worldwide delineate
coastal areas based on the latter standard. The defined coastal range in
Sri Lanka is the narrowest globally, ranging only 300 m above the
mean high water mark on the landward boundary, to 2 km from the
mean low water mark on the seaward boundary (Lunkapis, 1998). In
contrast, the coastal area of the Hawaiian archipelago includes all land
except state forest reserves and state water. In Singapore, the entire is-
land and territorial waters and offshore islands are defined as coastal
zone (Lunkapis, 1998; An and Thu, 2006). From the Comprehensive Sur-
vey of Nation-wide Coastal and Marine Resources in China for
1980-1987, it was found that the width of the surveyed coastal zone
was 10 km on the landward side from the shoreline, and extended to
a depth of 10-15 m on the seaward side (Zhu and Liu, 2012). The
coast of China can be divided into two major types, which is separated
by the Hangzhou Bay. To the south of the Hangzhou Bay, the coast is
dominated by a rocky coastline, while to the north, it is mainly
surrounded by sandy and muddy coastline. The Bohai Sea is located to
the north of the Hangzhou Bay, and is thus a predominantly sandy
and muddy coast (Zhu et al., 2008) (Fig. 1). The tidal flats of the Bohai
Sea often extend more than ten kilometers inland, while the coastal
wetlands of the Yellow River Delta extend up to 100 km inland. Here,
we suggest that the landward boundary of the coastal zone in China
stretches up to 10-100 km from the coastline, while the seaward
boundary extends up to 100 km from coastline (Fig. 1). The latter
range is heavily impacted by anthropogenic activities including marine
aquaculture and oil exploitation. Based on this delineation standard, the
total area of the coastal zone in China is approximately 967,000 km?,
with the landward area comprising approximately 307,500 km? and
the seaward area being approximately 659,400 km?. The coastal zone
of the Bohai Sea is approximately 173,920 km? with a land area of
93,380 km? and water area of 80,540 km?.

Coastal zones around the globe are important because they are con-
sidered to be areas of high economic significance, and are often

subjected to rapid economic and urban development. The majority of
the world's population later inhabits these areas, resulting in high eco-
logical pressure in such zones (An and Thu, 2006; Perkol-Finkel et al.,
2012; Wang et al., 2013). Approximately two-thirds of the world's pop-
ulation live within 200 km of a coastline (Creel, 2003), and this figure is
expected to approach six billion people by 2025 (Hameedi, 1997). More
than 40% of China's population and more than 70% of its cities are lo-
cated in the coastal zone (Liu and Han, 2007), and the urbanization
ratio is expected to reach 60% in 2020 (Zhou and Jia, 2001). There are
approximately 20.18 million people in the coastal zone of the Bohai
Sea alone, with more than 70% of the land in that area having been
reclaimed from the sea (Hu and Liu, 2007; Zhu et al., 2012). Many eco-
nomic benefits including transportation, urbanization, industrial devel-
opment, and food production can be generated owing to this high
density of people within the coastal zone (Creel, 2003). However, the
combined effects of human activities and natural hazards are a constant
threat to the ecosystems and these include fragmentation and loss of
natural habitats, damaged seascapes and landscapes, and reduced biodi-
versity (Airoldi and Beck, 2007; Crain et al., 2009; Perkol-Finkel et al.,
2012). The coastal zone of the Bohai Sea is also an area of high popula-
tion density (approximately 360 per square kilometer) (Hu and Liu,
2007). In particular, the damage from storm surges, negative effects
from harmful algal blooms (HABs), pollutants from offshore oil and
gas exploitation, vessel and port activity, inland intrusion of seawater,
soil salinization from excessive exploitation of groundwater, discharge
of terrestrial pollutants, and dumping of marine waste have resulted
in the decline of water and soil quality. This has caused severe ecological
impacts in the coastal zone of the Bohai Sea.

The purpose of this study was to reveal the status of the coastal en-
vironment and to assess the extent of pollution, natural factors and an-
thropogenic impacts on the environment of the coastal zone of the
Bohai Sea, based on the data from the government and published liter-
ature. This study was motivated by the observation that anthropogenic
activities are significantly altering the coastal zone, threatening the re-
sources, and inducing pressures on the ecosystem. The Bohai Sea is
one of the most environmentally degraded coastal areas in China.
Thus, it is important to identify the major environmental threats
impacting the coastal zone. Moreover, it is essential to recommend ef-
fective remedial actions for improving the health and function of the
system by aiming to develop effective management strategies to reduce
the impacts.

2. Materials and methods

Statistical data for the frequency of storm surge occurrences and di-
rect economic losses from storm surge, the frequency of HAB outbreaks
and its affecting area were derived from the China's North Sea Marine
Disasters Bulletin for 2007-2018. The pollutant discharges of wastewa-
ter, sewage, drilling mud and drilling cuttings from offshore oil and gas
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Fig. 1. The location and coastal zone of the Bohai Sea.

exploitation were obtained from the China's North Sea Marine Disasters
Bulletin for 2007-2018. The oil spill accidents and its polluted scopes,
the numbers of vessels, berths and ports were counted based on official
records of the China's North Sea Marine Disasters Bulletin for
2007-2018. The volume of marine waste dumped and the monitoring
data on water, sediment, and benthic communities in marine dumping
areas in the period of 2009-2017 was obtained from the China's North
Sea Marine Disasters Bulletin for 2007-2018. The data of seawater in-
trusion and soil salinization for 2011-2018 was monitored by the Envi-
ronmental Monitoring Center, State Oceanic Administration, whereas
the data on terrestrial pollution discharge were obtained from the
China's North Sea Marine Environment Bulletin for 2007-2018.

The water pollution status was assessed by comparing the pollutant
concentrations with the seawater quality standards of China (GB
3097-1997). The standard discharge rate of pollutants from terrestrial
sewage outlets was assessed by comparing the pollutant concentrations
in sewage to the integrated wastewater discharge standard of China (GB
8978-1996). The environmental complication rate was calculated by
comparing the numbers of monitoring sites which meets the environ-
mental protection requirements to the total of monitoring sites.

3. Natural environmental threatening factors

The main natural ecological disasters that threaten the environment
in the coastal zone of the Bohai Sea are storm surges and HABs.

3.1. Storm surge

A storm surge is the abnormal rise in seawater level during a storm,
and is measured as the height of the water above the normal predicted
astronomical tide (Kong, 2014; Hofer, 2017; Lavender et al., 2018). The
surge is caused primarily by storm winds that pushes the water onshore
(Mariotti et al., 2010; Kong, 2014; Muis et al., 2016; Wang et al., 2018).
China experiences some of the worst storm surge disasters in the world
(Kim et al., 2017; Feng et al., 2018; Zhang et al.,, 2019). Recently, storm
surges in the Bohai Sea have caused huge losses and casualties in coastal
areas. Based on the data recorded in China's Bulletins as outlined in
Section 2, the Bohai Sea on average experienced 8.83 storm surges per
year during the period of 2007-2018, and direct economic losses
reached Renminbi (RMB) 1.77 billion per year for that period. According

to the average exchange rate of the currency (US$1.00 =~ (RMB)6.67 in
2020), that losses were approximately US$0.27 billion. The most serious
storm surge disasters were observed in 2010, which occurred 16 times
in that year, and the direct economic losses amounted to approximately
(RMB) 6.45 billion (Fig. 2A). It was found that storm surges occur all
year round in the Bohai Sea, although catastrophic storm surges mainly
occur in the summer and autumn. The frequency of catastrophic storm
surges was averaged one every four years for the study period (Feng
et al,, 2016). The Bohai Sea was suffered regularly by different types of
storm, mainly tropical cyclones in summer/autumn and cold fronts in
winter/spring. The frequency of types of storm surges for 2007-2018
are as follows: 59% were intense cold fronts, 32% were temperate cy-
clones, and only 9% were tropical storms (Zhao and Jiang, 2011; Mo
et al,, 2016). The storm surges in the bays of the Bohai Sea were more
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Fig. 2. The direct economic losses from the storm surges (A) and the covering area of the
harmful algal bloom (B) in the Bohai Sea during 2006-2017.
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serious than those in other areas along China's coastline (Zhou et al.,
2018).

3.2. Harmful algal blooms

HABs, occur when colonies of aquatic unicellular algae-grow in an
uncontrolled manner and they have toxic effects on coastal ecosystems,
fish, shellfish, marine mammals, birds and even humans. Thus, they
have received significant attention worldwide (Wu et al., 2013b;
Willis et al., 2018; Zohdi and Abbaspour, 2019). During the period of
2006-2017, there were several HABs in the Bohai Sea (Wu et al,,
2013a; Cabello and Godfrey, 2016; Grattan et al., 2016); these occurred
a total of 104 times and affected a cumulative area of 21,275 km?
(Fig. 2B). There were on average 8.66 HAB outbreaks per year, annually
affecting a cumulative area of approximately 1770 km?. The lowest im-
pact from HAB disasters was in 2008. Thereafter, the frequency of HAB
outbreaks increased significantly. The largest-scale HAB covering a cu-
mulative area of 5279 km? experienced over four outbreaks in 2009.
The HAB occurrences exhibited significant seasonality and occurred
during the months of April to September, and July to August were the
worst affected (Song et al., 2016). The northern part of Bohai Bay and
the Yellow River estuary were severely damaged by the high frequency
of HABs (Wu et al., 2013b). The dominant HAB plankton species
Noctiluca scientillans, Prorocentrum dentatum, Phaeocystis globosa, and
Skeletonema costatum were responsible for the outbreaks in the Bohai
Sea (Song et al., 2016). Eutrophication was one of the main factors trig-
gering the occurrences, thus inducing large-scale blooms offshore (Paerl
etal,, 2015; Ulloa et al., 2017; Ding et al., 2018; Kumar et al., 2018). Since
1990, China's aquaculture production has been ranked first globally;
China is the only country for which aquaculture exceeds wild harvest.
At present, the total area used for aquaculture in Bohai covers approxi-
mately 5920 km?, accounting for 16.8% of the offshore area of Bohai.
This requires high nutrient inputs, and results in eutrophication.

Offshore pollution emergencies such as oil spills also could induce
HAB occurrence owing to addition of nutrients to the offshore environ-
ment. For example, an extensive HAB belt approximately two nautical
miles in length appeared in Bohai in 2011, about a month after an oil
spill near the Penglai 19-3 offshore production platforms.

4. Offshore oil and gas exploitation

The Bohai oilfield in the Bohai Sea is the largest offshore oilfield to
dater in China. The resources and proven oil reserves of the Bohai Sea
account for 30% and 40% of China, respectively. Recently, the China Na-
tional Offshore Oil Corporation announced that a further reserve of
more than 100 billion cubic meters of natural gas resources has been
identified in the Bohai Sea. (http://kuaixun.cngold.org/c/2019-02-25/
¢890507.html). The annual output of oil and gas from the Bohai oilfield
was 31.15 million tons in 2016. There has been a rapid increase in the
construction and operationalization of oil production wells. In 2009,
there were 21 offshore oil and gas fields with 1419 oil production
wells and 178 offshore oil production platforms in the Bohai Sea.
These numbers increased to 27, 1669 and 217, respectively, by 2012. Be-
cause of the extent of oil exploitation and development in recent years,
the marine environment has been increasingly affected (Xie et al., 2014;
Wang et al.,, 2016; Vad et al., 2018). The main pollutants produced by
offshore oil and gas exploitation are wastewater, sewage, drilling mud
and drilling cuttings (Aagaard-Sorensen et al., 2018). During
2009-2017, the range of annual discharge of wastewater was
5980-7040 thousand cubic meters, averaging 6484 + 344 thousand
cubic meters (Fig. 3A). The annual sewage discharge levels were high,
although the sewage discharges were particularly high in 2016 and
2017, at which were approximately 2-3 times more than that in other
years (Fig. 3A). The average output for mud drilling and cuttings were
7.90 + 3.66 x 10> m* and 31.50 £ 7.12 x 10> m?, respectively. Com-
pared to 2009-2014, the annual pollution arising from mud drilling
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Fig. 3. The main pollutants of wastewater, sewage (A), drilling cuttings and drilling mud
(B) produced by offshore oil and gas exploitation during 2009-2017.

and cutting for 2015-2017 emissions decreased considerably (Fig. 3B)
because of innovation in offshore drilling techniques (Xie et al., 2014).

5. Oil pollution

As a hydrocarbon, petroleum is one of the major pollutants in the
Bohai Sea. However, most hydrocarbon pollution is from offshore oil ex-
ploitation and ocean-going vessels and ports; both sources are signifi-
cant in the Bohai Sea. The pollution mainly arises from accidental
leaks and spills.

0Oil spill accidents have been occurring with increasing frequency in
the Bohai Sea because of the increasing presence of oil platforms and oil
pipelines (Yu et al., 2018). Based on official records, oil spill accidents
occurred almost every year in the Bohai Sea for the period 2009-2018.

In China, the 2011 oil spill in the Bohai Sea arising from the Penglai
19-3 was the largest spill in recent history (Lei et al., 2015), both in
terms of the volume of the spill and the area polluted. The polluted
area covered approximately 6200 km? and approximately 870 km? of
which was heavily polluted, while the sediment-polluted area was
1600 km?. This incident significantly degraded previous clean coastal
waters and left effects such as 5 km of polluted beach. The average oil
concentration of seawater near Penglai 19-3 oilfield area was 40.5
times the historical background value, and the maximum concentration
reached 86.4 times the background value. Estimates revealed that the
ecological damage to fisheries and mariculture most severely affected
local crustacean species, shellfish, algae, sea cucumbers, and sea urchins.
The economic loss to fishing was more than (RMB) 30 billion for that
year, over 12 billion of which was from losses along the coast at Yantai
city (Xu et al,, 2013; Pan et al,, 2015; Xu et al., 2015).

Ocean-going vessels are a further major source of environmental
degradation. Up to 2008, there were more than 24 thousand vessels in
China, at which stage China had the second-largest fleet in the world.
By the end of 2016, the total number of fishing vessels had reached
well over a million, and the gross tonnage was over 10 million tons
(data from China's Marine Annals of 2016).

Besides vessels, there are 34,000 berths in China spread across 1,430
ports, of which 79 are along the Bohai Sea coastline (an average of
65 km per port). Nine of these ports have a capacity over 200 million
t. Furthermore, of China's seven ports with a capacity of over 500 million
t, four are situated around the Bohai Sea. The pollution both from vessels
and ports includes not only petroleum-based hydrocarbons, but also
water, air, and sound pollution; these have become a very significant
threat to the marine environment.


http://kuaixun.cngold.org/c/2019-02-25/c890507.html
http://kuaixun.cngold.org/c/2019-02-25/c890507.html
Image of Fig. 3

J. Yu, D. Zhou, M. Yu et al.

Marine oil pollution is regarded as a “marine killer” because of the
long duration, large geographic extent, and the severity of negative im-
pacts on the environment (Zhou and Huang, 2008; Fernandez-Tajes
etal, 2011; Yim et al,, 2017; Chen et al., 2018). Oil pollution can cause
problems including large areas of the marine environment becoming
oxygen-deficient, abnormal development of marine life (including lar-
vae), and decrease in marine biodiversity (Ladd et al., 2018; Zhang
et al,, 2018; Neethu et al.,, 2019). Furthermore, oil (including light aro-
matic hydrocarbon materials and their derivatives such as polycyclic ar-
omatic hydrocarbons) can poison marine animals (Yeo et al., 2017; Yan
et al., 2018). Films and clumps of oil can stick to roe and juvenile fish,
causing them to suffocate. Oil spills are also harmful to birds, especially
those that feed by diving (Ito et al., 2013; Fraser and Racine, 2016). Fur-
thermore, heavy oil can cause severe contamination of marine sedi-
ments when an oil spill occurs (Acosta-Gonzalez et al., 2015). These
sediments then become an endogenous source of pollution, and can
slowly re-pollute the overlying water (Yuan et al.,, 2017). Crude oil con-
tains benzene, toluene, and other toxic compounds can be released into
the food chain. These substances not only affect the health of algae, fish,
and other organisms, but also humans (Fernandez-Tajes et al., 2011;
Xue et al,, 2015; Bayat et al.,, 2016). An oil-polluted ecosystem needs a
long period to recover, and there are numerous examples from around
the world which illustrate this point. The 2007 Hebei Spirit oil spill
was the worst such spill recorded in Korea. Approximately 10,900 t of
crude oil was released and approximately 375 km of coastline along
the west coast of Korea was polluted. The entire ecosystem in the
most-affected area was not fully recovered even after eight years of
spillage (Yim et al,, 2017). Another disaster involved the sinking of the
oil tanker Prestige off the Spanish coast in 2002; this resulted in the
spilling of more than 63,000 t of crude oil, and contamination of approx-
imately 900 km of the northern Spanish coastline, as well as parts of the
Portuguese and French shorelines (Acosta-Gonzalez et al., 2015). The
negative effects on sea life had not yet been completely eliminated
four years after the spill (Fernandez-Tajes et al., 2011).

6. Marine waste dumping

Marine waste dumping refers to the practice of dumping wastes dif-
ficult (for economic and technical reasons) to dispose of on land; these
get dropped onto a shallow continental shelf or into the deep sea. The
potential harm to the ocean caused by the dumping of wastes has
drawn increasing international attention (Topcu et al.,, 2013). To protect
the marine environment, some countries signed the “Convention on the
Prevention of Marine Pollution by Dumping of Wastes and Other Mat-
ter” in 1972. Although the types of waste were strictly controlled, nu-
merous marine pollution problems have been observed around the
world (Jones, 2010; Romano et al., 2017). China allows dumping of
wastes including seven categories of dredged matter, urban gutter silt,
fishery processing waste, inert inorganic geological materials, natural
organic matter, island building materials, and ship platforms. According
to official data released in 2018 by the Ministry of Ecology and Environ-
ment, the average volume of marine waste dumped annually by China
has been approximately 170 million cubic meters over the past
10 years. In the period of 2009-2017, the Bohai Sea (Fig. 4) (comprising
about 10% of China as a whole), received 8.42-29.42 million cubic me-
ters of waste annually (an average of 17.92 million cubic meters) in
5-10 dumping sites. Fortunately, the number of dumping areas and vol-
ume of this form of waste have decreased since 2014. Dredged matter is
the main type of marine waste continuing to be dumped in the Bohai
Sea. The monitoring data revealed that water quality, sediment quality,
and benthic communities in marine dumping areas of the Bohai Sea
were generally in good condition, and the differences with the sur-
rounding sea area were not obvious. Approximately 85% of water qual-
ity samples and approximately 91% of sediment samples taken in and
around the dumping areas were unpolluted. Thus, the water and sedi-
ment quality of the dumping area and its surrounding maritime areas
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Fig. 4. The marine waste dumping in the Bohai Sea during 2009-2017.

broadly complied with the environmental protection requirements for
a functional marine area. The dumping activities therefore appear not
to have had a significant impact either on the environment, or on
other maritime activities in the surrounding areas. However, the
water depth in some dumping areas has clearly been reduced. The
greatest change in water depth has occurred at Huanghua Port C1
waste dumping area, where the minimum water depth is now 5.4 m;
this is a 60% reduction in depth.

7. Seawater intrusion and soil salinization

Seawater intrusion and soil salinization in the coastal area around
the Bohai Sea has been a major concern in China in recent decades. In
order to support socioeconomic activities, especially agriculture, a
huge amount of groundwater in the area has been exploited, causing a
reduction in the groundwater level. Hence, there has been significant in-
trusion of seawater (Ketabchi et al., 2016; Baena-Ruiz et al., 2018; Qiu
et al., 2018; Venancio et al., 2019). The land surrounding the Bohai Sea
is the primary area experiencing salinization of lands in northern
China. Seawater intrusion is one of the key factors causing soil saliniza-
tion in the area; it was first reported in the coastal area of the Bohai Sea
as early as the 1970s, and the situation subsequently worsened. The
total area of seawater-intruded land in the area was estimated to be ap-
proximately 2457 km? in 2003 (Shi and Jiao, 2014) and the seawater in-
trusion rate was estimated to be approximately 8.6 x 10° m? per year in
the coastal zone in the western part of the Bohai Sea (Yi et al., 2016).

In order to gain comprehensive understanding of the situation on
seawater intrusion and soil salinization, the State Oceanic Administra-
tion has set up 30 monitoring sites around the Bohai Sea in Liaoning
Province, Hebei Province, Tianjin City, and Shandong Province is
implementing a long-term monitoring plan (Fig. 5). The results have
shown that seawater intrusion and soil salinization have occurred in
more than 90% of the monitoring sites. Severe seawater intrusion has
appeared in the coastal areas to the south-west of the Bohai Sea, with
a maximum intrusion distance of more than 40 km inland. Seawater in-
trusion has been noted to have remained relatively stable in these areas
since 2015. The occurrence of soil salinization around the Bohai Sea is
relatively consistent with the area of seawater intrusion. In 2012, the
maximum distance of soil salinization was more than 32 km inland
from shore where observed in Shouguang, Shandong Province in (524,
Fig. 5); This is highly concerning given that Shouguang is China's largest
vegetable production base. Seawater intrusion and soil salinization in
Shouguang particularly severe given the level of intensive groundwater
exploitation that has taken place to support agricultural activities.
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Fig. 5. The situation of seawater intrusion and soil salinization around the Bohai Sea during 2010-2017.

However, the trend of soil salinization around the Bohai Sea coast has
fortunately been slowed in the last three years.

8. Terrestrial pollutant input

The official survey results showed that there was a total of 684 ter-
restrial pollution sources, including 125 rivers, 376 sewage outlets,
and 183 drainage outlets. This averages at approximately one pollution
source every 2 km of coastline along the Bohai Sea. Approximately
840,000 t per year of pollutants were carried into the sea by 18 major
rivers over 2010-2017. Factors influencing water quality were found
to include chemical oxygen demand (COD,,) and the presence of pollut-
ants including petroleum, inorganic nitrogen (NO3 -N, NHZ -N, NO5 -N),
total phosphorus (TP) and heavy metals, namely Zn, Cu, Pb, As, Cd and
Hg. These in turn affect the chemical oxygen demand (COD,,). Approx-
imately 31.34%-56.62% of the total area Bohai Sea had cloudy seawater
during 2010-2017. Significant correlations (p < 0.05) were found be-
tween cloudiness of the water and factors related to poor water quality
including COD,, petroleum, inorganic, nitrogen, copper, and lead.

The main pollutants discharged from terrestrial sources into the
Bohai Sea included NHZ -N, TP, and suspended solid (SS). Assessments
done of COD,, and biochemical oxygen demand (BODs) confirmed
the poor water quality (Wang et al,, 2007; Liu et al., 2011). The standard
discharge rates of terrestrial source sewage outlets along the Bohai Sea
was no more than 50% during 2010-2017, and the pollutant standard
discharge rates of were 58%-78% for COD,,, 84%-95% for NHZ -N, 72%-
88% for TP, 70%-81% for BOD5s and 69%-92% for SS. The results were
based on the monitoring results of the environmental quality of water,
sediments, and benthic organisms in the sea areas adjacent to the
16-18 key selected sewage outlets. On average only about 13.12% of
the sea areas sampled met the environment quality requirements for
functional marine areas. The integrated environmental quality compli-
ance rate was only 5.56% in 2012 (Fig. 6). The main pollutants which
exceeded the standard in water, were nitrogen and reactive phosphate.
The environmental quality compliance rate of sediments was 60%-82%,

with the main pollutants exceeding the standard materials in sediment
being heavy metals (namely Hg, Cr, Pb, and As). Marine shellfish were
monitored to determine the biological quality of benthic organisms.
The percentage environmental quality compliance for benthic organ-
isms was 41%-72%. The main pollutants exceeding the standard mate-
rials in marine shellfish were heavy metals and petroleum
hydrocarbons. In line with a previous study (Zhang et al., 2009; Bai
etal., 2019), our survey of the literature confirmed inland pollution dis-
charge was one of the important factors affecting the environmental
quality of the Bohai Sea. Besides the above factors, the anthropogenic
activities from two large onshore oil fields, i.e., the Shengli and Dagang
oil fields, which distribute oil along the Bohai coast via a pipeline in-
crease the environmental impacts in the coastal zone.

9. Conclusions and suggestions

Under the combined effects of long-term anthropogenic activities
and natural disasters, the ecological pressure on the Bohai Sea is severe.
The major environmental threats to the environment of the coastal zone
of the Bohai Sea include disasters in the form of storm surges and HABs,
oil pollution, offshore oil, and gas exploitation, seawater intrusion, and
soil salinization, marine waste dumping and inland pollution input.
Our survey of the literature confirms that an ecological management
strategy needs to be implemented urgently to address the main ecolog-
ical problems in the Bohai Sea coastal zone. Firstly, discharge of terres-
trial pollutants should be strictly controlled and remedial programs to
address seawater quality problems must be developed and imple-
mented. Secondly, the scientific warning and forecasting system for
ecological disasters, and associated contingency programs for marine
disasters and incidents, should be established to reduce ecological and
financial losses and avoid and manage environmental impacts. Thirdly,
an appropriate industrial development master plan along the coastal
zone of the Bohai Sea should be set up to reduce the environmental im-
pact of heavy metals and petroleum hydrocarbons on the Bohai Sea. The
removal of inappropriately located ports and the limitation of vessel


Image of Fig. 5

J. Yu, D. Zhou, M. Yu et al.

100

18 18 18 17 17
t
80
S
2
© 60
Y
)
o
S
%_40
€
o)
(@)
20
oi E (Fi I
2010 2011 2012 2013 2014
Year

Science of the Total Environment 765 (2021) 142694

Number of the key

16 17 17 sewage outlets
© Integrated
Water
Sediment
Benthic organisms
2015 2016 2017

Fig. 6. The environmental quality compliance rate of sea areas adjacent to the key sewage outlets.

numbers should be included in the plan. Fourthly, strict management
regulations for groundwater resources should be formulated and
enforced. Furthermore, the exploitation of groundwater needs to be
prohibited in areas of seawater intrusion and soil salinization. Fifthly,
scientific planning, strict administrative examination, and a discerning
approval system for marine waste dumping should be implemented.
Sixthly, the stakeholder engagement should be enhanced and the public
should be joined the managements of coastal environment and marine
resources. Finally, an online (real-time) land-ocean ecology and envi-
ronment monitoring network should be established for the Bohai Sea
and environs.

Although the relevant ocean and land environmental factors have
been routinely monitored, the linkages between variables connecting
the ocean and land have not been properly taken into account to ensure
uniform and coherent understanding. This is mainly owing to the fact
that monitoring plans before 2018 for the ocean and land were imple-
mented by different authorities, namely the State Oceanic Administra-
tion, and the Ministry of Environmental Protection, respectively. As a
step in the right direction, the Ministry of Environmental Protection
and Parts of the State Oceanic Administration were merged and
established the Ministry of Ecology and Environment in 2018. A land-
ocean integrated monitoring plan will soon be achieved, which will sig-
nificantly improve the environmental management efficiency and re-
duce the ecological stresses on the Bohai Sea and other coastal regions
in China.
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