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• About one third of the Bohai Sea area
belongs to unclean seawater in 2017.

• The N, P, petroleum and heavy metals
were main pollutants.

• The water quality of the Bohai Sea was
great affected by inland pollutant in-
puts.

• The river and sewage outlet inland pol-
lutants mainly derived from.

• River transportation and sewage outlet
discharge are two main routes of inland
pollutants inputs
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The inland pollutants input is a key impact factor for coastal water quality of the Bohai Sea. A total of about
840,000 t of pollutants were carried into the Bohai Sea each year by 18 major rivers. The standard discharge
rate of terrestrial source sewage outlets around Bohai Sea was no more than 50%. Although the water quality
improved gradually since 2012, about one third of the Bohai Sea area still belongs to the unclean seawater in
2017. The inorganic nitrogen, reactive phosphate, petroleum hydrocarbon and heavy metals are main pollut-
ants in seawater of Bohai Sea.
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Inland pollutants input is a key impact factor for the coastal water quality of the Bohai Sea. The coastal and inland
water pollutant inputs were analyzed by using monitoring data of recent years from the State Oceanic Adminis-
tration. The results showed thatmore than 56% of the Bohai Sea areawas unclean seawater in 2012, although the
water quality improved gradually after that time. In 2017, about one-third of the Bohai Sea area still had unclean
seawater. Inorganic nitrogen, reactive phosphate, and petroleum hydrocarbons are the main pollutants in the
seawater. A total of approximately 840,000 t of pollutants was transported to the sea each year by major rivers
during 2010–2017. Significant correlations (p < 0.05) were found between the third-grade level seawater area
and the pollutants of CODcr, petroleum, NO3

−–N, NH4
+–N, NO2

−–N, Cu, and Pb and between the inferior fourth-
grade level seawater area and the pollutants of petroleum, NO2

−–N, Pb, and NO3
−–N. The standard discharge

rate of terrestrial-source sewage outlets was no more than 50%. The low standard discharge rate of the major
terrestrial-source sewage pollutants of CODcr, NH4

+–N, TP, BOD5, and SS caused more than 80% of the monitored
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Heavy metals
Bohai Sea
sea areas adjacent to the selected key sewage outlets to not meet the water quality requirements of the marine
functional area. The results suggest that implementing a coastal water management plan is necessary to reduce
the heavy ecological burdens on the coastal zone of the Bohai Sea.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Bohai Sea (37°10′–41°10′N, 117°35′–122°10′ E) is located in the
northwestern Pacific Ocean. It is a typical semi-enclosed shallow sea
with a mean water depth of about 18.0 m (Kong and Ye 2014). The
water exchange condition of the Bohai Sea is poor because the sea is
surrounded by land on three sides. It contains three bays, namely,
Laizhou Bay, Bohai Bay, and Liaodong Bay (Fig. 1). The coastal zone of
the Bohai Sea is a developed area in China with a high population den-
sity of approximately 360 people per square kilometer (Hu and Liu
2007). Liaoning Province, Hebei Province, Shandong Province and Tian-
jin City enclose it in the north, west, and south, respectively. The fast
economic development and rapid urbanization in the area has resulted
in a large amount of inland source pollutants being discharged into the
sea (Nie et al. 2012; Zhu et al. 2012). In addition, many offshore oil and
gas fields, two large onshore oilfields (Shengli oilfield and Dagang
oilfield), and large ports are widely distributed along the coastal areas
of the Bohai Sea. Pollutants from oil spill accidents and vessels/ports
have further exacerbated the pollution of the aquatic environment
(Liu et al. 2016). Previous studies showed that about 18% of the Bohai
Sea area was polluted to some extent. The most severely polluted
areas were in three bays (Liu et al. 2011; Kong and Ye 2014). Inorganic
nitrogen, reactive phosphate, and petroleumhydrocarbons are themain
pollutants in the coastal water of the Bohai Sea (Peng 2015; Wang et al.
2019). Therefore, it is necessary to understand the effects of inland
source pollutants on coastal water environments in the Bohai Sea to
protect the marine environment and improve the water quality.

Nitrogen, phosphorus, heavy metals, and petroleum hydrocarbons
are considered to be the most common terrestrial pollutants, and
Fig. 1. The monitoring stations
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these have posed a grave threat to the marine ecology of the Bohai
Sea (Zhan et al. 2010; Peng 2015; Zhou et al. 2018; Bai et al. 2020).
Over-enrichment by anthropogenic emissions of nitrogen andphospho-
rus is the main driver of eutrophication in the water body (Wu et al.
2013; Ulloa et al. 2017). A recent study revealed that the long-term nu-
trient variations in the Bohai Sea have potential ecological impacts on
the local red tide (Wang et al. 2019). Heavy metals and petroleum hy-
drocarbons both decrease water quality and contaminate sediment,
where as an endogenous source of pollution, they can re-pollute overly-
ing water slowly (Peng 2015; Yuan et al. 2017; Aagaard-Sorensen et al.
2018; Zhang et al. 2017; Lu et al. 2020). When heavy metals and petro-
leum hydrocarbons enter the food chain, they affect not only algae, fish,
and various other organisms, but also human health (Fernandez-Tajes
et al. 2011; Xue et al. 2015; Bayat et al. 2016). A previous study related
to the spatial distribution and potential ecological risk of heavy metals
in surface sediments of the coastal Shandong Peninsula suggested that
most of the surface sediments have a 21% probability of being toxic (Li
et al. 2013). High levels of heavy metals were observed in the bays of
the Bohai Sea, and terrestrial input was identified as one of the contam-
ination sources of these heavymetals (Zhan et al. 2010). Althoughmany
studies have stated that inland pollution input is substantially responsi-
ble for the coastal water quality of the Bohai Sea, a clear relationship be-
tween the long-term variation of water quality and terrestrial pollutant
input has not been revealed. Therefore, it is imperative to determine this
relationship in detail in order to develop effective water quality man-
agement strategies and thus reduce the impacts of the pollutants. The
purpose of this study was to reveal the current status and long-term
variation of the coastal seawater quality of the Bohai Sea, the variation
of total inland pollutants transported by major rivers and standard
in/around the Bohai Sea.

Image of Fig. 1
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discharge rates of terrestrial-source sewage outlets, and the effects of
inland pollution inputs on changes in coastal water quality.

2. Material and methods

Seawater quality data were derived from China's Marine Environ-
ment Bulletin (2004–2018). Inland pollutant input data were obtained
from China's North Sea Marine Environment Bulletin (2007–2018) and
the Environmental Monitoring Center, State Oceanic Administration.

At the time of this paper, there were 445 seawater monitoring sta-
tions in the Bohai Sea and 89 sewage outlet/river monitoring stations
around the Bohai Sea (Fig. 1). The seawater monitoring period was in
spring and autumn during 2003–2013 and in all seasons during
2014–2017. The river monitoring period was in the high water period
(July), normal water period (November), and low water period
(March) during 2010–2017. The monitoring frequency for sewage was
more than once a day since 2014.

The concentrations of ammonium nitrogen (NH4
+–N), nitrate nitro-

gen (NO3
−–N), nitrite nitrogen (NO2

−–N), and total phosphorus (TP)
were determined by the standard methods of the American Public
Health Association (APHA, 1998). Petroleum hydrocarbon concentra-
tions were determined by ultraviolet fluorescence spectroscopy. The
heavy metal concentrations of Zn, Cu, Pb, As, Cd, and Hg were deter-
mined by inductively coupled plasma mass spectrometry (Agilent
7500a, USA). The chemical oxygen demand (CODcr) inwaterwas deter-
mined by the potassium dichromate method, biochemical oxygen de-
mand (BOD5) was determined by the dilution and seeding method,
and suspended solids (SS)were obtained by the gravimetricmethod ac-
cording to the national standard method of China ((General
Administration of Quality Supervision, Inspection and Quarantine of
the People's Republic of China) and SAC (Standardization Administra-
tion of the People's Republic of China), 2008).

The seawater qualities were assessed by comparing the detected
pollutant concentrations to the seawater quality standards of China
(GB 3097-1997, China), which are shown in Table 1. The standard dis-
charge 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 complication rate was calculated by comparing the numbers of
monitoring sites which meets the environmental protection require-
ments to the total of monitoring sites. SPSS 24 software was applied to
analyze the correlations among the grade of seawater areas and inland
pollutant inputs by major rivers.

3. Results and discussion

3.1. Coastal seawater quality changes

The Bohai Sea is a unique inland sea in China. The water exchange of
the sea is very poor (complete exchange takes at least 30 years) because
it is semi-closed (Fig. 1). The limited water environmental carrying
Table 1
Seawater quality standard of China (GB 3097–1997, China) for selected pollutants (μg L−1).

Pollutants First-grade Second-grade

Inorganic nitrogen ≤ 200 200–300
Reactive phosphate ≤15 15–30
Petroleum hydrocarbon ≤50 ≤50
CODcr ≤2000 2000–3000
BOD5 ≤1000 1000–3000
Hg ≤0.05 0.05–0.20
Cd ≤1.00 1.00–5.00
As ≤20 20.0–30.0
Pb ≤1.00 1.00–5.00
Cu ≤5.00 5.00–10.0
Zn ≤20.0 20.0–50.0
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capacity of the Bohai Sea results in weak self-purification capability, un-
stable water quality, and even large-scale ecosystem collapse if large
amounts of pollutants are transported into the sea (Zhao et al. 2011;
Kong and Ye 2014; Li et al. 2014; Wang et al. 2018). The ecosystem of
the Bohai Sea is being degraded rapidly, and the seawater has essen-
tially lost its function as a fishing ground (Gao et al. 2014).

The Bohai Sea environment is severely polluted, and the polluted
area increased continuously from 2003 to 2012 (Peng 2015). Based on
the national seawater quality standard (GB3097–1997) of the People's
Republic of China, the quality of seawater is divided into first-,
second-, third-, fourth-, and inferior to fourth-grade levels. Except for
the first-grade, other levels are considered to be unclean water. By
2012, the area of unclean sea was 43,760 km2, about 56% of the area
of the Bohai Sea, representing an increase of 22.42 km2 from the area
in 2003 (Fig. 2 A). The sea area of inferior to fourth-grade level in
2012 was about 6-fold larger than that in 2003. The water quality has
improved gradually since 2012 (Fig. 2 A). The total proportion of the un-
clean seawater area and sea area of inferior to fourth-grade level in 2017
were about 31.38% and 4.25%, respectively. Compared with those of
2012, the total unclean seawater area and the sea area of inferior to
fourth-grade level water in 2017 were lower by 44.58% and 34.04%, re-
spectively. As mentioned previously, inorganic nitrogen, reactive phos-
phate, and petroleum hydrocarbons are the main pollutants in the
seawater (Peng 2015; Wang et al. 2019). However, the environmental
pollution in the Bohai Sea has been transforming gradually from simple
pollution of oil and heavy metals to combined pollution of industrial
pollutants, sanitary pollutants, agricultural pollutants, etc. (Peng 2015;
Liu et al. 2019). The great improvement of coastal water quality of the
Bohai Sea that currently exists is partly a result of environmental protec-
tion policies. “Ecological civilization construction,” with the ideal of
“ecological priority and promote green,” (to strengthen the protection
of the ecosystem and fight the battle against pollution.) is being carried
out by Chinese government. As a result of such policies, a large number
of heavy polluting enterprises around the Bohai Sea have been relocated
or renovated. For example, 123 and 228 polluting enterprises were
closed and renovated, respectively, and 37 cement kilns and two 179
m3 blast furnaces were dismantled in Fengrun District, Tianjin, in 2007
(http://www.dh0315.com/show.asp?id=1956).

Themonitoring results during 2014–2017 showed that heavy pollu-
tion appeared in winter (Fig. 2B). The average percentage of unclean
seawater area to the total area of the Bohai Sea reached 58.76% in win-
ter, which was higher than the values of other seasons. The low value
was observed in summer (30.08%). The seasonal change of inferior to
fourth-grade seawater area was similar to the area of unclean seawater.
Winter was the highest heavily polluted season (average heavily pol-
luted seawater area of 6880 km2), while summer was the lightest pol-
luted season (average heavily polluted seawater area of 4630 km2).
The heavily polluted seawater area was larger in autumn than in spring.

Based on the monitoring data from China'sMarine Environment Bul-
letin (2018), the unclean seawater area and inferior to fourth-grade sea-
water area of China in autumn with respect to inorganic nitrogen
Third-grade Fourth-grade Inferior to fourth-grade

300–400 400–500 >500
15–30 30–45 ≥45
50–100 100–500 ≥500
3000–4000 4000–5000 ≥5000
3000–4000 4000–5000 ≥5000
0.05–0.20 0.20–0.50 ≥0.50
5.00–10.0 5.00–10.0 ≥10.0
30.0–50.0 30.0–50.0 ≥50.0
5.00–10.0 5.00–10.0 ≥10.0
10.0–50.0 10.0–50.0 ≥50.0
50.0–100 100–500 ≥500

http://www.dh0315.com/show.asp?id=1956
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Fig. 2. The area change (A) and seasonal variation (B) of unclean seawater in Bohai Sea.
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exceeding the standard were about 1.59 and 1.45 times the values in
summer, respectively. Furthermore, with respect to phosphate exceed-
ing the standard, the unclean seawater area and inferior to fourth-grade
seawater area of China in autumn were about 1.67 and 0.58 times the
values in summer, respectively. Through further analysis, the area af-
fected and scope of inorganic nitrogen and reactive phosphate were en-
hanced in winter because portions of Bohai seawater were frozen,
which blocked seawater exchange and caused accumulation of pollut-
ants (Kong and Ye 2014; Wang et al. 2019).

3.2. Inland pollution input

The Bohai Sea is considered to be one of the most polluted marine
areas in China due to the great amount of pollutants discharged into it
annually and its geohydrologic condition, which limits self-
purification through the seawater exchange (Gao and Chen 2012). The
two main routes of inland pollutants into the Bohai Sea are river trans-
portation and sewage outlet discharge. Based on the results of an official
investigation, there are 684 terrestrial pollution sources contributing
pollutants to the Bohai Sea, including 125 rivers, 376 sewage outlets,
and 183 drainage outlets. There is one pollution source per each 2 km
of coastline.

The monitoring results of 18 major rivers along the Bohai Sea coast
during 2010–2017 showed that a total of approximately 840,000 t of
pollutants was carried into the sea each year. The annual CODcr input
was approximately 796,250 t, about 94.85% of the total pollutants
from rivers. The annual inputs of petroleum, NO3

−–N, NH4
+–N, NO2

−–N,
and TP were about 4650, 23,490, 16,260, 4250, and 5000 t, respectively.
The annual transport volumes of the heavymetals Zn, Cu, Pb, As, Cd, and
Hg were about 610, 164, 147, 80, 12, and 6 t, respectively. Gao et al.
(2014) found that metal contamination in the Bohai Sea was closely as-
sociatedwith the rapid economic growth of the past decades. Non-point
4
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Table 2
The monitored terrestrial source sewage outlets and its standard discharge rate during
2010–2017 in Bohai Sea (IO: industrial sewage outlet, MO: municipal sewage outlet, SR:
sewage river and other sewage outlet).

Year Number of sewage outlets Monitoring
frequency

Standard discharge
rate (%)

Total IO MO SR Other

2017 91 21 21 36 13 6 49
2016 90 21 20 36 13 6 47
2015 88 24 18 33 13 6 44
2014 80 24 14 31 11 6 33
2013 84 27 14 32 11 4 42
2012 82 26 14 23 19 4 45
2011 83 26 14 31 12 4 46
2010 94 30 15 28 21 4 46

24.12%
25.92%

49.04%

40.21%
32.54%

43.78%

29.63%

53.31%

2017
2016

2015
2014
2013

2012
2011
2010

Fig. 4. Proportion of pollutants carried by the YellowRiver in the total pollutants into Bohai
Sea frommajor rivers during 2010 to 2017. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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source pollution from coastal areas (fishing and harbor areas) played an
important role for phosphate concentration (Liu et al. 2011). In general,
the trendof the amount of pollutants carried by rivers into the Bohai Sea
annually decreased from 2010 to 2017 (Fig. 3). Compared to 2010, in
2017, CODcr and petroleum had decreased by 40.44% and 78.98%,
respectively, nitrogen and TP had decreased by 35.46–61.50%
and 49.54%, respectively, and heavy metals had decreased by
70.79–97.25%. Among the monitored rivers, the Yellow River carried
more than 24% of the total pollutants into the sea, and the highest pro-
portion for this river reached 53.31% in 2010 (Fig. 4). From 2014 to
2017, the amounts of CODcr and heavy metals, in particular, were re-
duced significantly due to the new policy implemented for strict control
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of pollutant discharges by the government of China (http://www.
xinhuanet.com/politics/2015-01/22/c_127411041.htm).

The terrestrial sewage outlets along the Bohai Sea coast include
industrial sewage outlets, municipal sewage outlets, sewage rivers, and
other sewage outlets. Based on themonitoring results during 2010–2017,
the standard discharge rate of terrestrial sewage outlets was no more
than 50% (Table 2), which means that most of the terrestrial source sew-
age failed to meet the integrated wastewater discharge standard of
China (GB 8978-1996). The standard discharge rates of CODcr, NH4

+–N,
TP, BOD5, and SSwere 58–78%, 84–95%, 72–88%, 70–81%, and 69–92%, re-
spectively (Fig. 5). The standard discharge rate of CODcr was the lowest
among the major pollutants from terrestrial sewage outlets. A previous
study also revealed that CODcr pollution in the Bohai Sea resulted mainly
from land-based point sources of pollutants (Liu et al. 2011).

Aside from river transport and sewage outlet discharge, recent stud-
ies have found that submarine groundwater discharge (SGD) is another
important route of inland pollutant transport of heavymetals and nutri-
ents to the Bohai Sea (Taniguchi et al. 2008; Liu et al. 2017; Wang et al.,
2019a). The yearly SGD flux into the whole Bohai Sea was estimated to
be 2.0 ± 1.3 × 1011 m3, and the dissolved inorganic nitrogen (DIN) flux
was estimated to constitute 29% of the total fluxes from SGD (Liu et al.
2017). The SGD-derived heavy metal fluxes into Bohai Bay were esti-
mated as 3.0–8.2 × 105 and 0.6–1.8 × 103mol d−1 for Zn and Cd, respec-
tively (Wang et al., 2019b).

3.3. Effects of inland pollutant input on coastal water quality

The annual inputs of CODcr, petroleum, inorganic nitrogen (NO3
−–N,

NO2
−–N, NH4

+–N), and the heavy metal Pb reached their peak in 2012
during the period of 2010–2017 (Fig. 3). Correspondingly, the unclean
seawater area of the Bohai Sea also reached its peak in 2012 (Fig. 2A).
A long-termnutrient variation study found that the surface DIN concen-
trations in the Bohai Sea were highest in winter of 2012 (Wang et al.
2019). Peng et al. (2015) found that petroleum, inorganic nitrogen, Pb,
and Cu increased during 2010–2012. The correlation analysis results
showed that the relationship between the third-grade level seawater
area and the pollutants of CODcr, petroleum, NO3

−–N, NH4
+–N, NO2

−–N,
Cu (p< 0.05), and Pb (p< 0.01) and the relationship between the infe-
rior to fourth-grade level seawater area and the pollutants of petroleum,
NO2

−–N, Pb (p<0.05), andNO3
−–N (p<0.01)were significant (Table 3).

This indicates that the amount of pollutants input into the sea by rivers
was the key factor affecting the pollutant concentrations in the seawa-
ter, which determined the area of unclean water in the Bohai Sea. The
inorganic nitrogen, petroleum hydrocarbon, and heavy metals of Cu
and Pb in the seawater are derived mainly from river transport.

The environmental quality of water in sea areas adjacent to the sew-
age outlets were monitored annually. The results showed that no more
than 20% of those sea areas met the environmental quality
2015 2016 2017

CODcr

NH4
+- N

TP

BOD5

SS

501 482 485 Monitoring times

rial source sewage outlets during 2010–2017 in Bohai Sea.

http://www.xinhuanet.com/politics/2015-01/22/c_127411041.htm
http://www.xinhuanet.com/politics/2015-01/22/c_127411041.htm
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Table 3
The correlation coefficients of different grade unclean seawater areas and inland pollutant inputs by major rivers.

CODcr Petroleum NO3
−–N NH4

+–N NO2
−–N TP Zn Cu Pb As Cd Hg

SGL −0.66 −0.44 −0.40 −0.26 −0.24 −0.31 −0.21 −0.47 −0.58 0.13 −0.22 0.08
TGL 0.82⁎ 0.77⁎ 0.77* 0.76⁎ 0.75* 0.55 0.42 0.83⁎ 0.94⁎⁎ 0.24 0.36 0.00
FGL 0.04 0.27 −0.25 0.41 −0.67 0.33 0.37 −0.03 −0.04 0.51 0.08 0.44
IFGL 0.48 0.73⁎ 0.92** 0.66 0.85* 0.23 0.06 0.48 0.73⁎ −0.05 −0.20 −0.32

SGL, second-grade level, TGL, third-grade level, FGL, fourth-grade level, IFGL, inferior to fourth-grade level, *. P < 0.05, **. P < 0.01.
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requirements of a marine functional area (Fig. 6). The main pollutants
exceeding the standard were inorganic nitrogen, reactive phosphate,
and BOD5. The lowest complication rates of both the integrated and
water environmental quality occurred in 2012. Although the variations
of standard discharge rate of terrestrial sewage outlets (Table 2) and
major pollutants from terrestrial sewage outlets (Fig. 5) were not
great, the lowest values of these did not appear simultaneously in
2012. The main reason for the lack of synchronicitymay be that the dis-
charge amounts of sewage andmajor pollutants were relatively large in
2012. Unfortunately, data of annual discharge amounts of sewage and
major pollutants from terrestrial-source sewage outlets into the sea do
not exist at present.

The results showed that the inland pollutant input was one of the
important factors affecting the water environment quality of the Bohai
Sea. A previous study revealed that the inland pollution input was
more than 70% of the total pollutants in the Bohai Sea (Li et al. 2016),
and the pollutant loads from industrial sewage sites have shown stron-
ger impacts on the water environment than those from general sewage
(Liu et al. 2011). In addition, the Bohai Sea coastal area is one of themost
developed zones of China, and industrial and municipal sewage from
populous and developed cities, including Tianjin, Qinhuangdao, and Da-
lian, is discharged into the Bohai Sea (Zhang et al. 2009), resulting in
heavy ecological pressure on the coastal water environment of the
Bohai Sea.

4. Conclusions

The Bohai Sea has become one of the most polluted marine areas in
China because of the huge input of pollutants from terrestrial and ma-
rine sources and its geohydrologic condition. Although thewater quality
of the Bohai Sea improved gradually after 2012, the present water qual-
ity is still not encouraging. Inorganic nitrogen, reactive phosphate, and
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petroleum hydrocarbons are the main pollutants in the seawater. The
results of the study suggest that an ecological management plan should
be implemented urgently and that ecological compensation mecha-
nisms for the coastal water environment problems in the Bohai Sea
should be developed. Remedial programs to address the problemof sea-
water quality must be considered. To control the inland pollution input
strictly, the terrestrial pollutants from sewage outlets discharged di-
rectly into the seamustmeet emission standards. However, it is difficult
to control terrestrial pollutants that are transported by rivers. Thus, de-
veloping and implementing a specific water quality management plan
for rivers debouching into the sea is a necessity. In addition to the re-
quirement of standard discharge of industrial and municipal sewage
into these rivers, the plan may involve modifications of agricultural
structure and restrictions on the application of chemical fertilizers to
control non-point source pollutants within the river catchment areas.
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