
Earth System Changes in Marginal Seas/Oceanologia 65 (2023) 278—296 

Available online at www.sciencedirect.com 

ScienceDirect 

j o u r n a l h o m e p a g e : w w w . j o u r n a l s . e l s e v i e r . c o m / o c e a n o l o g i a 

ORIGINAL RESEARCH ARTICLE 

Biogeochemistry-ecosystem-social interactions on 

the Chinese continental margins 

Su Mei Liu 

a , b , ∗, Wen Liang 

a , Xinyu Guo 

c , Nian Wu 

a , b , Wuchang Zhang 

b , d , 
Xiujuan Shan 

e , Hua-De Zhao 

f , Juying Wang 

f , Jin Huang 

a 

a Frontiers Science Center for Deep Ocean Multispheres and Earth System, and Key Laboratory of Marine Chemistry Theory and 
Technology, Ministry of Education, Ocean University of China, Qingdao, China 
b Laboratory for Marine Ecology and Environmental Science, Qingdao National Laboratory for Marine Science and Technology, 
Qingdao, China 
c Center for Marine Environmental Studies, Ehime University, Matsuyama, Japan 
d Key Laboratory of Marine Ecology and Environmental Sciences, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, 
China 
e Key Laboratory of Sustainable Development of Marine Fisheries, Ministry of Agriculture and Rural Affairs, Yellow Sea Fisheries 
Research Institute, Chinese Academy of Fishery Sciences, Qingdao, China 
f National Marine Environmental Monitoring Center, Dalian 116023, China 

Received 9 December 2021; accepted 1 December 2022 
Available online 15 December 2022 

KEYWORDS 

Drivers; 
Pressures; 
Environmental 
change; 
Social response; 
Bohai 

Abstract Chinese continental margins are experiencing remarkable environmental changes 
driven by anthropogenic activities and climate change. As an important habitat and sea-based 
fish farming resource in China, the Bohai was selected as a case study to understand how 

ecosystems and social interactions are influenced by multi-stressors. The Bohai ecosystem has 
been considerably modified. The Bohai coastline has been significantly changed (e.g., total 
sea area decreased and morphology changed) by sea reclamation and riverine sediment trans- 
port related to agriculture and erosion. Therefore, the strict reclamation policy and “Grain- 
for-Green” program have been issued to protect the coastline. Nutrient concentrations and 
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composition have been changed by fertilizer application, wastewater discharge, and variations 
in seasonal patterns of riverine nutrient fluxes. Hence, pollution control and prevention are 
necessary. More seriously, fishing resources have been altered, as a result of environmental 
changes and overfishing. Therefore, a summer fishing ban and stock enhancement should be 
vital besides environmental improvement. This study can help to predict and mitigate impacts 
on global continental margins that are experiencing similar environmental stress. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

he ocean plays a critical role in supporting human societal 
ssential goods and services, but ocean ecosystems have 
een considerably altered by traditional and emerging an- 
hropogenic activities such as overfishing, pollution, and sea 
eclamation ( Borja et al., 2016 ; Halpern et al., 2008 ), re- 
ulting in 41% of marine ecosystems being deeply affected 
y multi-stressors ( Halpern et al., 2008 , 2012 ). Coastal ma- 
ine ecosystems, in particular the Chinese marginal seas, 
ave demonstrated phenomena such as eutrophication, hy- 
oxic events, harmful algal blooms, reduction in biodiver- 
ity, and changes in coastal morphology ( Davidson et al., 
012 ; Evan et al., 2011 ; Landrigan et al., 2020 ). These 
hanges are mainly caused by population increase, dam 

onstruction, and pollution discharge ( Liu et al., 2012a ; 
ing et al., 2010 ; Wu et al., 2021 ). 
The Bohai is a shallow, semi-enclosed continental margin 

f the northwestern Pacific, with a surface area of 7.7 × 10 4 

m 

2 and an average water depth of 18.7 m. The Bohai in- 
ludes Liaodong Bay, Laizhou Bay, Bohai Bay, the central Bo- 
ai, and Bohai Strait which connects with the Yellow Sea 
 Figure 1 ). River water discharge into the Bohai has been 
ubstantially affected by anthropogenic activities, of which 
he Huanghe (Yellow River) discharge accounts for > 75% 

f the total ( Lin et al., 2001 ; Liu, 2015 ; Ren et al., 2002 ;
ang et al., 2017 ). The Bohai is well known as an impor- 
ant habitat and sea farm base for fishery resources in the 
hinese coastal seas; the Bohai ecosystems, however, have 
een significantly modified by anthropogenic activities, re- 
ulting in eutrophication, low oxygen events, and exten- 
ive coastline changes ( Su and Tang, 2002 ; Wei et al., 2019 ;
hai et al., 2019 ). 
As a continental margin, the Bohai has been stud- 

ed extensively, resulting in abundant hydrology and bio- 
eochemistry data. This paper reflects the themes and 
iscussions of the Continental Margins Working Group 
hich was established jointly by Integrated Marine Bio- 
phere Research (IMBeR at https://imber.info/science/ 
egional- programmes- working- groups/cmwg ) and Future 
arth Coasts. The objective of this paper is to outline spa- 
ial and temporal variations of the hydrological and bio- 
eochemical variables of the Bohai, their multi-drivers and 
ressures, and the ensuing feedback to ecosystems and to 
ociety. This study is vital to understand how ecosystems 
nd society interact in the Bohai so that the information 
ere can be extrapolated globally to predict and alleviate 
he stresses on similar continental margins that are experi- 
279 
ncing greater ecosystem and societal responses to environ- 
ental variations. 

. Drivers and pressures of hydrographic and 

iogeochemical variations 

ince the 1950s, reforms of the socio-economic system, the 
apid growth of the population, and industrialization have 
ccelerated China’s environmental change, which includes 
and and water degradation ( Bryan et al., 2018 ). Along with 
atural drivers (i.e. climate change), drivers closely related 
o intensive human activities in the Bohai Rim region sub- 
tantially altered Bohai ecosystems, including population 
ressure, urbanization, economic development, associated 
aste water discharge, fertilizer use, and fishing pressure. 

.1. Population growth and urbanization 

lthough the population growth rate has slowed down in re- 
ent decades due to the family planning policy, the popula- 
ion has increased by approximately 150% in the Bohai Rim 

egion since the 1950s ( Figure 2 ). In 2019, the population 
as ca. 260 million representing 18.6% of the total national 
opulation. In addition, the urbanization rate has increased 
y ca. 45% in the last 70 years; more recently the rate has
xceeded 64% ( Figure 2 ). As the population continues to 
row and migrates to the economically developed coastal 
reas, more waste water is emptied into the Bohai. During 
985 −2015, industrial waste water discharge was stable be- 
ause of the improvement of industrial wastewater treat- 
ent capacity, while domestic sewage effluent had been 
radually increasing ( Figure 3 ), related to population growth 
nd urbanization and representing 75% of the total waste 
ater discharge. 

.2. Industrial structure and societal needs 

hina, as the second largest and one of the fastest grow- 
ng economies in the world, is experiencing a contradiction 
etween economic development and environmental pro- 
ection. On the positive side, it is believed that people’s 
ursuit of material and spiritual satisfaction is constantly 
mproving. In addition, sustainability and strategic environ- 
ental health priorities, particularly for the Bohai Rim re- 
ion, were established during the 18th National Congress 
 Wang et al., 2021 ). In the Bohai Rim region, the GDP ex-
eeded CNY 1.8 × 10 4 billion in 2019, representing 18% 
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Figure 1 Map of the study area. 

Figure 2 Population and urbanization rate in the Bohai Rim 

region since the 1950s (data source: https://data.stats.gov. 
cn/ ). 
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Figure 3 Waste water discharge in the Bohai Rim region since 
the 1980s ( Wang et al., 2019 ). 

Figure 4 GDP and industrial structure in the Bohai Rim region 
since the 1950s (data source: https://data.stats.gov.cn/ ). 
f the national total ( Figure 4 ). Rapid economic develop- 
ent means intense drivers directly from human activities 

 Figures 3 , 5 , and 6 ), which likely drive the changes in the
ohai marine environment. 
Although all major industries are experiencing growth, 

he industrial structure of the Bohai Rim region is constantly 
hanging to promote the coordinated development of var- 
ous industries in the national economy ( Figure 4 ). In the 
ast 70 years, the proportion of primary sector economic ac- 
ivities, mainly agriculture, forestry, animal husbandry, and 
sheries, has continued to decline from about 50% in the 
950s to 6% in recent years; The proportion of the secondary 
ector, which is mainly industry, including construction, first 
ncreased and then decreased with the highest proportion 
approximately 60%) in the late 1970s and approximately 
280 
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Figure 5 Fertilizer application rate in the Bohai Rim region 
since the 1980s (data source: https://data.stats.gov.cn/ ). 
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5% in 2019. The proportion of the tertiary sector, which is 
ominated by the circulation and service industries, first de- 
reased and then increased with the lowest proportion (ap- 
roximately 18%) in the late 1970s and approximately 59% 

n 2019 ( Figure 4 ). In short, the industrial structure of the 
ohai Rim region has evolved from being dominated by the 
rimary sector in the 1950s, to the secondary sector in the 
970s, and is now dominated by the tertiary economic sec- 
or. This change in industrial structure means changes in hu- 
an lifestyles, which is closely related to changes in stres- 
ors and the effects of human activities throughout each pe- 
iod. With the development and increase of the tertiary sec- 
or, people have been pursuing spiritual and cultural needs 
or a better life. Thus, a portfolio of national and regional 
anagement and policies has been established to improve 
he environment in the Bohai. 
igure 6 Area of varying sea water quality and the proportion of 
ulletin of the Ministry of Ecology and Environment of China 2001 −2

281 
.3. Coastline changes 

ince 1978, China began to reform and open up, leading 
o rapid economic development and urbanization which, 
n turn, has led to large-scale exploitation of coastal re- 
ources. Coastline changes (expansion and retreat) are fre- 
uent in China, particularly in the Bohai, due to estuar- 
ne deposits, erosion, sea reclamation, and protection engi- 
eering ( Hou et al., 2016 ; Meng et al., 2017 ; Suzuki, 2003 ).
n the Bohai Rim region, coastline expansion occurs mainly 
n the southern Bohai Bay to the Huanghe Delta, and coast- 
ine retreat occurs mainly on the southern shores of Laizhou 
ay ( Duan et al., 2016 ; Hou et al., 2016 ). 
The Huanghe has a high suspended sediment load due 

o extensive cultivation in the loess plateau in the mid- 
le reaches of the river ( Wang et al., 2017 ). In the lower
eaches, the shallow channel and highly elevated riverbed 
hich is > 8 −10 m higher than the surrounding area, thus 
orming a unique “suspended river”, has created catas- 
rophic disasters in the fluvial plain ( Chen et al., 2012 ; 
ang et al., 2017 ). Moreover, the main channel of the 
uanghe has shifted often and has formed 11 delta lobes 
ince 1855, affecting the coastline along Bohai Bay, the 
uanghe Estuary, and Laizhou Bay ( Yang et al., 2011 ). 
The total area of the Bohai has decreased by 7.06% over 

he last 70 years from 81.3 × 10 3 km 

2 to 75.6 × 10 3 km 

2 

ith a shrinkage rate of ∼82 km 

2 /yr from the 1940s to 
014 ( Hou et al., 2016 ). Over the past decades, the to-
al length of the shoreline has increased by 1159.9 km, 
hich is derived from an 80% decrease in the natural shore- 
ine but an increase of 1977.9 km in artificial shoreline 
 Wei et al., 2019 ). Moreover, the area reclaimed from the 
ea has increased by 1988.5 km 

2 , with the further addition 
f areas under aquaculture and salt pans. The net effect 
s that construction land has increased and the area under 
griculture has significantly decreased ( Figure 7 ; Jin, 2020 ; 
inferior to grade 4 sea water quality in the Bohai (data source: 
020, http://www.mee.gov.cn/hjzl/sthjzk/jagb/ ). 

https://data.stats.gov.cn/
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Figure 7 The total area ( × 10 4 hm 

2 ) of sea reclamation 
caused by the development of aquaculture, salt pans, agri- 
culture, construction, and land to be used from the period 
1980 −2017 ( Wei et al., 2019 ). 
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Figure 8 Annual freshwater discharge and suspended 
sediment load at station Lijin from 1950 −2019 (data 
source: Huanghe Water Conservancy Commission, http://www. 
yellowriver.gov.cn/nishagonggao ). 
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ei et al., 2019 ). In addition, artificial wetlands increased 
y 162.6% from 1980 to 2017 while natural wetlands de- 
reased by 66% ( Wei, 2018 ). 
Sea reclamation and coastline change have had a pro- 

ound influence on the morphology and ecological envi- 
onment of the Bohai; for example, the tidal regime has 
hanged with M 2 amplitudes increasing up to 20 cm in 
976 −2011 ( Pelling et al., 2013 ). Based on time series 
ata at the tidal gauges (i.e. Yangjiaogou and Longkougang 
auges), the mean relative sea level rose approximately 2.1 
m/ yr in western Laizhou Bay and 1.7 mm/yr in eastern 
aizhou Bay over the last 50 −60 years ( Deng et al., 2016 ).
n addition, the intertidal wetlands diminished quickly and 
ontinuously ( Duan et al., 2016 ), resulting in the loss and/or 
ragments of essential fish habitats ( Jin, 2020 ; Meng et al., 
017 ). 

.4. Freshwater discharge and sediment load to 

he sea 

he freshwater discharge and sediment load of the Huanghe 
ave shown interannual oscillation since 1950 with a de- 
reasing rate of 0.61 km 

3 /yr and 0.21 × 10 8 ton/yr, re- 
pectively ( Figure 8 ). Of the reductions, human activities 
ontributed ca. 55% and, in the 2000s, climate change ac- 
ounted for the remainder ( Miao et al., 2011 ). Historically, 
he days with no water flow near the Huanghe mouth in- 
reased ten-fold (up to 200 days) in the late 1990s due to 
he increasing demand for water and the decrease in precip- 
tation (cf. Zhang et al., 2001 ). Water consumption by agri- 
ultural and industrial activities increased three times from 

he 1950s to the 2010s, of which the consumption of water 
hrough agricultural activities has decreased from ca. 90% 

o 70% of total water consumption ( Chen et al., 2005 ; China 
ater Resources Bulletin at http://www.yrcc.gov.cn/ ). 
Since 2002, the Huanghe Water Conservancy Commis- 

ion has implemented 19 water-sediment regulation events 
WSRE), using the reservoir-regulated flood water at the 
eginning of every flood season, except in 2016 and 2017. 
282 
enerally, the WSREs have substantially alleviated the silta- 
ion in both the Xiaolangdi Reservoir and the lower reaches 
f the Huanghe to prolong the reservoir’s operational life 
nd increase the flood-carrying capacity of the downstream 

hannel ( Wang et al., 2017 ). Freshwater discharge and sedi- 
ent load during the WSREs represented 18 −56% and 8 −63% 

ith averages of 28% and 30% of the annual amount, respec- 
ively ( Table 1 ). However, the riverbed in the lower reach 
as armored due to coarsening, and bed scouring via reser- 
oir regulation is not sustainable ( Wu et al., 2020 ). The WS-
Es have led to high monthly runoff and sediment load ad- 
ancing up to two months earlier than was the case before 
he regulation events ( Liu et al., 2012a ). In particular, the 
uanghe water has a long residence time in the Bohai with 
n average of 1.2 years ( Liu et al., 2012b ). In comparison,
he WSREs and natural floods contributed 29% and 19% of 
nnual freshwater discharge emptying into the Bohai dur- 
ng 2002 −2012, respectively ( Wu et al., 2017a ). In addition,
he Huanghe sediment load to the sea was mainly deposited 
n the delta in summer and resuspended and transported 
ffshore in winter ( Yang et al., 2011 ). Thus, changes in sea-
onal patterns of the Huanghe freshwater discharge and sed- 
ment load transport will have a far-reaching influence on 
he ecological environment of the Bohai. 

.5. Hydrographic variations in the Bohai 

he drivers of hydrographic variations in the Bohai include 
inds, air-sea heat flux, and freshwater flux (river dis- 
harge, precipitation, and evaporation). All of them have 
pparent seasonal variations. The wind direction over the 
ohai is northwesterly in winter and southeasterly in sum- 
er, and the wind speed is higher in winter ( ∼5 m/s) than in
ummer ( ∼2 m/s; Ren et al., 2017 ). More than 70% of precip-
tation concentrates from June to September while 35 −50% 

f evaporation occurs from April to June ( Fu et al., 1994 ).
ince the annual precipitation (500—1000 mm) is lower than 

http://www.yrcc.gov.cn/
http://www.yellowriver.gov.cn/nishagonggao
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Table 1 Annual freshwater discharge and sediment load, and the days and their proportion during the WSRS in annual fresh- 
water discharge and sediment load as well, respectively in the lower reach of Huanghe during 2001—2019. The data without 
the regulation events in 2001, 2016, and 2017 are also provided for comparison. Data are from http://www.yellowriver.gov. 
cn/nishagonggao . 

Year Annual Flux Water and Sediment Regulation Events 

Water 
discharge 
(km 

3 /yr) 

Sediment 
load 
(10 7 t/yr) 

Day Water 
discharge 
(km 

3 /yr) 

Proportion 
in annual 
discharge 

Sediment 
load 
(10 7 t/yr) 

Proportion 
in annual 
sediment 

2001 4 .65 4 .22 
2002 4 .19 6 .02 15 2 .34 0.56 5 .07 0.34 
2003 19 .21 40 .36 24 4 .22 0.22 15 .06 0.63 
2004 19 .82 26 .51 30 5 .20 0.26 7 .87 0.26 
2005 20 .68 18 .07 23 4 .13 0.20 6 .17 0.27 
2006 19 .17 15 .66 21 4 .96 0.26 7 .48 0.36 
2007 20 .40 15 .06 30 6 .66 0.33 9 .84 0.33 
2008 14 .54 8 .43 17 3 .97 0.27 5 .78 0.34 
2009 13 .29 6 .02 17 3 .76 0.28 4 .07 0.24 
2010 19 .30 16 .70 44 8 .99 0.47 13 .91 0.32 
2011 18 .51 9 .26 22 3 .86 0.21 4 .26 0.19 
2012 28 .20 18 .30 26 5 .26 0.19 7 .24 0.28 
2013 23 .69 17 .30 20 5 .28 0.22 5 .58 0.28 
2014 11 .43 3 .01 22 2 .75 0.24 2 .21 0.10 
2015 13 .36 3 .14 24 3 .08 0.23 1 .86 0.08 
2016 8 .19 1 .06 
2017 8 .96 0 .77 
2018 33 .37 29 .70 26 6 .10 0.18 13 .54 0.52 
2019 31 .22 28 .26 54 11 .11 0.36 16 .33 0.30 
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he annual evaporation (1500—2200 mm), the freshwater 
ischarge from rivers is important for maintaining salinity 
n the Bohai. 

Over the period of one year, the change in these drivers is 
ue to two factors; interannual oscillation and linear trend. 
he wind direction and speed during the period 1950 −2011 
howed interannual oscillations with periods from several 
ears to 15 years ( Ren et al., 2017 ). The strong wind events
 > 10.8 m/s) usually appeared in spring and had an apparent 
eakening trend during 1971 −2008 ( Wu et al., 2012 ). The 
recipitation around the Bohai during the period 1965 −2014 
ad a declining trend ( Zhao et al., 2018 ). However, in 
ll months, the slopes of these trends are less than 0.78 
m/yr; that is a negligible value when compared to annual 
recipitation ( > 500 mm/yr) and therefore it is not expected 
o cause a significant change in salinity in the Bohai. On the 
ther hand, the increasing and decreasing range of precipi- 
ation in the same month during the period 1965 −2014 was 
lose to its monthly mean value, indicating a possible larger 
mpact from oscillation than from linear trend on the con- 
ribution of precipitation to salinity in the Bohai. The air 
emperature observed in the Bohai Rim region during the 
eriod 1951 −2011 had a positive trend of ∼0.03 degree/yr 
 Peng and Han, 2013 ). 

.6. Fertilizer application 

ith population growth and increasing human demand for 
ood, fertilizer application generally increases to satisfy 
his demand. In the Bohai Rim region, nitrogen and phos- 
283 
horus fertilizers first increased and then slowed down in 
he last 40 years; compound fertilizer has been increasing 
nd its use has exceeded nitrogen fertilizer in recent years 
 Figure 5 ). Total fertilizer application had been increasing 
ntil 2013, but since then it has been stable with a recent 
ecline in use. During the early stages, fertilizer applica- 
ion increases food production, but intensive fertilizer ap- 
lication induces fertilizer loss. It has been reported that 
he loss of fertilizer nitrogen in Chinese farmland can reach 
9.1% of total fertilizer usage ( Zhu et al., 2006 ). Thus, about
0 −80 × 10 4 tons of nitrogen fertilizer (excluding nitrogen 
n compound fertilizer) are lost every year in the Bohai Rim 

egion, which can be transported into the Bohai via riverine 
nput and SGD, and affects the nutrient composition of the 
ohai. 

.7. Nutrient inputs to the Bohai 

xternal nutrient sources to the Bohai include river input, 
recipitation, submarine ground discharge (SGD), aquacul- 
ure effluents, and water exchange through the Bohai Strait. 
nternal nutrient sources mainly derive from nutrient regen- 
ration in sediments and exchange between sediment and 
verlying seawater interface, which plays an important role 
n supporting nutrients for phytoplankton growth ( Liu et al., 
003 , 2011 ). 

.7.1. Nutrient transport from the Huanghe 

uring 2001 −2019, nutrient concentrations exhibited a 
ide range of variations in the Huanghe with the concen- 

http://www.yellowriver.gov.cn/nishagonggao
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rations of NO 3 
—, DIN, dissolved organic nitrogen (DON), 

O 4 
3—, dissolved organic phosphorus (DOP), and Si(OH) 4 be- 

ng 97 −501, 105 −524, 0.0 −268, 0.03 −0.95, 0.01 −0.59, and 
.5 −167 μM, respectively ( Liu et al., 2012a ; Wang et al., 
022 ; Wu et al., 2021 ). On average, DIN and PO 4 

3— ac- 
ounted for 91% and ca. 50% of total dissolved nitrogen and 
hosphorus, respectively. Among the rivers emptying into 
he ocean ( Smith et al., 2003 ), NO 3 

— concentration in the 
uanghe is very high, PO 4 

3— concentration is at the pris- 
ine level (0.50 μM) due to adsorption onto abundant sedi- 
ent particles in the Huanghe, and Si(OH) 4 level is high due 
o high mechanical denudation and higher evaporation over 
recipitation in the Huanghe watershed ( Cai et al., 2008 ; 
i and Zhang, 2003 ; Liu et al., 2009 ). Therefore, the nutri- 
nt composition is characterized by a high ratio of N/P and 
 low ratio of Si/N. 
Nutrient concentrations in the Huanghe showed high val- 

es in spring and low values in summer for NO 3 
—, higher 

alues for DON in summer than in other seasons, slightly 
ow values for PO 4 

3— and DOP in summer when sedi- 
ent loads were highest, and no obvious seasonal vari- 
tions for Si(OH) 4 . Nutrient concentrations in the lower 
each of Huanghe showed generally decreasing trends dur- 
ng 2001 −2019 at rates of 0.34 μM/month for NO 3 

—, 
.001 μM/month for PO 4 

3—, and 0.26 μM/month for Si(OH) 4 , 
espectively ( Figure 9 ). The seasonal peaks of Huanghe 
reshwater discharge and nutrient transports have both 
een shifted by the WSREs with high monthly values appear- 
ng two months earlier than was the case before the WS- 
Es ( Liu et al., 2012a ; Liu, 2015 ). Phosphate limitation of 
hytoplankton growth is aggravated during extremely high 
reshwater discharge periods ( Liu et al., 2012a ; Liu, 2015 ; 
urner et al., 1990 ). 
Nutrient transport fluxes from the Huanghe into the sea 

ere 0.28 −19.3 × 10 8 mol/month for DIN, 0.04 −32.7 × 10 7 

ol/month for DON, 0.07 −26.9 × 10 5 mol/month for 
hosphate, 0.47 −39.7 × 10 5 mol/month for DOP, and 
.02 −92.5 × 10 7 mol/month for Si(OH) 4 , respectively. Con- 
idering the drivers that influence nutrient levels in the 
uanghe, the proportional contributions of different nutri- 
nt sources ( Figure 10 ) to the Huanghe are estimated to 
e excess fertilizer run-off (46 ±1%) and sewage effluents 
38 ±1%) for DIN, sewage effluents (86 ±1%) and excess fer- 
ilizer run-off (11 ±0.5%) for PO 4 

3—, and runoff (48% ±9%) and 
echarge water (47% ±10%) for Si(OH) 4 , respectively. 

.7.2. Atmospheric nutrient depositions 
ased on limited observations, concentrations and de- 
ositions of water-soluble nitrogen and phosphorus from 

erosols were reported to be higher in winter than in sum- 
er at Qinhuangdao, a coastal city in northeastern Bohai 

 Yu et al., 2020a ). Atmospheric dry and wet depositions con- 
ributed 75.9, 70.6, 146.6, and 0. 1 × 10 8 mol/yr of NO 3 

—, 
H 4 

+ , DIN, PO 4 
3—, respectively to the Bohai ( China Coun- 

il for International Cooperation on Environment and Devel- 
pment Annual Policy Report, 2020 ), and atmospheric DIN 

epositions to the Bohai could be up to 67.2 × 10 9 mol/yr 
 Shou, 2017 ). Atmospheric Si(OH) 4 deposition to the Bohai 
as 0.2 × 10 9 mol/yr ( Liu et al., 2008 ). Compared to the 
iverine input (including the other rivers; Liu et al., 2009 ), 
tmospheric nutrient depositions ware 1 −2 times that of 
284 
he riverine input for NO 3 
— and DIN, 38% of the riverine in- 

ut for PO 4 
3—, and 6% of the riverine input for Si(OH) 4 . 

.7.3. Nutrient transport via SGD and other sources 
he SGD in the Huanghe delta should be important, with 
he previously reported SGD value of 1280 −1480 m 

3 /s 
n September 2006 and July 2007 using 224 Ra isotope 
 Peterson et al., 2008 ). Nutrient fluxes from SGD to the Bo-
ai were 510, 3.6, and 240 × 10 8 mol/yr for DIN, PO 4 

3—, and
i(OH) 4 , respectively in November 2014 ( Liu et al., 2017 ). 
hese values were 7%, 43%, and 98% of the reported fluxes 
f DIN, PO 4 

3—, and Si(OH) 4 delivered by the SGD of two bays
Eastern Laizhou Bay and Western Bohai Bay) of the Bohai 
 Wang et al., 2019a ; Zhang, 2018 ; Zhang et al., 2016 ) and
ere used later for comparison, considering the substantial 
ncertainties of nutrients delivered by SGD. Nutrient fluxes 
elivered by SGD accounted for 70 −90% of the sum of atmo- 
pheric deposition, riverine input, and SGD. 
In addition, nutrients derived from feeding and non- 

eeding marine aquaculture effluents contributed < 5% of 
issolved nitrogen and phosphorus discharged from indus- 
rial wastewater and sewage effluents ( Cui et al., 2005 ). 
oreover, nutrient exchange through the Bohai Strait is lim- 
ted ( Liu et al., 2008 ). 

.7.4. Nutrient exchange at sediment and overlying 
eawater interface 

utrient regeneration and exchange at sediment and over- 
ying seawater interface is an important source of nutrients 
 Cowan et al., 1996 ; Liu et al., 2011 ). Based on pore wa-
er nutrient profiles in the Bohai, using a two-layer diage- 
etic equation ( Liu et al., 2003 ), the benthic fluxes of nutri-
nts during August 2008 −2009 were calculated as follows: 
62 ±174, −7.6 ±35.5, 1.0 ±0.8, and 145 ±103 × 10 8 mol/yr 
or NH 4 

+ , NO 3 
—, PO 4 

3—, and Si(OH) 4, respectively ( Liu et al.,
011 ). In August 2015, the benthic fluxes of nutrients were 
imilar at 133, −15.5, 1.4, and 240 × 10 8 mol/yr of NH 4 

+ , 
O 3 

—, PO 4 
3—, and Si(OH) 4 , respectively ( Huang, 2016 ). Sed-

ment was a source for DIN, PO 4 
3—, and Si(OH) 4 in the Bo-

ai. Compared to the sum of atmospheric deposition and 
iverine input, the benthic fluxes of nutrients contributed 
ore PO 4 

3— and Si(OH) 4 , and less DIN. Thus, benthic nutrient 
uxes can alleviate phosphorus limitation in the Huanghe 
stuary. 

.8. Fishing pressure 

verfishing has a significantly negative influence on fishery 
esources in the Bohai Sea. Fishing effort is commonly used 
s an indicator to reflect fishing pressure, and fishing effort 
s represented by fishing vessel power. While fishing yield (or 
atch) and fishing efficiency can reflect the utilization sta- 
us of fishery resources, and fishing efficiency is represented 
y catch per unit effort (CPUE). Based on statistical fishery 
ata of China from 1979 to 2017 ( Fisheries Bureau of the 
inistry of Agriculture and Rural Affairs, 1979—2017 ), the 
shing effort in the Bohai Sea continuously increased before 
002, which is reflected by the horsepower of marine fish- 
ng vessels. The horsepower of marine fishing vessels in the 
ohai Sea exceeded 100 million kW in 1986, 200 million kW 

n 1996, and 300 million kW in 2002, then fluctuated from 
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Figure 9 Monthly average concentrations (color data points) and fluxes (black lines) of nutrients in the lower reach of the 
Huanghe; the linear relationship lines for dissolved inorganic nutrients are also shown. Data are from Liu et al. (2012a) , 
Wang et al. (2022) , Wu et al. (2021) , and the references therein. 
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Figure 10 The proportions (%) of different nutrient sources to the Huanghe. 
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39 million kW to 340 million kW with an average of 286 mil- 
ion kW in recent years. For catch, the trend is incompletely 
onsistent with the catch effort. It exceeded 1 million tons 
n 1993 and reached its maximum of 1.63 million tons in 
999. In the 21st century, it has been declining continuously 
nd has stabilized at about 1 million tons since 2007. For 
PUE, it showed a continuous downward trend from 0.52 
ons/kW to 0.39 tons/kW in the 1980s. With the continu- 
us improvement of fishing technology, the CPUE fluctuated 
rom 0.39 tons/kW to 0.66 tons/kW in the 1990s. In the 21st 
entury, overfishing has deteriorated, and the CPUE showed 
 decreasing trend with fluctuation, reaching a minimum of 
.29 tons/kW in 2017 ( Hu et al., 2020 ). Since the 21st cen-
ury, the fishing pressure of the Bohai Sea has been main- 
ained at a high level, but the high fishing pressure showed 
ow catch, indicating the decline of fishery resources in the 
ohai Sea. In recent years, the fishing pressure in the Bo- 
ai Sea has decreased significantly, but the fishing efficiency 
CPUE) has continued to decline, indicating that the reduc- 
ion of fishing pressure has not effectively alleviated the 
eclining trend of fishery resources and the fishing pressure 
hould be continuously reduced to promote the sustainable 
evelopment of fishery resources ( Xu, 2011 ). 

. Status of environmental change in the 

ohai 

.1. Hydrological change 

he rising trend of sea surface temperature (SST) and sea 
urface salinity (SSS) has been recognized for twenty years 
 Lin et al., 2001 ). For the period 1960 −1997, the trend of
286 
he annual mean of SST and SSS was 0.011 degrees/yr and 
.074/yr, respectively. Increasing air temperature and re- 
uction in river discharge are likely the main causes for 
hese positive trends ( Lin et al., 2001 ). Using SST data 
easured at 11 stations along the coast from 1960 to 
012, the warming trend in the Bohai was reported to be 
.021 degree/yr with a high value in winter (0.03 ∼0.04 de- 
ree/yr) and a low value in summer (0.01 ∼0.02 degree/yr) 
 Li et al., 2018 ). Because a long time series of SST for
he period 1901 −2004 indicates the presence of a varia- 
ion period of 40 −50 years in the annual mean of SST in
he Bohai ( Zhang et al., 2005 ), it should be noted that
he reported trend depends strongly on the length of SST 
ecords. The increasing salinity in the Bohai ( Lin et al., 
001 ) was confirmed by other studies ( Wu et al., 2004 ;
u et al., 2009 ). However, the Huanghe discharge increased 
ince 2003 ( Figure 8 ). Although a numerical simulation sug- 
ested that its direct effect on reducing salinity was limited 
o Laizhou Bay ( Mao et al., 2008 ), the increased freshwater
hould distribute over the entire Bohai after a year or more 
 Liu et al., 2012b ) and eventually stop the increasing trend
f SSS in the Bohai. Recently, the detachment of low salin- 
ty water from the Huanghe plume in summer, which forms 
n isolated patch of low salinity in the offshore area, was 
eported ( Yu et al., 2020b ). 
A strong stratification in summer was reported in cen- 

ral Bohai where two cold bottom water masses were re- 
orted ( Lin et al., 2006 ). Based on the collected data from
he World Ocean Database for June, July, and August from 

970 to 1999, the vertical gradient of water temperature 
as estimated to be in the order of 0.4 −0.6 degrees/m; 
his stratification intensity had a slightly decadal variation 
rom 1970 to 1999 ( Hu et al., 2014 ). 
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Figure 11 Annual average concentrations ( μM) of nutrients 
in the Bohai ( Wang et al., 2019b ). 
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The schematic pattern for the circulation in the Bohai 
an be understood from the inflow in the northern Bohai 
trait and the outflow in the southern Bohai Strait, which is 
he same throughout the year ( Guan, 1994 ). Combined with 
he local currents in Bohai Bay, this exchange flow forms an 
nti-clockwise circulation in the southern area of the Bohai, 
hich is also the same throughout the year. On the other 
and, the local currents in Liaodong Bay have an opposite 
attern in winter and summer. The inflow in the northern 
ohai Strait follows the local currents in Liaodong Bay and, 
herefore, a large clockwise circulation forms from the cen- 
ral Bohai to Liaodong Bay in winter. However, the inflow in 
he northern Bohai Strait cannot enter Liaodong Bay in sum- 
er and the anti-clockwise circulation is limited around the 
ead of Liaodong Bay. 
Many studies have been undertaken to better understand 

he circulation dynamics in the Bohai ( Hainbucher et al., 
004 ; Huang et al., 1996 ; Zhao and Cao, 1998 ; Zhou et al.,
017 ). The wind is the major driving force for winter cir- 
ulation ( Huang et al., 1996 ) while the horizontal density 
radients or baroclinic forcing is the major driving force for 
ummer circulation ( Zhou et al., 2017 ). The tidal residual 
urrent is also an important component of circulation, but 
t exhibits a relatively large magnitude only in limited areas 
lose to the coast ( Wei et al., 2004 ). 
Because the variations in circulation due to climate 

hange are not as easily detected as water temperature and 
alinity, most reports on the long-term change of circula- 
ion are limited to some local features. For example, the 
hange in the Huanghe summer river discharge strongly af- 
ects the circulation around the river mouth; a larger river 
ischarge induces a more apparent northward or northwest- 
ard shift of diluted water and a stronger and faster current 
f diluted water ( Shou et al., 2016 ; Yu et al., 2021 ). The
hange in coastline and water depth can induce a magni- 
ude of ∼0.05 m/s in the tidal residual currents close to the 
oast ( Dong et al., 2020 ). 
As a climate-related phenomenon, the long-term change 

f sea ice in the Bohai presents an interesting pattern. In 
inter, sea ice is found in a large area of Liaodong Bay and 
n the coastal area of Bohai Bay and Laizhou Bay ( Shi and 
ang, 2012 ). The sea ice annual maximum and average 
rea presented a decreasing linear trend from 1958 to 2015 
 Yu et al., 2020b ), being a likely natural response to global 
arming. However, there were actually three different peri- 
ds with different trends during the study period: a slightly 
ncreasing trend from 1958 to 1980, a strong decreasing 
rend from 1980 to 1995, and a moderately increasing trend 
rom 1995 to 2015 ( Yan et al., 2020 ). Such different trends 
esulted from oscillation with a period of ∼30 years and ∼17 
ears, associated with the Arctic Oscillation and North At- 
antic Oscillation ( Yan et al., 2020 ). 

.2. Changes in dissolved oxygen 

n the Bohai, the accelerated daily depletion of bottom 

issolved oxygen (DO; 2.0 −2.8 μmol O 2 /kg) was first no- 
iced in the northern coastal area between June and Au- 
ust 2011 ( Zhai et al., 2012 ). In August 2014, the low DO
 < 92 μmol O 2 /kg) was reported as covering an area of 
56 km 

2 , with an average water depth of 10.3 m above 
he seabed ( Zhao et al., 2017 ). Oxygen depletion mainly 
287 
ccurred from mid-June to late August, driven largely by 
tratification, remineralization of organic matter, and lat- 
ral water exchange ( Song et al., 2020 ; Zhao et al., 2017 )
n which pelagic respiration and sediment respiration con- 
ributed > 60% and < 40%, respectively ( Song et al., 2020 ).
lthough the lowest DO values in the bottom water of the 
ohai were still higher than the threshold for hypoxia (i.e., 
 63 μmol O 2 /L), there has been a summertime declining 
rend since the early 1980s ( Zhai et al., 2019 ; Zhao et al.,
017 ). 

.3. Nutrient characteristics and evolution trends 
n the Bohai 

utrient concentrations are generally higher in the shallow 

oastal areas than in the central Bohai and Bohai Strait be- 
ause of the effects of rapid population growth and eco- 
omic development in the Bohai Rim region ( Liu et al., 2011 ;
hang et al., 2004 ; Zheng et al., 2020 ). There are also sig-
ificant seasonal variations, with lower nutrient concentra- 
ions in summer than in winter. Nutrient concentrations are 
igher in bottom layer waters than in surface waters in sum- 
er when seawater stratification is obvious; in contrast, 
utrients are also vertically constant in well-mixed winter 
 Wang et al., 2019b ). 
The changes in concentrations and composition of nu- 

rients observed in the Bohai are mainly related to the 
uanghe freshwater discharge together with other sources 
uch as fertilizer application and sewage effluent ( Liu et al., 
011 ; Ning et al., 2010 ; Wang et al., 2019b ; Zhang et al.,
004 ). During 1978 −2016, dissolved inorganic nitrogen (DIN) 
oncentrations had increased since 1990 with the rate of in- 
rease becoming even greater since 2002. During the same 
eriod, the annual average PO 4 

3— concentration had gener- 
lly decreased, with a declining trend in summer and a slight 
ise in fluctuation trend in winter; the Si(OH) 4 concentration 
ad firstly shown a slight decrease before increasing from 

987 ( Figure 11 ). Thus, the N/P ratio increased and Si/N ra-
io decreased, indicating that PO 4 

3— was a limiting nutrient 
or phytoplankton growth, leading to the limiting of Si(OH) 4 
 Wang et al., 2019b ). The incubation experiments off the 
uanghe Estuary also demonstrated that photosynthesis was 
imited by PO 4 

3— ( Turner et al., 1990 ; Zhang et al., 2004 ). 
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.4. Water quality status in the Bohai 

.4.1. Status of environmental parameters 
ational sea water quality standards cover 35 sets of pa- 
ameters, the principal ones being smell, taste, suspended 
articulate matter, E. coli , fecal coliform, pathogens, wa- 
er temperature, pH, dissolved oxygen, chemical oxygen 
emand (COD), DIN, PO 4 

3—, cadmium, mercury, zinc, cop- 
er, lead, cyanide, sulfide, total petroleum hydrocarbon, 
DT, BaP, methyl parathion, and radionuclides ( 60 Co, 90 Sr, 
06 Rn, 134 Cs, 137 CS; National Sea Water Quality Standards 
f the P. R. China, 1997 ). As examples, and based on ob- 
ervation data, several sets of environmental parameters 
re addressed for levels of organic matter, trace metals, 
etroleum hydrocarbons, and microplastics. 
The concentrations of dissolved organic carbon (DOC) in 

he surface water of the Bohai were 130.2 −407.7 μM with 
n average of 225.9 ±75.4 μM in April 2010 ( Chen et al., 
013 ). The concentrations of particulate organic carbon 
POC) were 315 −588 mg m 

—3 with seasonal patterns being 
ighest in spring and lowest in winter in the Bohai surface 
ater during 2002 −2016. The POC concentration showed a 
ecreasing trend prior to 2012, with an increasing trend un- 
il 2015, affected mainly by primary production and terres- 
rial inputs ( Fan et al., 2018 ). 
Using trace metal clean sampling and analytical tech- 

iques, several dissolved trace metals during summer in 
he Bohai were reported to be 15.1 −30.4 nM, 10.9 −23.1 
M, 0.72 −1.37 nM, 0.091 −1.00 nM, 0.6 −3.3 pM, 2 −26 pM, 
nd 51 −189 pM for Cu, Ni, Cd, Co, Zn, Ag, and Pb, re-
pectively ( Li et al., 2015 , 2017 ). Trace metal levels were 
ainly affected by atmospheric deposition and riverine dis- 
harge ( Liang et al., 2018 ), with their influence decreasing 
ue to air pollution management and a decrease in fresh- 
ater discharge from major rivers emptying into the Bohai. 
n general, the concentrations of trace metals are at a pris- 
ine level in the Bohai in contrast to the other coastal seas 
 Li et al., 2015 , 2017 ). 
Total petroleum hydrocarbon concentrations were 

3.7 −508 μg/L in Bohai Bay with the highest levels in win- 
er and the lowest in summer ( Li et al., 2010 ). Marine oil
nd gas exploration increased methane concentrations by 
p to 4.7 times in surface water ( Zhang et al., 2014 ). Thus,
he Bohai was a source of atmospheric methane with sea 
urface CH 4 concentration of 2.27 −25.63 nmol kg —1 and a 
aturation ratio of 107 −1193% ( Zhang et al., 2014 ). In gen- 
ral, petroleum hydrocarbon levels steadily decreased dur- 
ng 1996—2005 due to the decline of many industrial activi- 
ies and a pollution control program in the Bohai Rim region 
 Li et al., 2010 ). Especially, ships are prohibited from di- 
ectly discharging oily sewage into the water body in the 
ohai, and the sewage discharge equipment is subject to 
ead-sealing management. 

Microplastics are distributed widely in the Bohai with 
oncentrations of 0.01 −1.23 particles/m 

3 (an average of 
.33 ± 0.34 particles/m 

3 ), which included 51% polyethy- 
ene, 29% polypropylene, 16% polystyrene, 3% polyethylene 
erephthalate, and < 1% polyvinyl chloride, polyurethane, 
nd acrylonitrile, respectively ( Zhang et al., 2017 ). The mi- 
roplastic content is at a medium-low level in the Bohai 
ompared to other continental margins ( Zhang et al., 2017 ). 
288 
.4.2. Status of sea water quality 
ased on national standards, sea water quality is classi- 
ed into four types according to function and protection 
bjectives: Grade 1 applies to marine fishing, nature re- 
erves, and rare and endangered protected regions; Grade 
 applies to aquaculture, bathing beaches, marine sports 
nd/or recreation directly contacting water, and industrial 
se of water for food; Grade 3 applies to the waters af- 
ected by general industrial use and to scenic seashore 
reas; and Grade 4 applies to waters used for marine 
orts and development. The seawater quality of the Bo- 
ai went through three stages, from good overall to de- 
eriorated, followed by gradual improvement along with 
he continued acceleration of coastal socio-economic de- 
elopment, an increase in the scale and intensity of re- 
ource utilization, and changes in ecosystem management 
nd protection ( Figure 6 ). At the start of the political and
ocio-economic reform since 1978, the ecological environ- 
ent was good. From the 1990s to 2012, marine ecosys- 
em quality deteriorated because of eutrophication, pollu- 
ion, aquaculture development, land reclamation, and land 
se change due to intensified and low resource use effi- 
iency during ocean exploitation ( Su and Tang, 2002 ). Dur- 
ng that period, the seriously polluted sea area extended 
o 1.3 × 10 4 km 

2 , representing 17% of the Bohai surface 
rea. Since then, the marine ecological environment has im- 
roved, related to intensified pollution control and ecologi- 
al restoration with the seriously polluted sea area decreas- 
ng to 1000 km 

2 , representing only 1.3% of the Bohai in 2019
 Figure 6 ). 

. Ecosystem responses to environmental 
hange 

.1. Changes in phytoplankton composition and 

armful algal blooms 

he Bohai is an important fish habitat and sea farm base. 
owever, the ecosystem of the Bohai has changed since 
he 1950s, threatening the sustainability of this fishery. 
long with environmental change, phytoplankton compo- 
ition has changed significantly since 1959 ( Luan et al., 
018 ; Sun et al., 2002 ). Phytoplankton cell abundances 
ere 8.33 −472 × 10 4 cells/m 

3 , with diatoms accounting for 
5.3 −99.8% (average 92.5%) during 1959—2015, in which av- 
rage phytoplankton abundances were 168, 216, 101, 28.0, 
nd 68.7 × 10 4 cells/m 

3 in the 1960s, 1980s, 1990s, 2000s, 
nd 2010s, respectively ( Figure 12 ). The abundance and 
pecies diversity declined in the last century before recov- 
ring in the 2000s. Phytoplankton succeeded from diatom- 
ominated communities with mainly centric diatoms such 
s Coscinodiscus spp. and Chaetoceros spp. to communities 
o-dominated by diatoms ( Thalassionema spp., Paralia sul- 
ata ) and dinoflagellates (such as Tripos spp. and Noctiluca 
cintillans ). Accordingly, there is an increase in the ratio of 
inoflagellates to diatoms in this century compared with last 
entury, with average dinoflagellates to diatoms ratios of 
.34, 0.16, 0.97, 1.52, and 1.24 in the 1960s, 1980s, 1990s, 
000s, and 2010s, respectively ( Figure 12 ). Moreover, phy- 
oplankton biomass appeared in two peaks annually during 
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Figure 12 Long-term phytoplankton abundance and the ratio of dinoflagellates to diatoms ( Luan et al., 2018 ). 

Figure 13 The occurrence frequency (times, black line) and spatial extent (km 

2 , orange bar) of harmful algal blooms in the Bohai 
from 2000 to 2019 (data source: http://english.mee.gov.cn/Resources/Reports//bomeaesoc/202012/P020201225370164112761. 
pdf ). 
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959—1999 ( Fei et al., 1991 ). Since 2002, the second bloom 

f phytoplankton has been initiated earlier due to the ef- 
ects of the Huanghe WSREs evidenced by only one peak 
f the surface Chl- α in spring-summer ( Ding et al., 2020a ; 
iu et al., 2012a ). 
Harmful algal blooms (HAB) in the Bohai occurred mainly 

rom June to August 1952—2014 when there were 142 times 
n total, with nearly 13% of HAB events covering an area 
f over 1000 km 

2 ( Song et al., 2016 ). The frequency and 
patial extent of HAB outbreaks had increased significantly 
ince 2000 although these have decreased in recent years 
 Figure 13 ). The dominant HAB causative species include Au- 
eococcus anophagefferens, Gyrodinium spirale, Noctiluca 
cientillans, Prorocentrum dentatum, Skeletonema costa- 
um , and Phaeocystis globosa ( Song et al., 2016 ; Xu et al.,
017 ; Zhang et al., 2012 ). Moreover, a green tide caused 
y Ulva prolifera occurred near Qinhuangdao, threatening 
he ecosystems and the tourism of the western coast of the 
ohai ( Han et al., 2019 ). 
289 
.2. Changes in zooplankton composition 

he study of zooplankton composition and distribution char- 
cteristics in the Bohai began with the National Compre- 
ensive Marine Survey in 1958 −1960 ( Office of Marine Com- 
rehensive Survey, 1977 ). In the Bohai, dominant zooplank- 
on species are copepods (such as Paracalanus parvus, Cen- 
ropages mcmurrichi, Calanus sinicus , and Labidocera eu- 
haeta ) and chaetognatha ( Sagitta crassa ). Warm water 
pecies such as copepods ( Euchaeta rimana and Pontella 
pinicauda ), salps ( Cyclosalpa pinnata and Brooksia ros- 
rata ), and chaetognatha ( Sagitta enflata ) were also ob- 
erved mainly in winter ( Bi et al., 2000 ) when the Yel-
ow Sea Warm Current water is the strongest. Zooplank- 
on abundance peaked in summer and two minor peaks in 
pring and autumn with dominant species of Paracalanus 
arvus and Paracalanus crassirostris in summer, Acartia bi- 
losa in spring, and Oithona similis in autumn, respectively 
 Bi et al., 2001 ). 

http://english.mee.gov.cn/Resources/Reports//bomeaesoc/202012/P020201225370164112761.pdf
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Limited data imply that zooplankton abundance was 
igher in spring-summer of the late 1990s than those during 
he 1950s to the early years of the 1990s ( Tang et al., 2003 ),
ut the long-term changes of zooplankton biomass in the Bo- 
ai have not yet been unraveled, except for some regions of 
he Bohai. In the Caofeidian coastal area in the northwest of 
he Bohai, zooplankton biomass showed an increasing trend 
ccording to observations in 1959, 1984, 1990, and 2004 
 Wang et al., 2015a ). Monthly observations in Laizhou Bay, 
n important spawning, nursery, aquaculture, and recruit- 
ent region, indicated that abundant zooplankton species 
ucceeded; i.e., the abundant copepod Calanus sinicus, in- 
luding C1-CV copepodites and adults, reproduce all year 
ound, peaking in May and June ( Zuo et al., 2017a ), with 
aracalanus parvus peaking in August ( Wang et al., 2015b ). 
ince 2000, Centrapages dorsispinatus has become the only 
ominant species of Centrapages from June to November, 
ith a peak in September, replacing the previously domi- 
ant species, Centrapages tenuiremis ( Zuo et al., 2017b ). 
Since the 2000s, giant jellyfish blooms caused by species 

emopilema nomurai, Cyanea nozakii and Aurelia aurita 
ave been observed frequently in the Bohai ( Dong et al., 
010 ; Wu et al., 2017b ; Zheng et al., 2014 ). Increased gi-
nt jellyfish abundance caused changes in jellyfish com- 
osition; for example, the abundance of the edible jelly- 
sh Rhopilema esculenta decreased with the increase of 
emopilema nomurai ( Wu et al., 2017b ; Zheng et al., 2014 ). 
ven human health and routine activities are threatened; 
n the summer of 2013, a giant jellyfish Nemopilema no- 
urai bloom occurred near Qinghuangdao causing approxi- 
ately 1000 cases of human sting accidents and the death 
f one child ( Wu et al., 2017b ). In the summers of 2013 and
020, the inflowing cooling water for the Hongyanhe Nuclear 
ower Plant in Liaoning Province was blocked by the jelly- 
sh Aurelia aurita, temporarily disrupting the operation of 
he nuclear reactor ( Qiu et al., 2020 ). 

.3. Changes in fishery resources 

long with changes in the environment and with plank- 
on composition in the Bohai, fishery resources have also 
xperienced decreases in biomass and changes in species 
omposition ( Jin, 2020 ; Ning et al., 2010 ). The serious de- 
line of fishery resources was first noticed during the early 
990s when no egg of the Chinese shrimp Penaeus chinen- 
is was collected in the Bohai, where there was an impor- 
ant spawning and nursery habitat for this species ( Su and 
ang, 2002 ). Based on monthly investigations of horizontal 
rawls during 1982 to 2019, the species number and abun- 
ance index of fish eggs and larvae showed a decline in 
he 20 th century with an increase in recent years (except 
n winter; Bian et al., 2018 ). In the Bohai, the dominant fish 
pecies had shifted from 1959 to 2010. Since then, large- 
ized and economically dominant species (such as the large- 
ead hairtail Trichiurus lepturus and small yellow croaker 
arimichthys polyactis ) have been substituted by small- 
ized and low-trophic-level species (such as the hairfin an- 
hovy Setipinna tenuifilis and Japanese anchovy Engraulis 
aponicus ), driven by both top-down effect (increasing fish- 
ng pressure) and bottom-up effect (substantial environ- 
ental variations; Bian et al., 2018 ; Jin, 2020 ; Shan et al., 
016 ). The mean trophic level in the Bohai reduced at an 
290 
verage rate of 0.17/decade in the last three decades of 
he last century, which was higher than the global trend 
 Zhang et al., 2007 ). In the Bohai, the food web has sim-
lified ( Shan et al., 2016 ), and the maturity of the ecosys-
ems has declined, according to the comparison of the ini- 
ial (1982) and end states (2008) of the Ecosim model, in- 
orporating 17 functional groups ( Lin et al., 2016 ). Fishing 
nd environmental changes were regarded as the main fac- 
ors affecting the changes in fishery resources of the Bohai 
 Lin et al., 2016 ). 

. Societal responses to changing 

iogeochemistry and ecosystems 

.1. The water-sediment regulation scheme 

ince 2002, the WSREs have been instituted to reduce sedi- 
ent deposition in the Xiaolangdi Reservoir and the lower 
eaches of the Huanghe. The WSREs have generally at- 
ained their aim, i.e., inducing bed erosion in the lower 
each of Huanghe and mitigating siltation in the reservoir 
 Wang et al., 2017 ). However, the regulation events have 
ed to unexpected disruptions, including high monthly water 
ischarge values, with sediment load, and nutrient trans- 
orts occurring two months earlier than was the case before 
he WSRE interventions; this has led to aggravated nutrient 
mbalance in the Huanghe Estuary and the Bohai ( Liu et al., 
012a ; Liu, 2015 ). However, the WSREs are not sustainable 
ue to continuous sediment siltation in the reservoir and 
he sediment coursing in the downstream riverbed, which 
mpedes sediment escape from the reservoir and impedes 
ediment transport downstream ( Wu et al., 2020 ). The WS- 
Es will, therefore, require modification. 

.2. Coastline protection and management 

ea reclamation and coastline change have a profound 
mpact on the ecological environment of the Bohai, 
uch as diminished intertidal wetlands and fish habitats 
ost/fragmented ( Duan et al., 2016 ; Hou et al., 2016 ). In
uly 2018, the State Council of China issued a directive 
o strictly control reclamation to protect the coastline and 
ts ecosystems. Moreover, measures, including the "Grain—
or—Green" Program issued in 1999 to increase vegetation 
overage, reduce erosion, and restore degraded ecosystems 
 Feng et al., 2016 ; Wang et al., 2016 ), can also decrease the
ediment load to the rivers and the adjacent Bohai, thus al- 
eviating coastline change and area shrinkage of the Bohai. 

.3. Pollution control and prevention 

o restore and sustain the ecosystems of the Bohai, inte- 
rated management of the Bohai is necessary, including con- 
rolling pollutants from land-based sources and preventing 
arine pollution. For example, the main DIN and PO 4 

3— in- 
uts to the Huanghe and adjacent Bohai were excess fer- 
ilizer run-off and sewage effluent. In 2015, the Ministry 
f Agriculture of China (now called Ministry of Agriculture 
nd Rural Affairs of China) issued a directive calling for zero 
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Figure 14 The interlinkage of the drivers and pressures on the environmental state variables and social responses as well. 
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rowth of synthetic fertilizer application after 2020 and pro- 
ided an upper limit for fertilizer application. Ameliorating 
he methods of fertilizer application and improving sewage 
reatment technology can reduce nutrient input into the 
uanghe and the Bohai. 

.4. Fishery resources management and 

overnance 

he health of fishery resources reflects the status of broader 
cosystems. The ultimate aim of integrated marine man- 
gement is to restore fishery resources and biodiversity. A 
ummer fishing ban, which was implemented in the Bohai 
uring the fish nursing and spawning periods from June 1 
291 
o September 1 during 1995 −2016 and then from May 1 
o September 1 since 2017, combined with stock enhance- 
ent, has, to some extent, played a role in restoring fishery 
esources. The fish species composition in the Bohai was af- 
ected by both top-down and bottom-up effects ( Shan et al., 
016 ); a closed fishing season can be an effective way to 
estore fishery resources besides controlling pollutant emis- 
ions and protecting the environment. Moreover, with the 
urrent fishery resources conflicts in the Bohai, the devel- 
pment of equitable quota allocation schemes is necessary 
f long-term ecological health and sustainability are to be 
chieved ( Ding et al., 2020b ). A complete 10-year fishing 
an was issued by the Ministry of Agriculture and Rural Af- 
airs of China to protect the biodiversity of the Changjiang 
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Yangtze River), starting on Jan 1 2020; this might provide 
seful experience and insight for the development of strate- 
ies to restore ecosystem and fishery resources in the Bohai. 
he conservation of fishery resources and the restoration 
f water ecosystems is a complex task. A fishing ban only 
oes so far, so further integrated and systematic measures 
ust be carried out, especially the prevention and control 
f pollution. In addition, the wetlands and estuaries provide 
rucial habitats for marine living organisms; protecting and 
estoring these wetland and estuary ecosystems can be vi- 
al for the restoration of the fishery resources of the Bohai. 
astly, controlling sea reclamation is crucial to the protec- 
ion of the wetlands and shoreline. 

. Cause-and-effect relationships 

s discussed above, the Bohai ecological environment has 
een significantly modified by multi-stressors. To better un- 
erstand the impacts of the variety of stressors, the inter- 
inkage of the drivers and pressures on the environmental 
tate variables and social responses as well has been visual- 
zed ( Figure 14 ). Mainly driven by climate change (air tem- 
erature increased) and generally decline in riverine fresh- 
ater discharge, SST and SSS have increased. Therefrom, 
he wintertime sea ice area has decreased but the summer- 
ime stratification has increased. With societal basic needs 
f seafood, economic demand, and urbanization, extensive 
ea reclamation (i.e. increases in aquaculture, salt pans, 
nd construction land) in the Bohai Rim region has led to 
ecrease in the total sea area of the Bohai and morphology 
hange. Moreover, extensive cultivation in the loess plateau 
f the Huanghe has led to abundant sediment load trans- 
orted into the Bohai. As a result, tidal regime has changed, 
ntertidal wetlands have diminished, and essential fish habi- 
ats have lost and/or fragmented. Fortunately, strictly con- 
rol reclamation has been issued to protect the coastline 
nd its ecosystems, and the “Grain-for-Green” program has 
een issued to increase vegetation coverage and reduce 
rosion. 
Nutrient concentrations and composition have changed 

ue to fertilizer application and wastewater discharge. 
oreover, seasonal patterns of riverine nutrient fluxes into 
he Bohai affect dynamics of nutrients and seasonal varia- 
ions of Chl- α in the Bohai. Pollution control and preven- 
ion, e.g. calling for zero growth of synthetic fertilizer ap- 
lication could decrease nutrient levels and reshape nu- 
rient composition in the Bohai. To know its effects, it is 
ecessary to keep a continuous and long monitor on the 
cosystems of the Bohai, which have changed along with 
nvironmental change, including phytoplankton and zoo- 
lankton composition and fishing resources. Besides envi- 
onmental change, overfishing has significantly negative in- 
uence on fishery resources, which have experienced de- 
reases in biomass and changes in species composition with 
arge-sized and economically dominant species substituted 
y small-sized and low-trophic-level species ( Bian et al., 
018 ; Jin, 2020 ; Shan et al., 2016 ). Ongoing summer fish- 
ng bun and stock enhancement can be an effective way to 
estore fishery resources to some extent. Further integrated 
nd systematic measures can be vital for the restoration of 
292 
he fishery resources, including pollution control and pro- 
ecting and restoring coastal fish habitats. 

. Summary and knowledge gaps 

he ecological environment of the Bohai has been altered 
y human activities and climate change. Urgent tasks in- 
lude natural coastline protection and restoration; manage- 
ent of sea-based activities such as aquaculture, recre- 
tion and sea reclamation; integrated land-ocean pollu- 
ion management; biodiversity conservation to enhance the 
rotection and effective use of coastline ecosystems and 
esources; promoting the health and sustainable develop- 
ent of coastal areas; as well as encouraging public par- 
icipation and bottom-up initiatives. A quantitative under- 
tanding of biogeochemistry-ecosystem-social interactions 
s also vital, including projections of human activities and 
uture resource use, the potential risks from increased hu- 
an activities, and the effectiveness of governance and 
anagement of sustainability strategies. Various models de- 

ineate changing biogeochemistry and its potential effects 
n ecosystems; coupled biogeochemistry-ecosystem-social 
odels, in particular, are needed to help ensure the sustain- 
bility of the Bohai ecosystems. This study is vital to under- 
tand how to mediate future human- induced changes in the 
ohai and extrapolate globally to predict and prevent sim- 
lar marginal seas from experiencing major environmental 
hanges. 
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