
Science of the Total Environment 893 (2023) 164614

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Nitrogen from agriculture and temperature as the major drivers of
deoxygenation in the central Bohai Sea
Fuxia Yang a,b,c, Hao Wang d, Alexander F. Bouwman c,e,⁎, Arthur H.W. Beusen c,e, Xiaochen Liu c, Junjie Wang c,
Zhigang Yu a,b,f, Qingzhen Yao a,b,f,⁎⁎
a Frontiers Science Center for Deep Ocean Multispheres and Earth System, Key Laboratory of Marine Chemistry Theory and Technology, Ministry of Education, Ocean University of China, Qingdao 266100, China
b College of Chemistry and Chemical Engineering, Ocean University of China, 238 Songling Road, Qingdao 266100, China
c Department of Earth Sciences, Faculty of Geosciences, Utrecht University, 3584 CB Utrecht, the Netherlands
d Deltares, 2600 MH Delft, the Netherlands
e PBL Netherlands Environmental Assessment Agency, 2500 GH The Hague, the Netherlands
f Laboratory of Marine Ecology and Environmental Science, Laoshan Laboratory, Qingdao 266071, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Correspondence to: A.F. Bouwman, Department of Earth
⁎⁎ Correspondence to: Q. Yao, Frontiers ScienceCenter for D
University of China, Qingdao 266100, China.

E-mail addresses: Lex.Bouwman@pbl.nl (A.F. Bouwman)

http://dx.doi.org/10.1016/j.scitotenv.2023.164614
Received 9 February 2023; Received in revised form
Available online 13 June 2023
0048-9697/© 2023 Published by Elsevier B.V.
• Agriculture contributes 72% to river N ex-
port for Bohai Sea.

• Water-column oxygen consumption in-
creased by 20 % during 1980–2010.

• Nitrogen from agriculture and tempera-
ture are the main drivers of deoxygen-
ation.

• Even in a sustainable scenario SSP1, deox-
ygenationwill still well above 1980 levels.
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Agricultural N losses strongly dominate the N delivery (average 72 % of total N delivery to rivers in the period
1980–2010) in the rivers discharging into the Bohai Sea, a semi-enclosedmarginal sea, which has been suffering from eu-
trophication and deoxygenation since the 1980s. In this paper we investigate the relationship between N loading and de-
oxygenation in the Bohai Sea, and consequences of future N loading scenarios. Usingmodeling for the period 1980–2010,
the contributions of different oxygen consumption processes were quantified and the main controlling mechanisms of
summer bottom dissolved oxygen (DO) evolution in the central Bohai Sea were determined. Model results show that
the water column stratification during summer impeded the DO exchange between oxygenated surface water and
oxygen-poor bottom water. Water column oxygen consumption (60 % of total oxygen consumption) was strongly corre-
latedwith elevated nutrient loading, while nutrient imbalances (increasing N:P ratios) enhanced harmful algal bloompro-
liferation. Future scenarios show that deoxygenation may be reduced in all scenarios owing to increasing agricultural
efficiency,manure recycling andwastewater treatment. However, even in the sustainable development scenario SSP1, nu-
trient discharges in 2050will still exceed the 1980 levels, and with further enhancement of water stratification due to cli-
mate warming, the risk of summer hypoxia in bottom waters may persist in the coming decades.
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1. Introduction
Fig. 1. Location of the study area (central Bohai Sea). The Bohai Sea is
geographically divided into the central Bohai Sea, Liaodong Bay, Bohai Bay and
Laizhou Bay. The central Bohai Sea covers approximately 41,900 km2 with an
average depth of 24 m. Stations B3-B8 are located in the central transect from the
Liaohe Estuary to the Yellow River Estuary of the Bohai Sea.
Deoxygenation is the depletion of oxygen in the water column where
oxygen consumption exceeds its supply through biological production
and air-sea exchange. Deoxygenation has become one of the most impor-
tant environmental problems in coastal waters in many parts of the world
(Breitburg et al., 2018; Carstensen et al., 2014; Oschlies et al., 2018;
Rabalais et al., 2014; Wei et al., 2021b). Coastal deoxygenation is driven
by decaying organic matter, high water temperature, and water-column
stratification (Breitburg et al., 2018). Elevated anthropogenic nutrient dis-
charges enhance oxygen consumption by accelerating oxygen demand
from mineralization and decomposition of organic material in the subsur-
face layer (Chen et al., 2022b; Meng et al., 2022; Oschlies et al., 2018;
Reed and Harrison, 2016; Su et al., 2020). Global coastal waters have
witnessed an exponential spread of low-oxygen regions in recent decades,
partially associated with increased terrestrial N inputs (Conley et al.,
2009; Reed and Harrison, 2016). Global riverine nitrogen export fluxes
are dominated by agricultural losses (Beusen et al., 2016; Seitzinger et al.,
2010; Wang et al., 2020), particularly in rivers with vast areas of agricul-
tural land use such as the Mississippi River (Robertson and Saad, 2021),
Yangtze River (Chen et al., 2019; Liu et al., 2018), Yellow River (Wu
et al., 2021) and Indus River (Wang et al., 2019b).

Another factor in deoxygenation is water temperature, which controls
both oxygen solubility and respiration rate. Climate warming decreases ox-
ygen solubility, enhances stratification, and accelerates oxygen consump-
tion by respiration (Breitburg et al., 2018). Oxygen depletion nowadays
exertswidespread and expanding stress on coastalmarine ecosystems by re-
ducing biodiversity, affecting biogeochemical cycles and structure and
function of coastal ecosystems, and leading to hypoxia or even anoxia
(Rabalais et al., 2014).

The relative contributions ofwater-columnoxygen consumption (WOC)
and sediment oxygen demand (SOD) vary strongly due to differences in
water depth and topography of the seabed (Bourgault et al., 2012;
Jørgensen et al., 2022; Meng et al., 2022; Wang et al., 2018b). With drastic
changes in nutrient loading and hydrodynamics in coastal waters, under-
standing the drivers and mechanisms of deoxygenation is crucial to estab-
lish comprehensive strategies to control and mitigate deoxygenation and
forecast future DO trends.

The Bohai Sea (BS) has been experiencing eutrophication and deoxygen-
ation since 1980s (Wei et al., 2019). The average DO concentrations along a
central transect from the Liaohe Estuary to the YellowRiver Estuary in the BS
showed a declining trend during the period 1976–2014 (Ning et al., 2010;
Shi, 2016; Wei et al., 2019; Zhang et al., 2016). The lowest summer bottom
oxygen levels in the central BS decreased between 2011 and 2021 and
approached the state of hypoxia (Chen et al., 2022b; Zhai et al., 2019).
Only one study assessed the contributions of WOC and SOC based on data
from coastal waters of the Qinhuangdao (Song et al., 2020) (Fig. 1).

The main research question addressed in this paper is how land-based
activities influence deoxygenation through increasing nutrient mobiliza-
tion. The aims of this study are to (1) quantify the contributions of different
oxygen consumption processes in the central Bohai Sea, (2) describe the in-
fluence of the main drivers of oxygen consumption including N loading,
(3) project the future DO trends using different scenarios for agricultural
N use efficiencies. The hydrodynamic D-flow Flexible Mesh module (D-
Flow FM), tightly coupled with D-Water Quality module (D-WAQ) from
the Delft3D Suite (Deltares, 2022) is used to simulate the oxygen dynamics
and relevant hydrodynamic and biochemical processes. Results will help in
the development of effective environmental management strategies aimed
at mitigating deoxygenation.

2. Materials and methods

2.1. Study area

The BS is a shallow and semi-enclosed inland sea of China (Fig. 1).
The weak counter-clockwise gyre comprises the major circulation of
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the Bohai Sea (Zhou et al., 2017). Due to the limited water exchange
with the adjacent northern Yellow Sea, the water residence time in the
BS is >1 year (Liu et al., 2017). More than 40 rivers, including the Yel-
low River, Liao River, Luan River and Hai River, debouch into the BS,
which closely link the inland pollution with the water quality and bio-
geochemistry in the BS. Under the influence of human activities, mainly
nutrient losses from agricultural land use, wastewater discharge, and
climate change, the BS has been experiencing a series of serious ecolog-
ical environmental problems during the past four decades, such as eu-
trophication, frequent occurrence of harmful algal blooms (HABs),
deoxygenation and coastal acidification (Wang et al., 2021b; Wei
et al., 2019; Xin et al., 2019).

2.2. Land-based nutrient loading

The Global Nutrient Model (GNM) (Beusen et al., 2015; Beusen et al.,
2016; Beusen et al., 2022) was employed to compute river nutrient inputs
to the BS for the period 1980–2015 and based on scenarios for the period
2015–2050. IMAGE-GNM is part of the Integrated Model to Assess the
Global Environment (IMAGE, version 3.2) (Stehfest et al., 2014). In this
framework, IMAGE addresses the societal-ecological links relevant to nutri-
ent sources and eutrophication for the past decades and for the future; GNM
describes the complex terrestrial and aquatic biogeochemical processes in
the rivers and export to the BS, atmospheric deposition, as well as subma-
rine fresh groundwater discharge (Beusen et al., 2013) and nutrient release
from mariculture (Bouwman et al., 2013b). The spatial resolution of
IMAGE-GNM is 0.5° × 0.5° (Fig. 2a), and for the river mouths the exact co-
ordinate of the river mouth is used, the location where the data is trans-
ferred to the D-Flow FM and D-WAQ modules of the Delft3D Suite (see
Section 2.3).

Within the river continuum, IMAGE-GNMdescribes nutrient delivery to
streams, rivers, lakes and reservoirs through diffuse sources via surface run-
off and groundwater transport, and nutrient discharge by point sources
(Fig. 2a). For every grid cell and every year, the water and nutrient fluxes
through streams and rivers, lakes, wetlands and reservoirs (Fig. 2a) are
based on the routing scheme, water balance, runoff, discharge and water
temperature of the global hydrological model PCR-GLOBWB (Sutanudjaja
et al., 2018; Van Beek et al., 2011) (Fig. 2a). In-stream retention in streams,
rivers, lakes and reservoirs is calculated in IMAGE-GNM with the nutrient
spiraling ecological concept (Newbold et al., 1981; Wollheim et al.,
2008). Thus, grid cells receive water and nutrients from upstream water
bodies and delivery within the grid cell from diffuse and point sources,
and transfer water and nutrients to downstream water bodies in the adja-
cent grid cell.



Fig. 2. Scheme of IMAGE-GNM (a); Schematic overview of the D-Water Qualitymodel including state variables, production and consumption processes related to the oxygen
(b). BOD, COD, DOC, POC, PON, POP, POS and DOS represent biochemical oxygen demand, chemical oxygen demand, dissolved organic carbon, particulate organic carbon,
particulate organic nitrogen, particulate organic phosphorus, particulate organic sulfur and dissolved organic sulfur, respectively.
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Due to the large volume of water extraction for irrigation and other pur-
poses, the large number of dams and their management, and the flushing of
water and sediment during thewater and sediment regulation (since 2002),
the hydrology of the Yellow River is not properly simulated by PCR-
GLOBWB. Therefore, measured data for the period 1980–2010 on dis-
charge (YRCC, 2010) and nutrient fluxes (Yang et al., 2023) at the mouth
of the Yellow River were used instead of the modeled data.

Diffuse sources include N and P delivery from agricultural and natural
ecosystems via surface runoff and erosion, outflowof groundwater, ground-
water transport through riparian zones to surface water. IMAGE also com-
putes the nutrient release by aquacultural production in freshwater
bodies in China (Bouwman et al., 2013a). Natural sources include input
of plant litter from vegetation in floodplains and rock weathering
(Fig. 2a). The atmospheric N and P deposition data for the BSwere obtained
from Wang et al. (2020).

The mobilization of nutrients in natural and agricultural ecosystems via
these pathways is calculated from surface nutrient budgets, which is the dif-
ference between inputs and outputs. In these surface budgets, N and P
inputs include (where relevant) animal manure, synthetic fertilizer, biolog-
ical N fixation and atmospheric deposition. Output or withdrawal is
through the harvesting of agricultural crops and grass or forages, or
grazing in meadows, ammonia volatilization and denitrification.
3

Natural ecosystems are assumed to be mature, which implies that an-
nual N and P uptake by the vegetation equal the nutrients in litterfall.
Since there is no net uptake, inputs from biological N2 fixation and at-
mospheric deposition are removed through runoff and erosion, ammo-
nia volatilization, leaching and denitrification.

Point sources include the N and P discharge of rural and urban sewage
water from households and industries either directly or after wastewater
treatment. Treatment types and their nutrient removal efficiency for
China are based on WHO and Unicef (2017). The point sources are de-
scribed in detail by Van Puijenbroek et al. (2019).

For past agricultural changes we use the data presented recently by
Bouwman et al. (2017), while for future changes we use the shared socio-
economic pathways (SSP). The five SSPs include a sustainability (SSP1),
middle of the road (SSP2), fragmentation (SSP3), inequality (SSP4) and a
fossil-fuel based development scenario (SSP5). For each SSP, assumptions
and projections were made for domestic production and trade of energy,
food, feed and biofuel crops,meat andmilk, land use and cover, greenhouse
gas emissions and climate change as described earlier by Van Vuuren et al.
(2017) and updated for the base year 2015 (Van Vuuren et al., 2021). For
each SSP, there is a combination with climate Representative Concentra-
tion Pathways (RCP) scenario that is consistent with the climate change
projected by each SSP, i.e. SSP1-RCP4.5, SSP2-SSP4 with RCP6.0, and
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SSP5-RCP8.5 were implemented (the RCP numbers indicate the projected
radiative forcing in W m−2 in the year 2100). Assumptions regarding sew-
age connections and wastewater treatment, agricultural nutrient use effi-
ciencies are consistent with the SSP storylines, with development towards
high levels in SSP1 and SSP5, continuation of past trends in SSP2, and
mixes of these based on income levels in SSP3 and 4 (for more scenario de-
tails see Text S2).

2.3. Marine biogeochemistry

The results of IMAGE-GNM for river export at the location of the river
mouth, and simulated submarine groundwater discharge and nutrient re-
lease by mariculture and atmospheric deposition are used by the D-Flow
FM and D-WAQ modules of the Delft3D Suite, which can be executed
independently or in combination (Deltares, 2022). We use the multi-
dimensional D-Flow FM module coupled with D-WAQ module (Deltares,
2022). The D-Flow FMmodel can simulate water flow, waves and currents
in river basins, estuaries and coastal waters. The D-WAQ contains a com-
prehensive set of substances and physical, chemical and ecological
processes such as the exchange of substances with the atmosphere, ele-
mentary growth of algae and nutrient cycling, nitrification, deposition
and resuspension of particles, and adsorption and desorption of contam-
inant substances (Deltares, 2020). The users can select the processes ac-
cording to their purpose.

Fig. 2b shows the schematic overview of the D-WAQ including state var-
iables, production and consumption processes related to the oxygen. The
main processes involved with oxygen dynamics in the model include air-
sea exchange of oxygen (re-aeration) at the air-water interface, oxygen con-
sumption through organic matter decomposition, oxygen consumption
through nitrification and primary production (production through photo-
synthesis/consumption through respiration) in the water column, and or-
ganic carbon decomposition in the sediment layer (Fig. 2b), are described
in detail in Water Quality Processes Technical Reference Manual
(Deltares, 2020). Electron-acceptors (NO3-N) can engage in the oxidation
process, and NO3-N in the seawater, SGD and mariculture are considered
as oxygen sources. Four phytoplankton groups are considered, i.e. diatoms,
flagellates, dinoflagellates and Phaeocystis, within each group there are 3
types, i.e. communities sensitive to N, P and light limitation, respectively.

The domain has a curvilinear grid with horizontal resolution of 10 by
10 km with 419 grid cells in the central BS, and 20 sigma layers in vertical
direction, with bathymetry derived from the General Bathymetric Chart of
the Oceans database. The initial conditions, open boundary, and meteorol-
ogy applied in the model are presented byWang et al. (2023). We consider
the central BS as a box, and compute the DO input and output fluxes and
budget at that level.

Simulations of oxygen production and consumption with a monthly
time step cover the period 1980–2010. We focus on the month of August
because stratification in August is much stronger than in other months
(Zhou et al., 2009). The mean oxygen concentrations in August for the cen-
tral BS were calculated as the average of the 419 grids. Total dissolved ni-
trogen (TDN) concentrations were calculated as the sum of the simulated
dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON).
Total dissolved phosphorus (TDP) concentrations were the sum of the sim-
ulated phosphate (PO4-P) and dissolved organic phosphorus (DOP).
Table 1
RMSE (%), Pearson's correlation coefficient (r) and bias (δ) betweenmeasured andmodel
River Estuary of the Bohai Sea.

T (°C) S DO

S B S B S

RMSE 4 3 9 9 4
r 0.402* 0.649** 0.832** 0.737** 0.28
δ −0.08 0.15 −2.65 −2.75 2.17

Note: S and B are the abbreviations of surface and bottom, respectively.
** and * indicate correlation is significant at the 0.01 level and 0.05 level, respectively.
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3. Results and discussion

3.1. Comparison with measurement data

The observed DIN riverine export to the BS was 116 Gg/yr during the
period 2008–2009 (Liu et al., 2011). Using the ratio of DIN:TN concentra-
tion of 0.69 in the Yellow River (Yang et al., 2023), the observation-based
estimate of TN river export to the BS was 168 Gg/yr during the years
2008–2009. The IMAGE-GNM modeled export is 254 Gg/yr, but this esti-
mate includes all rivers draining into BS, while the observation-based re-
sults include a subset of rivers. The percentage of TN input to the BS due
to riverine sources ranged from 29 to 80 % (average 66 %) during the pe-
riod 1980–2010 (Fig. 4b), which is consistent with previous studies
(Wang et al., 2020).

The biogeochemistrymodel was evaluatedwith the RootMean Squared
Error (RMSE) (details in Text S1), Pearson's correlation coefficient and bias
(Table 1). Results for surface (RMSE=4%) and bottom temperature (3%),
surface (9 %) and bottom salinity (9 %), surface DO (4 %), bottom DO
(7 %), surface DIN (43 %) and surface PO4-P (44 %) in the central transect
across the BS show good agreement with observations (Fig. 3). The some-
what larger RMSE for DIN and PO4-P can be partly attributed to the fixed
nutrient ratios applied to the various sources to calculate different nutrient
forms (see Table S1) (Wang et al., 2023), which may not reflect the actual
seasonality of the different sources and nutrient forms.

The significant positive relationships between measured and modeled
data except for PO4-P and surface DO show that their trends are consistent
(Table 1). The trend of the salinity was well represented, although the
modeled data are slight underestimations (surface (δ=−2.65) and bottom
(−2.75) salinity) (Fig. 3c, d), which may be due to low background or ini-
tial salinity of the model input.

3.2. N loading

Agricultural sources gradually increased during the period 1980–2010
(Fig. 4a), whichwas attributed to the rapid increase in fertilizer application
and animal manure management. The share of TN delivery to the rivers
discharging into the BS from the agricultural sources during 1980–2010 av-
eraged 72% (60–79%) (Fig. 4a), which is about the same as the 72% share
of diffuse sources in the TDN inputs to rivers in China in 2012 (Chen et al.,
2019). The manure, NO3-N fertilizers and soil N sources accounted for ap-
proximately 55 % of NO3-N in 30 rivers draining into the Bohai Sea on
the basis of NO3-N dual-isotope (δ15N and δ18O) (Yu et al., 2021). Similar
to the rivers draining into the BS (Fig. 4a), agriculture was also the main
source for N delivery to the rivers in the Yangtze River (Chen et al., 2019;
Liu et al., 2018), the Mississippi River (Robertson and Saad, 2021), and
Indus River (Wang et al., 2019b). The percentage of TN input to the BS
due to riverine sources ranged from 29 to 80 % (average 66 %) during
the period 1980–2010 (Fig. 4b).

3.3. DO changes

The average modeled DO production by primary production (PP) in-
creased from 1032 Gg in the 1980s to 1140 Gg in the 2000s (Fig. 5a).
The water-column oxygen consumption through decomposition (WOC)
ed parameters inAugust in the central transect from the Liaohe Estuary to theYellow

(μmol/L) DIN (μmol/L) PO4-P (μmol/L)

B S B S B

7 43 41 44 51
2 0.537** 0.801** 0.825** 0.099 0.009

7.89 −1.20 1.25 0.05 0.15

δ is calculated as the difference in modeled and measured means.
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values increased by 20% from the 1980s to the 2000s (Figs. 5a and S1). The
average sediment oxygen demand (SOD) through decomposition and nitri-
fication slightly increased (Figs. 5a and S1). The average air-sea DO flux
was minor compared to the PP flux and turned from a small sink in the
1980s (−54 Gg) and 1990s (−10 Gg) to a small source in the 2000s
(91 Gg) (Fig. 5a). The contribution of WOC, SOD and nitrification to the
total DO consumption during the period 1980–2010 accounted for 61 %
on average (range 53–67 %), 11 % (8–13 %) and 14 % (10–17 %), respec-
tively. The results agree with recent experimental data, showing that pe-
lagic respiration and sediment respiration of the west coast of the Bohai
Sea in summer 2017 and 2018 were responsible for >60 % and < 40 %
5

(Song et al., 2020). The dominance of WOC in total oxygen consumption
in central Bohai Sea is similar to the East China Sea Shelf (Meng et al.,
2022), the Changjiang Estuary and adjacent East China Sea (Zhou et al.,
2021b), Shiziyang Bay of Southern China (Lai et al., 2022) and the Chesa-
peake Bay (Li et al., 2016; Su et al., 2020).

Similar to the fluxes of WOC and SOD, the rates of WOC (RWOC) and
SOD (RSOD) increased with strong fluctuations during the period
1980–2010 (Fig. 5b, c). RWOC is high in the period April–August
(Fig. 5d), while RSOD shows high values in June and July (Fig. 5e). Ris-
ing temperatures and increasing amounts of organic material acceler-
ated RWOC (Wang et al., 2018b) and the decomposition of freshly



Fig. 3. Comparisons of the observed and modeled surface and bottom temperature (a, b), salinity (c, d), DO (e, f), DIN (g, h) and PO4-P (i, j) in August in the central transect
from the Liaohe Estuary to the Yellow River Estuary of the Bohai Sea. The mean observations of the central transect are from Wang et al. (2019a) and Wei et al. (2019).
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deposited organic matter (Carstensen et al., 2014). The RWOC and RSOD

were about 1.1–1.6 mmol/(m3·d) (average 1.2 mmol/(m3·d)) and
3.5–7.2 mmol/(m2·d) (average 5.5 mmol/(m2·d)), respectively
(Fig. 5b, c). The simulated aggregated RWOC values were lower than
the estimated rates based on observations for the coastal waters of
Qinhuangdao city in the northwestern BS with high discharge of sewage
(2.13 ± 0.14 mmol/(m3·d) (average ± standard deviation) in 2011
(Zhai et al., 2012) and 2.18 ± 0.15 mmol/(m3·d) in 2017 and 2018
(Song et al., 2020). Simulated RSOD were close to the estimated
0.27–10.26 mmol/(m2·d) with an average of 6.32 ± 2.44 mmol/
(m2·d) based on observations in 2018 (Song et al., 2020). The RSOD in
the central BS were similar to those in the Yellow Sea (3.8 mmol/
(m2·d)) and the East China Sea (8.4 mmol/(m2·d)) (Song et al., 2016)
and Baltic Sea (8 mmol/(m2·d)) (Noffke et al., 2016), and lower than
those in the Changjiang Estuary (1.2–25.6 mmol/(m2·d)) (Cai et al.,
2014).

3.4. Nutrient-driven deoxygenation

The differences in temperature between the surface and bottom water
(Fig. 6a) and vertical profiles of temperature (Fig. S2a) indicate stratifica-
tion, which is consistent with Zhou et al. (2009). The surface DO levels
with supersaturation clearly exceeded bottomDO (Figs. 6c, d and S2c). Bot-
tom average DO concentrations for 1980–2010, and the minimum and
maximum values of the bottomDOduring the period 1980–2021 obviously
declined at rates of 0.9, 2.1 and 0.9 μmol/L/yr, respectively (Figs. 6c and
S3). The thermocline (Fig. S2a) during summer impeded the DO exchange
Fig. 4. Simulated contribution of land-based sources of N in the river discharge into the B
and SGD (b) during 1980–2010. The term “Nature-N” is the sum of surface runoff and
deposition onto surface water.
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between oxygenated surface water and oxygen-poor bottom water, which
enhanced the deoxygenation of bottom waters.

The long water residence time favors the decomposition of organic
matter accumulated in water and sediment below the subpycnocline,
which causes a reduction of bottom water DO levels (Figs. 6c and S3).
The significant positive relationship between Chl-a and FWOC shows
that eutrophication enhanced WOC, where the decomposed organic
matter is mainly from in situ phytoplankton production (Fig. 6g). The
stable carbon isotopic composition showed that almost all the organic
matter consumed by community respiration in the BS was marine-
sourced (Chen et al., 2022b). In contrast, the large amounts of
100–1000 year old recalcitrant terrigenous organic matter supplied by
rivers is mostly buried and participates in long-term carbon and nutrient
cycles (Zhao et al., 2021).

Parallel to the water column stratification, the surface and bottom
TDN, DIN and DON concentrations increased gradually (Figs. 6e and
S4a, b), which was attributed to the riverine input, atmospheric deposi-
tion, aquaculture and submarine groundwater discharge (Li et al., 2022;
Tian et al., 2022; Wang et al., 2019a; Wang et al., 2020; Zhou et al.,
2021a). The significant negative relationship between bottom DO and
DIN concentrations (Fig. 6h) indicates a strong link between eutrophica-
tion and deoxygenation of bottom waters. Nutrient loading is therefore
a strong control of WOC in the central BS, causing accelerated WOC and
gradual decline of summer bottom DO. Since river export is by far the
dominant TN source (Fig. 4b), the river TN export and summer bottom
DO also shows a strong negative relationship during 1980–2010
(Fig. 8a, b). Assuming that other conditions (hydrodynamics, climate)
S (a) and N inputs to the BS from river export, atmospheric deposition, mariculture,
groundwater in natural areas, and N delivery from vegetation in floodplains and



Fig. 5. Average simulated DO fluxes in August for the 1980s, 1990s and 2000s (a), rates of water-column oxygen consumption through decomposition (RWOC) (b) and
sediment oxygen demand through decomposition (RSOD) in August during 1980–2010 (c), and the monthly RWOC (d) and RSOD (e) in the central BS. FPP, Fair-sea, FSOD,
FWOC and Fnitri represent the DO input flux from the primary production, the DO exchange between air and sea water, the sediment oxygen demand through
decomposition, the water-column oxygen consumption through decomposition and the oxygen consumption through nitrification, respectively. Fother is the sum of DO
flux from the NO3-N in the seawater, SGD and mariculture. The positive (+) and negative (−) represents the DO source and sink of the sea water, respectively.
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remain equal, we can use projections of future river export TN fluxes to
assess future changes in deoxygenation under different scenarios.

3.5. Nutrient imbalances

The disproportionate changes in TDN and TDP concentrations caused im-
balances of TDN/TDP ratios in the BS (Figs. 7a and S4e). The TDN/TDP ratios
after 2000 exhibited increasing trends to values exceeding the Redfield ratio
of 16 (Figs. 7a and S4e), indicating increasing P limitation.While the increas-
ing N availability caused the enhanced primary productivity (Wang et al.,
7

2018a; Wang et al., 2019a; Xin et al., 2019), there is also an increasing nutri-
ent imbalance. This imbalanced nutrient availability caused a gradual
shift from a diatom-dominated to a diatom-dinoflagellate dominated or
dinoflagellate-dominated system in the BS (Fig. 7b), consistent with previous
studies (Chen et al., 2022a; Wang et al., 2019a; Xin et al., 2019).

The significant negative relationship between bottom DO concentra-
tions and dinoflagellate/diatom ratios showed that the dinoflagellate in-
crease accelerated the DO decrease (Fig. 7c). Organic matter associated
with dinoflagellates is predominantly decomposed in the water column, be-
cause the sinking rates of dinoflagellates are lower than those of diatoms
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Fig. 6. Simulated average temperature (a), salinity (b), DO concentration (c), DO saturation (d), TDN concentration (e) and TDP concentration (f) for the period 1980–2010,
and relationship between Chl-a and FWOC (the indirect relationship of the model) (g), and between bottom DO and bottom DIN (h) in August in the central BS.
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Fig. 7.Annual average molar nutrient ratios (a), and annual ratios of dinoflagellate and diatom (b), and the relationship between bottomDO concentrations and the ratios of
dinoflagellate and diatom (c) during the period 1980–2010 in the BS.
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(Guo et al., 2014). Wei et al. (2021a) showed that the small-sized dinofla-
gellate and algae detritus with slow sinking rates enhanced the efficient
oxygen consumption in the water column. Furthermore, the increasing
DIN concentrations and high N:P ratios were conducive to the prolifer-
ation of HABs (Chen et al., 2019; Wang et al., 2021a), which also en-
hanced deoxygenation (Wei et al., 2019). Therefore, the changes in N:
P ratios and resulting deoxygenation are consistent with those observa-
tions made by previous work.

3.6. Future risks

Fig. 8 and Fig. S5 show projected river export to the BS according to the
five SSPs in 2050. These projections were based on different assumptions
for future efficiencies in agriculture and resulting nutrient losses to surface
water, different sewage connection rates and wastewater treatment levels,
and aquaculture production depending on the storylines of the different
SSPs. Compared to 2015, the TN and TP fluxes in rivers discharging into
the BS for the five SSPs in 2050 will decline by 26–49 % and 21–55 %
(Table S2), with the largest decline in the sustainability oriented SSP1
scenario (with slower increase in agricultural production, less meat
consumption, higher efficiency of nutrient use, higher efficiency and
improvements in sanitation than in other SSPs). This suggests that deox-
ygenation may slow down in future decades, especially in the sustain-
able SSP1 scenario. However, compared to 1980, the TN and TP fluxes
in rivers draining into the BS for the five SSPs in 2050 will increase by
121–221 % and 104–259 %, respectively (Table S2). This means that
the reductions assumed in SSP1 will not be sufficient to return to the
levels prior to 1980.

To improve water quality and ecological environment, the Chinese gov-
ernment launched a series of environmental policies, such as “Zero Growth
in Synthetic Fertilizer after 2020” (MOA, 2015), “Action Plan for Preven-
tion and Control of Water Pollution" (GOV, 2015), and “Action Plan for
the Uphill Battles for Integrated Bohai Sea Management (2018-2021)”
(MEE, 2018). Zero growth of fertilizer use is less optimistic than the
assumed 23 % reduction in the SSP1 scenario. Regarding sewage, the TN
and TP discharge in wastewater along the coast of the Bohai Sea sharply
9

decreased by approximately 76 % (1.3 to 0.3 Mt) and 89 % (0.16 to 0.02
Mt) from 2015 to 2016, respectively (CSY, 2017), mainly through im-
proved wastewater treatment. This sewage reduction is more than the
32 % assumed in SSP1, but its impact is limited since wastewater is only
a small contributor to total nutrient discharge to the BS (Fig. 4).

There are two aspects that may counteract the expected reduction of
nutrient loading. Firstly, the legacy from temporarily stored abundant N
in soils and groundwater and accumulated P in sediments may release
dissolved reactive N and P in future (Beusen et al., 2022; Bouwman et al.,
2017; Vilmin et al., 2022) that may not be included in the above projec-
tions. A recent example where such legacies counteracted land-based miti-
gation measures is the Chesapeake Bay, where the hypoxic volume
continued to increase, although nutrient loading stabilized or decreased
(Li et al., 2016).

Secondly, climatewarming is projected to continue in all scenarios (Van
Vuuren et al., 2017). Therefore, reduced coastal eutrophication combined
with further increasing N/P ratios (Fig. 8) (see also Wang et al., 2021a)
and ocean warming in the coming decades may trigger stratification, and
consequently HAB proliferation (Sinha et al., 2019; Xiao et al., 2019). In
combination with levels of nutrient discharge exceeding those in 1980,
there may be a continued risk of bottom water hypoxia in summer in all
SSP scenarios in the central BS.

4. Conclusions

Based on modeling for the period 1980–2010, we show that summer
bottomDOandminimumbottomDO in the central BS decreased gradually.
WOC was the dominant oxygen consumption process (61 %) which in-
creased by 20 % from 1980 to 2010, due to eutrophication and rising tem-
peratures that trigger stratification of the water column. Rivers were by far
the dominant source of N loading into BS, and agriculture (average 72 % of
the riverine TN in the period 1980–2010) was the dominant contributor to
riverine N.

The significant relationship between bottom DO and river N export
fluxes was used to project DO trend in future scenarios. Deoxygenation
driven by nutrient loading may be reduced in all scenarios, especially the
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Fig. 8.Relationships between summer bottomDO in the central BS andmodeled river export TNflux to the Bohai Sea (a), betweenminimumvalue of summer bottomDOand
river export TN flux to the Bohai Sea (b) during 1980–2010, and TN (c) and total phosphorus (TP) (d) river export to the Bohai Sea for 1980, 2015, and 2050 for the five SSPs.
SSP1, SSP2, SSP3, SSP4 and SSP5 represent the combinations of SSP1-RCP4.5, SSP2-RCP4.5, SSP3-RCP4.5, SSP4-RCP4.5 and SSP5-RCP4.5 scenarios, respectively.
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sustainable development scenario with large reduction of river nutrient ex-
port. However, the scenarios show that it is difficult to return to N loading
and oxygen levels of the 1980s, and that enhanced stratification due to
climate warming may still promote summer hypoxia in bottom waters. Nu-
trient legacies may even counteract the aspired reductions of nutrient load-
ing. A further risk is the continued N:P imbalance, which may cause HAB
proliferation. To avoid negative impacts of nutrient loading and imbal-
ances, integrated land-based strategies to manage nutrient releases and
transports to coastal ecosystems are needed that account for the nutrient
legacies in river basin aquifers and sediments and coastal sediments (Feist
et al., 2016; Turner et al., 2008).
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