
Science of the Total Environment 799 (2021) 149416

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Seasonal variations of nutrient concentrations and their ratios in the
central Bohai Sea
Xiaokun Ding a,b, Xinyu Guo a,b,⁎, Huiwang Gao a,c, Jie Gao b, Jie Shi a,c, Xiaojie Yu a, Zhaosen Wua

a Frontiers Science Center for Deep Ocean Multispheres and Earth System, Key Laboratory of Marine Environment and Ecology, Ministry of Education of China, Ocean University of China, 238
Songling Road, Qingdao 266100, China
b Center for Marine Environmental Studies, Ehime University, 2-5 Bunkyo-Cho, Matsuyama 790-8577, Japan
c Laboratory for Marine Ecology and Environmental Sciences, Qingdao National Laboratory for Marine Science and Technology, 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
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• A pelagic–benthic coupled model was
designed to quantify the influence
mechanisms.

• Biological processes controlled the sea-
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tation in summer.

• Variation of N/P ratio of phytoplankton
uptake affected the nitrate
concentration.
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The Bohai Sea is a typical semi-enclosed sea in the northwest Pacific, which is subject to serious eutrophication
due to human activities. Similar to hydrographic variables such as water temperature and salinity, the nutrient
concentrations and ratios in the Bohai Sea also exhibit seasonal variations. However, the effects of external inputs,
biological processes, and benthic processes on these seasonal variations have not been quantified to date. To ad-
dress this issue, a physical–biological coupled model was developed to capture the seasonal nutrient cycling in
the central Bohai Sea. The simulation results revealed apparent seasonal variations in the concentrations of dis-
solved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and dissolved silicate (DSi). The N/P ratio
(as the molar ratio of DIN/DIP) also exhibited an apparent seasonal variation, with the maximum andminimum
values in surface water occurring in summer (>100) andwinter (<30), respectively. The Si/N ratio (as themolar
ratio of DSi/DIN) was slightly higher in summer than in other seasons. The budget for three types of nutrient in-
dicated that the biological processes determined the seasonal variations in nutrient concentrations and the N/P
ratio. The external inputs of nutrients via river input, atmospheric deposition, and sediment release were prob-
ably important in summer when they could alleviate the reduced nutrient concentrations due to biological pro-
cesses. To maintain a reasonable nitrogen budget, it was necessary to include benthic nitrogen loss, which
removed a large amount of inorganic nitrogen in summer and autumn. In addition, the variation of N/P ratio of
phytoplankton uptake can reduce the ratio of DIN to DIP in surface water by ~20 in summer as compared to
the calculation with a fixed N/P ratio (16:1) in phytoplankton uptake.
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1. Introduction

Nutrients including dissolved inorganic nitrogen (DIN), dissolved in-
organic phosphorus (DIP), and dissolved silicate (DSi) are necessary for
phytoplankton growth, whose primary productivity is the basis of the
marine ecosystem (Bristow et al., 2017). Increasing human activity in-
creases the external input of nutrients into coastal regions and some-
times causes an over-enriched state of nutrients (i.e., eutrophication)
(Kim et al., 2011; Song et al., 2016). Over-enriched nutrient conditions
lead to some environmental issues, such as the frequent occurrence of
harmful algal blooms and jellyfish blooms, changes in plankton commu-
nity structure, and ocean acidification (Zhou et al., 2018; Wang et al.,
2018a).

Similar to hydrographic variables such aswater temperature and sa-
linity, the nutrient concentrations in many coastal seas exhibit seasonal
variations, which have beenwidely reported to be associatedwith a va-
riety of external factors and local biogeochemical processes. For exam-
ple, the nutrient concentrations in the Bay of Bengal were higher
during the northeast monsoon season than those during other seasons
because of the large anthropogenic nutrient load (Achary et al., 2014).
The nitrate concentration was high in spring in the coastal waters of
Namibia due to strong Benguela upwelling (Louw et al., 2016). Simi-
larly, the increase in nutrient concentrations off the northern Galician
coast in summer was found to be associated with upwelling events
(Caseas et al., 1997). On the other hand, the uptake of nutrients by phy-
toplankton in spring and summer was also suggested to be the cause of
the lowest nutrient concentrations in the Seto Inland Sea (Yamaguchi
et al., 2020), southeastern Mediterranean Sea (Herut et al., 2000), and
the Baltic Sea (Lyngsgaard et al., 2017; Purina et al., 2018).

Nutrient ratios vary widely in nutrient-related processes. Compared
with the fixed Redfield ratio (16:1) of nitrogen to phosphorus in the
ocean (Redfield, 1934), there is excess nitrogen relative to phosphorus
in riverine input (Liu et al., 2009; Ounissi et al., 2018) and atmospheric
deposition (Shi et al., 2012). This excess nitrogen in coastal waters in-
duces an N/P ratio (as the molar ratio of DIN/DIP) of >16 (Macias
et al., 2019). Naturally, with the seasonal variation in nutrient concen-
trations, nutrient ratios also show a seasonal variation (Fisher et al.,
1992; Fan and Song, 2014).

The Bohai Sea is a typical semi-enclosed shallow sea in the north-
west Pacific, which is subject to serious eutrophication (Song et al.,
2016; Xin et al., 2019). Many field surveys have documented seasonal
variations in the concentrations and ratios of nutrients in the Bohai
Sea (J.J. Wang et al., 2019; Zheng et al., 2020). In general, nutrient con-
centrations have exhibited maximum values in winter and minimum
values in summer in recent years (Sui et al., 2016; Zhou et al., 2018).
The highest N/P ratio is in summer, when its value exceeds the Redfield
ratio of 16:1, while the Si/N ratio (as the molar ratio of DSi/DIN) is
slightly higher in summer than in other seasons (Sui et al., 2016; J.J.
Wang et al., 2019). The extremely high N/P ratio in summer is probably
a cause of the drastic changes in the composition of the plankton com-
munity (Chen et al., 2016; Y.B.Wang et al., 2019), aswell as the frequent
occurrence of harmful algal blooms (Song et al., 2016) and hypoxia
(Zhai et al., 2019), which further induce a decline in the fishery re-
sources of the Bohai Sea (Zhang et al., 2012).

The Bohai Sea has been reported to have received >30% of mainland
China's total marine pollution, although it only constitutes <3% of the
total marine area of China (Xin et al., 2019). Many studies have empha-
sized the important impact of external inputs on the nutrient budget of
the Bohai Sea, including river input (Liu, 2015; Ding et al., 2020), atmo-
spheric deposition (Shou et al., 2018; Qi et al., 2020), nutrient release
from sediments (Liu et al., 2011;Muet al., 2017), inputs from the Yellow
Sea (Zheng et al., 2020), and non-point sources (Liu et al., 2017; J.J.
Wang et al., 2019). In recent years, these excessive nutrient loads have
led to high phytoplankton biomass in the Bohai Sea, especially in sum-
mer (Ding et al., 2020). Naturally, phytoplankton-related biological pro-
cesses also affect nutrient concentrations in seawater. To date, there is
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no literature addressing the quantitative impacts of external inputs
and local biological processes on the seasonal variations in nutrient con-
centrations and ratios in the Bohai Sea.

The purpose of this study is to quantitatively examine the impacts of
various biogeochemical processes on the seasonal variations in nutrient
concentrations and ratios in the central Bohai Sea (CBS) region. Accord-
ingly, we developed a 1D physical–biological coupledmodel to describe
the seasonal nutrient cycling over the CBS. A series of numerical exper-
iments were designed to analyze the impacts of multiple factors on the
seasonal variations of nutrient concentrations and ratios.

2. Methodology

2.1. Study area

The Bohai Sea (37°10′–41°10′ N, 117°35′–122°10′ E) has an average
depth of 18m and a total area of 7.7 × 104 km2 (Fig. 1), and is connected
to the Yellow Sea through the Bohai Strait. Based on geographical loca-
tion, the sea is usually divided into five areas: Liaodong Bay, Bohai Bay,
Laizhou Bay, Qinhuangdao coast, and the CBS (Zhang et al., 2017). Nutri-
ents in coastal areas have been reported to be affected by non-point
emissions, such as sewage discharge and extensive aquaculture (J.J.
Wang et al., 2019; Xin et al., 2019). However, the necessary high-
resolution coastal non-point source emissions data over the entire
Bohai Sea is not available. Therefore, we have to select the CBS as our
study area, where coastal non-point source emissions affect little the
nutrients concentration there (Li et al., 2015; J.J. Wang et al., 2019).
The CBS has an area of 2.9 × 104 km2 and an average depth of 22.5 m.
The phytoplankton biomass in the CBS accounts for nearly half of that
in the entire Bohai Sea (Ding et al., 2020). Therefore, clarifying the sea-
sonal variations of nutrient concentrations in the CBS is helpful for un-
derstanding the nutrient cycle in the entire Bohai Sea.

2.2. Model description

A vertical 1D physical–biological coupled model was implemented
to analyze the nutrient dynamics in the CBS. The model was composed
of three sub-models: a hydrodynamic model, pelagic biological model,
and benthic model. There were 40 layers in the vertical direction. The
hydrodynamic model was based on the 1D Princeton Ocean Model
(Blumberg and Mellor, 1987), which provided the water temperature
and diffusivity coefficient for the biological model. A detailed descrip-
tion and validation of the hydrodynamicmodel for the CBS are available
in Ding et al. (2020).

We developed a pelagic biological model describing the complex
processes of the planktonic ecosystem based on the North Pacific Eco-
system Model for Understanding Regional Oceanography (NEMURO)
(Kishi et al., 2007). As shown in Fig. 2, there are 14 state variables:
two types of DIN (nitrate (NO3

−) and ammonium (NH4
+)), DIP, DSi,

dinoflagellates (PS), diatoms (PL), two types of zooplankton
(microzooplankton (ZS) and mesozooplankton (ZL)), bacteria, dis-
solved organic nitrogen (DON), dissolved organic phosphorus (DOP),
particulate organic nitrogen (PON), particulate organic phosphorus
(POP), and biogenic silica (BSi). The governing equations and formula-
tions of various biogeochemical processes are given in Text S1, and a
list of the parameters used in the model is provided in Table S1.

The benthicmodel was based on thework of Capet et al. (2016), and
included three types of organic matter (PON, POP, and BSi). It describes
the sedimentary accumulation, decomposition, and burial of organic
matter leaving the water column. All benthic variables were depth-
integrated and expressed in mmol m−2. The model equations are
presented in Text S2, and the parameter values are listed in Table S2.
The pelagic model provided the input flux of organic matter into the
benthic layer. After calculating the accumulation, decomposition, and
burial of organic matter within the benthic layer, the benthic model



Fig. 1. (a) Location of the Bohai Sea, and (b) study area and bathymetry (contour lines, units inmeters). The sea is divided into five subregions by white dashed lines: Liaodong Bay (LDB),
Qinhuangdao coast (QHD), Bohai Bay (BHB), Laizhou Bay (LZB), and the central Bohai Sea (CBS).

Fig. 2. Schematic of the pelagic–sediment coupled model. The pelagic model includes 14 state variables: nitrate (NO3
−), ammonium (NH4

+), dissolved inorganic phosphorus (DIP),
dissolved silicate (DSi), dinoflagellates (PS), diatoms (PL), microzooplankton (ZS), mesozooplankton (ZL), bacteria (BAC), dissolved organic nitrogen (DON), dissolved organic
phosphorus (DOP), particulate organic nitrogen (PON), particulate organic phosphorus (POP), and biogenic silica (BSi). The benthic model includes six state variables: fast decaying
PON (CPONf ), POP (CPOPf ), and BSi (CBSif ), and slow decaying PON (CPONs ), POP (CPOPs ), and BSi (CBSis ). The colored solid lines represent different biogeochemical processes corresponding to
the words shown in the same color. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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subsequently provided the sediment–water fluxes of nutrients, which
were the bottom boundary conditions for nutrients in the pelagic
model.
2.3. Model configuration

The hydrodynamic model was initialized with the temperature and
salinity data in January and driven by climatological monthly atmo-
spheric forcing, which was described in detail by Ding et al. (2020).
Here we only give the detailed configurations of the pelagic biological
model and benthic model.

2.3.1. Nutrient input from boundaries
The Yellow River is the second-largest river in China, and accounts

for >75% of the total river discharge into the Bohai Sea (Liu and Yin,
2010). The nutrients carried by the diluted water of the Yellow River
can be transported into the CBS, especially in summer owing to the
southeasterly wind (Wang et al., 2008), thereby playing an important
role in primary production (Ding et al., 2020). The nutrient carried by
the small rivers into the sea usually stays along the coastal line because
its small river discharge cannot form a bulge that is a necessary condi-
tion for an offshore transport of river water (Yu et al., 2020). Conse-
quently, the nutrients from the small rivers affect little the ecosystem
of the central waters (Li et al., 2015; Ding et al., 2020). Thus, the nutri-
ents from the Yellow River were considered to be the only riverine nu-
trient input in this study. The riverine nutrient input in the model
consisted of the long-term averaged (2008–2017) monthly fluxes of
DIN, DIP, DSi, DOP, and particulate phosphorus (PP), which were calcu-
lated according to the regression relationships between nutrient fluxes
and river discharge (Liu, 2015). As shown in Fig. S1a, the highest river-
ine nutrient fluxes occurred in summer. Particulate nitrogen and silicon
were not considered in the model because their fluxes were very low
compared to those of dissolved nitrogen and silicon (Liu et al., 2009;
Wang et al., 2012). The nutrients from the Yellow River exist mainly
in its diluted water that moves with the current. Therefore, the propor-
tion of the nutrientflux from theYellowRiver into the CBSwas assumed
to be the proportion of water flux transported from the estuary into the
CBS without considering the consumption of nutrients during their
transportation to the CBS (Ding et al., 2020). Moreover, the riverine PP
was assumed to be decomposed into DOP and DIP in the estuary,
which were then transported into the CBS. The proportions of PP
decomposed into DOP (~4.8%) and DIP (~11.2%) were obtained from
He et al. (2010). The calculated riverine fluxes of nutrients into the
CBS are shown in Fig. S1b.

According to previous studies, atmospheric nitrogen deposition is
1.1–1.5 times higher than that from major rivers in the Bohai Sea, Yel-
low Sea, and East China Sea (Zhang et al., 2010; Shou et al., 2018; Qi
et al., 2020). In this study, the monthly atmospheric deposition fluxes
of NO3

− and NH4
+ in the CBS were obtained from an atmospheric trans-

port model (Guo, 2019; Fig. S1c). In this study, we did not consider the
atmospheric phosphorus deposition since the phosphorus flux from at-
mospheric deposition is extremely low in the Bohai Sea (Shi et al., 2012;
J.J. Wang et al., 2019).
Table 1
List of numerical experiments. “+” and “−” indicate that the process was included and exclud

Biological processes River input Atmospheric deposition

Case 0 + + +
Case 1 − + +
Case 2 + − +
Case 3 + + −
Case 4 + + +
Case 5 + + +
Case 6 + + +

4

In addition, the nutrient fluxes between the CBS and the Yellow Sea
were estimated to be much smaller than the riverine nutrient fluxes;
hence, they were not considered in the model (see Text S3 for details).

2.3.2. Initial conditions and calculation
The observational data collected in winter over the CBS (Table S3)

were averaged to provide the initial vertical profiles of DIN, DIP, and
DSi concentrations. Other pelagic biological variables, including phyto-
plankton, zooplankton, and other organic matter, were initially set to
a homogeneous small value of 0.1 mmol m−3 (Fennel et al., 2006). In
addition, the benthic variableswere initiated based on the simulated re-
sults for January over the Bohai Sea from a pelagic–benthic coupled
model (Zhang et al., 2006). The initial values of inorganic nutrients in
water and particulate matters in sediment were listed in Table S4.

The physical and biological variableswere simultaneously calculated
at a time step of 216 s. Themodel was integrated for five years with cli-
matological surface forcing and monthly nutrient inputs. The first four
years were for the model spin-up; thus, we chose the simulated results
of the fifth year for the analysis.

2.4. Numerical experiment

To examine the impacts of various factors on the seasonal variations
in nutrients, we designed a series of numerical experiments after the
model spin-up period (Table 1). Case 0 was the realistic (control) case
mentioned in Section 2.3. Case 1 was used to investigate the effects of
biological processes by removing all biological processes in seawater.
Cases 2 and 3 were used to examine the effects of river input and atmo-
spheric deposition, respectively. Case 4 was used to investigate the ef-
fect of sediment nutrient release by closing the nutrient supply from
the sediment–water interface. Case 5 was used to examine the effect
of benthic nitrogen loss by setting the benthic nitrogen removal rate
to 0. Finally, Case 6 was used to investigate the effects of the variation
of N/P ratio in phytoplankton uptake used in Case 0 by fixing the N/P
ratio in phytoplankton uptake to 16 (=the Redfield ratio).

In the model, the temporal variation rate of the nutrient inventory
for a unit area was expressed by:

d
dt

Z 0

−h
C zð Þdz ¼

Z 0

−h
Bio zð Þdzþ Rivþ Atmþ Sedþ NL; ð1Þ

where h is the water depth, C(z) denotes the nutrient concentration at
depth (z), Bio(z) represents the biological processes, Riv is the river in-
put, Atm is the atmospheric deposition of DIN, Sed is the nutrient release
from sediments, and NL is the benthic nitrogen loss. To determine the
effects of each process on the nutrient inventory, we calculated the dif-
ference for each term on the right-hand side of Eq. (1) between Cases 1
to 5 and Case 0 (i.e., the control):

ΔNF j
i tð Þ ¼ NF0i tð Þ−NF j

i tð Þ
ΔPF j

i tð Þ ¼ PF0i tð Þ−PF j
i tð Þ ;

"
ð2Þ

where NF and PF represent the terms in Eq. (1) for DIN and DIP, respec-
tively; i (=I, II, III, IV, or V) is the index for the five terms on the right-
hand side of Eq. (1) and j (=1, 2, 3, 4, or 5) is the index for Cases 1–5.
ed in the simulated case, respectively (see Section 2.4 for details).

Sediment nutrients release Benthic N loss Non-Redfield ratio

+ + +
+ + +
+ + +
+ + +
− + +
+ − +
+ + −



Fig. 3. Monthly concentrations of DIN (a), DIP (b), and DSi (c) at different depths. Unit:
mmol m−3.
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Accordingly, NFi0 and PFi
0 are the DIN and DIP fluxes of each process in

Eq. (1) for Case 0, while NFi
j and PFi

j are the DIN and DIP fluxes of each
process in Eq. (1) for Cases 1–5.

We defined the change in nutrient concentrations due to ΔNFij as
ΔDINi

j, and that due to ΔPFij as ΔDIPij:

ΔDIN j
i tð Þ ¼ 1

h

Z t

0
ΔNF j

i tð Þdt

ΔDIP j
i tð Þ ¼ 1

h

Z t

0
ΔPF j

i tð Þdt
;

2
664 ð3Þ

where h is the water depth.
To evaluate the contributions of ΔNFij or ΔPFij to the change in nutri-

ent concentrations and ratios, we calculated the ratios of the nutrient
concentrations and N/P ratio change due to ΔNFij (or ΔPFij) to the corre-
sponding values in Case 0, as expressed by:

RN j
i tð Þ ¼ −ΔDIN j

i tð Þ=DIN0 tð Þ
RP j

i tð Þ ¼ −ΔDIP j
i tð Þ=DIP0 tð Þ

RNP j
i tð Þ ¼ DIN0 tð Þ−ΔDIN j

i tð Þ
DIP0 tð Þ−ΔDIP j

i tð Þ
−

DIN0 tð Þ
DIP0 tð Þ

 !
=
DIN0 tð Þ
DIP0 tð Þ

;

2
66664 ð4Þ

where i and j are the same as those described in Eq. (2), and DIN0 and
DIP0 are the simulated DIN and DIP concentrations in Case 0,
respectively.

2.5. Calculation of nutrients conversion time

Based on the nutrient inventory and fluxes of different processes in
seawater, the conversion time (γ) of nutrients for the different pro-
cesses was calculated as follows:

γ ¼
R 0
−h Nut zð Þdz

Fs
; ð5Þ

where Nut represents the nutrient concentrations at depth z; Fs denotes
the nutrient fluxes corresponding to one process; and h is the water
depth.

3. Results

3.1. Seasonal variations in nutrient concentrations

The vertical profiles of the simulated nutrient concentrations in each
season were generally within the range of observational data (Fig. S3),
indicating that the model could simulate the seasonal variations in the
vertical distributions of nutrients in the CBS. Fig. 3 displayed the vertical
distributions of simulated DIN, DIP, and DSi in winter (January, Febru-
ary, and March), spring (April, May, and June), summer (July, August,
and September), and autumn (October, November, and December).
The lowest and highest concentrations of these three dissolved nutri-
entswere in summer andwinter, respectively,while spring and autumn
were the transitional periods between these two extreme concentra-
tions. The vertical mean concentrations of nutrients in winter, spring,
summer, and autumn were 15.7 mmol m−3, 12.9 mmol m−3,
8.7 mmol m−3, and 12.4 mmol m−3 for DIN, respectively; 0.6 mmol
m−3, 0.4 mmol m−3, 0.2 mmol m−3, and 0.4 mmol m−3 for DIP, respec-
tively; and 17.1 mmol m−3, 14.6 mmol m−3, 12.5 mmol m−3, and
15.6mmolm−3 for DSi, respectively. The summertime nutrient concen-
trations were significantly lower in surface water (~8.5 mmol DINm−3,
<0.1 mmol DIP m−3, and ~10 mmol DSi m−3) than those in bottom
water (~9.5 mmol DIN m−3, >0.3 mmol DIP m−3, and ~15 mmol DSi
m−3), while almost no vertical variation was observed in the winter-
time nutrient concentrations.
5

3.2. Seasonal variations of particulate concentration

Although this study focuses on the seasonal variations in nutrients,
nutrient cycling is closely related to changes in particulate materials
such as plankton and detritus. Here, we present the modeled seasonal
variations in these particulate materials. As shown in Fig. S4,
chlorophyll-a (Chl-a), an index of phytoplankton biomass, exhibited
an apparent seasonal variation in the CBS, which was consistent with
the observational data. The vertical mean Chl-a concentrations in win-
ter, spring, summer, and autumn were 0.56 mg m−3, 1.1 mg m−3,
2.0 mg m−3, and 1.0 mg m−3, respectively. The Chl-a concentrations
were slightly higher in surface water than in bottom water in spring
and summer, whereas they exhibited a vertically homogenous distribu-
tion in autumn and winter.

The particulate materials peaked in summer with the highest con-
centration of ~1.2 mmol N m−3 for phytoplankton, ~1.8 mmol N m−3

for zooplankton, ~6.0 mmol N m−3 for PON, ~0.3 mmol P m−3 for POP,
and ~6.0 mmol Si m−3 for BSi (Fig. S5). Although these particulate ma-
terials exhibited higher concentrations in surface water than in bottom
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water in summer, there was no obvious vertical difference between
them in other seasons. In addition, the peak zooplankton concentration
occurred approximately one month after that of phytoplankton
(Fig. S5a, b). In summer, the increase in phytoplankton biomass pro-
vides a more adequate source of food for zooplankton, which in turn
leads to an increase in zooplankton biomass, indicating a bottom-up
control in the plankton ecosystem. Compared to the limited observa-
tional data for particulate materials, our simulated values were of the
same order of magnitude as those reported in recent years (Xu et al.,
2016; Wang et al., 2018b; Bu et al., 2019; Zhai et al., 2019).

3.3. Nutrient budget for each season

The model simulations provided a budget for all compartments in
the CBS (Fig. 4). The sources and sinks of nutrients include river input,
atmospheric nitrogen deposition, sediment release, benthic nitrogen
loss, phytoplankton uptake and respiration, zooplankton excretion,
and organic matter mineralization. For DIN, benthic nitrogen loss
(0.4–0.6 mmol m−2 d−1) was comparable to, but greater than, each ex-
ternal input (river input, 0.1–0.4 mmol m−2 d−1; atmospheric deposi-
tion, 0.2–0.4 mmol m−2 d−1; sediment release, 0.1–0.4 mmol m−2

d−1). River inputs of DIP (0.6–4.4 μmol m−2 d−1) and DSi
(0.1–0.2 mmol m−2 d−1) were slightly lower than their respective sed-
iment release fluxes (DIP: 5–16 μmol m−2 d−1; DSi: 0.1–0.5 mmol m−2

d−1). It was noteworthy that the above external nutrient fluxes were
considerably lower than those due to biological processes
(e.g., summer values of 3.2–14.5 mmol m−2 d−1 for DIN, 163–732
μmolm−2 d−1 for DIP, and 1.9–7.8mmolm−2 d−1 for DSi). Phytoplank-
ton uptake was the largest sink for nutrients in seawater, with the
highest values in summer (DIN: 14.5 mmol m−2 d−1; DIP: 0.73 mmol
Fig. 4. Seasonal budgets for nutrients in the central Bohai Sea. The blue numbers are the vertica
(Phy-N), phytoplankton phosphorus content (Phy-P), phytoplankton silicon content (Phy-
zooplankton silicon content (Zoo-Si), dissolved inorganic nitrogen (DIN), dissolved inorgani
(OP), and biogenic silica (BSi). The black numbers denote the vertically integrated nutrients
j) spring; (c, g, k) summer; (d, h, l) autumn. (For interpretation of the references to color in th
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m−2 d−1; DSi: 7.8 mmol m−2 d−1). The other biological processes
(phytoplankton respiration, zooplankton excretion, and organic matter
mineralization) replenished the nutrients used by photosynthesis.

Based on the nutrient inventory and fluxes of different processes in
seawater, we calculated the conversion time (γ) of nutrients using
Eq. (5) for the different processes. Theγ values of phytoplankton uptake
for DIN, DIP, and DSi were approximately 13 d, 6 d, and 36 d in summer,
and 321 d, 171 d, and 481 d in winter. As the nutrient inventory in win-
ter was only 1–3 times higher than that in summer (Fig. 4), the large
variation in γ of phytoplankton uptake likely depended on the nutrient
uptake flux, whose seasonal variation would have led to rapid nutrient
cycling in summer.
3.4. Seasonal variations of nutrient ratios

As a result of the seasonal variations in nutrient concentrations, the
nutrient molecular ratios also exhibited significant seasonal variations
in the CBS (Fig. 5a). The N/P ratio was obviously higher in summer in
comparison with that in other seasons. The summertime N/P ratio ex-
hibited an obviously vertical difference with a higher value in surface
water (~100) than in bottom water (<30). However, there was almost
no vertical variation in the N/P ratio in winter, which was <30. The Si/
N ratio also presented some seasonal variations that were not as signif-
icant as those of theN/P ratio (Fig. 5b). The Si/N ratiowas slightly higher
in summer than in other seasons, with the highest value of ~1.8 in bot-
tomwater. The Si/N ratio was vertically homogeneous in winter, with a
value of ~1. The slight seasonal variation in the Si/N ratio was mainly
caused by the competition between diatoms and dinoflagellates (see
Text S5 in detail).
l mean concentrations (mmol/m3) of variables, including phytoplankton nitrogen content
Si), zooplankton nitrogen content (Zoo-N), zooplankton phosphorus content (Zoo-P),
c phosphorus (DIP), dissolved silicate (DSi), organic nitrogen (ON), organic phosphorus
fluxes (DIN and DSi: mmol m−2 d−1; DIP: 10−2 mmol m−2 d−1). (a, e, i) winter; (b, f,
is figure legend, the reader is referred to the web version of this article.)



Fig. 5.Monthly N/P ratio (a) and Si/N ratio (b) at different depths.

Fig. 6. Mean monthly vertical DIN (a), DIP (b), and N/P ratio (c) in different numerical
experiments. In subfigure (b), the line of Case 0 overlaps the lines of Case 3 and Case 5.
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4. Discussion

4.1. Effects of multiple processes on seasonal variations of nutrients

Many studies have found that the nutrients in the Bohai Sea were
supplied by riverine inputs (Liu et al., 2009), atmospheric deposition
(Shou et al., 2018; Qi et al., 2020), and sediment release (Liu et al.,
2011). Benthic nitrogen loss at the water–sediment interface played
an important role in removing nitrogen from seawater (Zhang et al.,
2018; Zheng et al., 2020). Seasonal differences in the above processes
at their boundaries naturally affect the seasonal variations of nutrient
concentrations in seawater. Moreover, nutrient budgets have indicated
the important role of biological processes in promoting the rapid con-
version of nutrients in seawater, especially in summer (Fig. 4). There-
fore, we designed a series of numerical experiments to examine the
effects of these processes on the seasonal variations of nutrient in the
CBS (see Section 2.4 for details of the configuration).

Fig. 6 showed the verticalmean values of the simulatedDIN, DIP, and
N/P ratio of seawater in different numerical experiments. The seasonal
variations of DIN, DIP, and the N/P ratio in the control group (Case
0) changed completely when biological processes were excluded in
Case 1, indicating the critical role of biological processes in the seasonal
variations of nutrients in the CBS. In comparison to Case 0 (after one
year of integration), the simulated DIN concentration in Case 2 (river
input excluded), Case 3 (atmospheric deposition excluded), and Case
4 (sediment nutrient release excluded) decreased by 3 mmol m−3,
4 mmol m−3, and 3 mmol m−3, respectively, while those for DIP de-
creased by 0.05 mmol m−3, 0 mmol m−3, and 0.16 mmol m−3, respec-
tively. Because of the different N/P ratios in external inputs compared to
seawater, the vertical mean value of the N/P ratio decreased by ~6 in
Case 2 and ~10 in Case 3, but increased by ~3 in Case 4, in comparison
to Case 0 in summer. When benthic nitrogen loss was excluded (Case
5), the DIN concentration increased by 9.1 mmol m−3 after one year
of integration compared with Case 0, which increased the N/P ratio by
~12. Overall, the comparison of results in different numerical
7

experiments exhibited that biological processes played themost impor-
tant role in the seasonal variation of nutrients, although the other pro-
cesses such as external input and output could also affect the
concentration of nutrients. It must be noted that although the physical
factors such as light intensity and water temperature have no direct ef-
fects on the nutrient budget, they actually affects the biological
processes.

As described in Section 2.4, we defined five variables to evaluate the
contribution of each process to the seasonal variation: (1) ΔNFij and
(2) ΔPFij to determine the change in the DIN and DIP fluxes between
Case 0 and Cases 1–5; (3) RNi

j, (4) RPij, and (5) RNPij to determine the per-
centages of the DIN concentration, DIP concentration, and N/P ratio in
Case 0 changed by the process excluded in the other five cases.
4.1.1. Biological processes
Fig. 7a and b indicated that biological processes led to the highest

nutrient removal rates (DIN: 1.9 mmol m−2 d−1; DIP: 0.08 mmol m−2

d−1) in summer, while they replenished a large fraction of nutrients
in autumn. The inclusion of biological processes also resulted in a slight
increase of sediment release (DIN: <0.3 mmol m−2 d−1; DIP:
<0.01 mmol m−2 d−1) and a decrease of benthic nitrogen loss (DIN:
<0.4mmolm−2 d−1) during summer and autumn. Fig. 8a and b showed
that the DIN and DIP concentrations in Case 0 increased by ~100% and
~200% in summer when biological processes were excluded in Case 1.
Because of the difference in each flux (Fig. 7a–b), the increases in DIN
and DIP in summer in Case 1 relative to Case 0 were mainly induced
by the direct effect of biological processes within seawater rather than



Fig. 7. Changed fluxes of various nutrient-related processes for DIN (a, c, e, g) and DIP (b, d, f, h) using the results of Case 0 minus those in the numerical experiments (Cases 1 to 4). The
colored solid lines represent different processes corresponding to the words shown in the same color. Positive values correspond to increasing nutrient concentrations after adding the
process (see Eq. (2) for calculating ΔNF and ΔPF). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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by changes in the release of nutrients from sediment and/or benthic ni-
trogen loss.

Because of the lower N/P ratio involved in biological processes com-
pared with ambient seawater, the N/P ratio of seawater in Case 0 de-
creased by ~25% in summer when the direct effect of biological
processes was excluded (Fig. 8c). Although this had little effect on the
nutrient concentrations, the changes in release of nutrients from sedi-
ments and benthic nitrogen loss in Case 1 led to decreases of ~5% and
~20% in the seawater N/P ratio in Case 0 during summer and autumn
(Fig. 8c). These reductions related to the lower N/P ratio associated
with sediment release and the higher N/P ratio associated with benthic
nitrogen loss compared with seawater. Therefore, the seawater N/P
ratio of Case 0 reduced by >40% during summer when biological pro-
cesses were excluded (Fig. 8c).

The Bohai Sea is an important fishing ground in China, and its max-
imum primary productivity can reach 1500 mg C m−2 d−1 in summer
(COOA, 2016). Strong phytoplankton photosynthesis in summer (Ding
et al., 2020) results in lownutrient concentrations in seawater following
8

their uptake. Cultivation experiments revealed that theN/P ratio in phy-
toplankton uptake (3–160) was always lower than the seawater N/P
ratio (4–330) under different nutrient levels in the Bohai Sea (Zou
et al., 2001). Consequently, the seawater N/P ratio increased signifi-
cantly with enhanced phytoplankton photosynthesis in summer. In ad-
dition, most of the organic matter sequestered in marine sediments
comes from the deposition of organic matter biosynthesized by marine
organisms inhabiting surface waters (Wakeham and Lee, 1993). Al-
though the organic matter in sediment could be mineralized into inor-
ganic nutrients and then returned to the upper water column, a time
lag of the order of several months exists between the deposition of par-
ticulate material and its mineralization in sediment (Rudnick and
Oviatt, 1986). This was demonstrated by the increased nutrient release
from sediment after strong biological processes in summer in the pres-
ent study (Fig. 7a, b). Strong biological processes in summer also re-
duced the flux of benthic nitrogen loss (Fig. 7a) by absorbing DIN,
which is an important substrate for benthic nitrogen loss (Fennel,
2017).



Fig. 8.Changed percentages of DIN (a, d, g, j), DIP (b, e, h, k), and theN/P ratio (c, f, i, l) due to the changed processes in thenumerical experiments (Cases 1 to 4) relative to the results of the
control group (Case 0). The colored lines represent different processes corresponding to the words shown in the same color. Positive values correspond to increasing nutrient
concentrations or the N/P ratio in Case 0 if excluding the process (see Eqs. (3) and (4) for calculating RN, RP, and RNP). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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4.1.2. River input
As shown in Fig. 7c and d, river inputs supplied a large amount of nu-

trients to the CBS, with the highest fluxes of ~0.6mmolm−2 d−1 for DIN
and ~0.008 mmol m−2 d−1 for DIP in summer. These riverine nutrient
fluxes resulted in a higher nutrient consumption by biological processes
in summer (DIN: ~0.2mmolm−2 d−1; DIP: ~0.002mmolm−2 d−1). The
additional organic matter in summer replenished nutrients through
remineralization in autumn. Moreover, benthic nitrogen loss also in-
creased after summer because the bottom DIN concentration increased,
with the highest value of ~0.18 mmol m−2 d−1 (Fig. 7c). A slightly in-
creased nutrient flux from sediment release was also confirmed in au-
tumn when river input was included in the simulation (Fig. 7c, d).
Fig. 8d and e showed that the DIN concentration, DIP concentration,
and N/P ratio in Case 0 decreased by >30%, >10%, and >20% in summer
when the direct effect of river input was excluded. The changes in the
effects of biological processes, benthic nitrogen loss, and sediment nu-
trient release on the nutrient concentrations and N/P ratio were limited
to <10% when river input was included in the simulation (Fig. 8d–f).

Althoughmany studies have emphasized the importance of riverine
inputs in supplying seawater nutrients in summer in the coastal waters
of the Bohai Sea (Wang et al., 2017), the nutrient fluxes of river input
were still much lower than the nutrient loss in biological processes
(Fig. 4). Consequently, the river inputs cannot replenish the loss of nu-
trients due to the strong biological processes in summer. This leads to
the occurrence of the lowest nutrient concentrations in summer in the
9

CBS. Nevertheless, as the N/P ratio of river water (>300) ismuch higher
than that of seawater (Liu et al., 2012), the large amount of nutrients
transported by river discharge into the sea led to an increase in the sea-
water N/P ratio (Fig. 6).

4.1.3. Atmospheric deposition
Fig. 7e showed that the DIN flux of atmospheric deposition was

slightly higher in summer and autumn (0.2–0.6 mmol m−2 d−1) than
inwinter and spring (0.1–0.4 mmol m−2 d−1).With the inclusion of at-
mospheric deposition, the benthic nitrogen loss increased by ~0.2mmol
m−2 d−1 for DIN after summer (Fig. 7e). Atmospheric deposition of DIN
did not affect biological processes because the limiting nutrient in the
CBS is phosphate (Wanget al., 2009; Xuet al., 2011),whichwas not pro-
vided via atmospheric deposition. Fig. 8g and i reveal that both the DIN
andN/P ratio in Case 0 decrease by>30% in summerwhen the direct ef-
fect of atmospheric deposition was excluded. The change in the benthic
nitrogen loss caused by atmospheric deposition led to a <12% increase
in both the DIN concentration and N/P ratio in Case 0 (Fig. 8g, i). The
DIN flux of atmospheric deposition was comparable to that of river in-
puts into the CBS (Fig. 4), which has been emphasized in recent studies
(Shou et al., 2018; J.J. Wang et al., 2019; Zhang et al., 2020). However,
the limiting nutrient for phytoplankton growth in the Bohai Sea has
changed to phosphorus owing to excessive nitrogen input (Wang
et al., 2009; Xu et al., 2011). Thus, it is necessary to rethink the role of
atmospheric deposition in primary production because the previous
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calculation based on the atmospheric deposition of nitrogen is likely an
overestimation.

4.1.4. Sediment nutrient release
Our simulated nutrient fluxes (NH4

+: <0.6 mmol m−2 d−1; DIP:
<0.02mmolm−2 d−1) released from sediments in the CBSwere consis-
tent with the observational data (see Text S4 for details). Fig. 7g and h
showed that the nutrient flux from sediment was higher in summer
and autumn than in winter and spring. Because of the large amount of
organic matter accumulated in the summer (Fig. S5) and the highest
bottom water temperature in September (Fig. S8), the mineralization
rate of organic matter in sediment was highest in September, which
led to the highest sediment nutrient flux. The DIN and DOP removed
by biological processes increased by ~0.2 mmol m−2 d−1 and
~0.01 mmol m−2 d−1, respectively, in summer due to sediment release
(Fig. 7g, h). These nutrients were replenished in autumn by the miner-
alization of organic matter. In addition, the DIN flux associated with
benthic nitrogen loss increased by <0.2mmol m−2 d−1 when sediment
nutrient release was included in the simulation (Fig. 7g). Fig. 8j and k
showed that the DIN and DIP concentrations in Case 0 decreased by
~30% and ~45%, respectively, in summer and autumnwhen the direct ef-
fect of sediment nutrient release was excluded. The change in biological
processes caused by sediment nutrient release led to a ~7% increase in
DIN and ~25% increase in DIP in summer with respect to Case 0, while
the change in benthic nitrogen loss led to a <8% increase in DIN in sum-
mer and autumn. Because the N/P ratio in the sediment was lower than
that in seawater, the seawater N/P ratio of Case 0 increased by >20% in
summerwhen sediment nutrient releasewas excluded (Fig. 8l). TheN/P
ratio of Case 0 for summer and autumn decreased by <10% due to bio-
logical processes and increased by <7% due to benthic nitrogen loss
when sediment nutrient release was excluded. Overall, sediment re-
lease is an important source of nutrients in the Bohai Sea (Liu et al.,
2011; Mu et al., 2017), and hinders the decrease in nutrient concentra-
tions while increasing the N/P ratio in summer.

4.1.5. Importance of benthic nitrogen loss
Benthic nitrogen loss via denitrification and anaerobic ammonium

oxidation plays a critical role in removing nitrogen from coastal waters
(Fennel, 2017). The limited observational data indicate that nitrogen
loss at the sediment–water interface is an important sink of DIN in the
Bohai Sea (Zhang et al., 2018; Zheng et al., 2020). However, the specific
regulatory mechanisms of benthic nitrogen loss have large uncer-
tainties. In this study, we represented the benthic nitrogen loss rate as
a function of the bottom temperature and nitrate concentration
(Eq. (S69)), according to Yoshikawa et al., 2005 and Tan et al. (2020).
The calculated annually averaged flux of benthic nitrogen loss was
0.49 mmol m−2 d−1, which is close to an observed value of 0.37 mmol
m−2 d−1 (Zhang et al., 2018; Zheng et al., 2020). The fluxes of benthic
nitrogen loss in each season exceeded 50% of the DIN inputs from rivers
and the atmosphere in the CBS (Fig. 4a–d). Fig. 6a indicated that theDIN
concentration decreased by>5mmolm−3 in summerwhen benthic ni-
trogen loss was included in the simulation. Consequently, the increase
in theN/P ratio in seawaterwas greatly suppressed by the benthic nitro-
gen loss, which prevented the seawater N/P ratio from rising by >20 in
summer (Fig. 6c). Overall, benthic nitrogen loss is of great importance to
the seasonal variations of the DIN concentration and N/P ratio in the
CBS, and is second to the influence of biological process.

In this study, we also examined the extent to which the calculated
DIN concentration varied with the rate of benthic nitrogen loss (n0 in
Eq. (S69)). For this purpose, we increased and decreased the value of
n0 by 50% and ran the model for a year in each of the sensitivity exper-
iments. The sensitivity of the DIN concentration to n0 was quantified by

a factor of S ¼ j ΔC=CΔα=α j (Pan et al., 2017), where C is the annual mean DIN

concentration, α is the value of n0 used in themodel, and ΔC is the var-
iation in C corresponding to the change (Δα) of the parameter n0. The
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results of sensitivity experiments suggested an S value of 0.21, indicat-
ing that the DIN concentration in our model was not very sensitive to
the value of n0. Thus, the benthic nitrogen loss given by the model can
be considered a robust estimation.

Field observational data and experimental data indicate that some
environmental factors, such as the bottom oxygen concentration, the
quantity and quality of organic matter, and microbial functional traits,
may also affect the rate of benthic nitrogen loss (Zhang et al., 2018;
Song et al., 2020). However, little is known about the specific functional
relationship between the removal rate and these environmental factors
(Fennel, 2017). With a better understanding of these relationships in
the future, a more comprehensive model of benthic nitrogen loss is
expected.

Fig. 9 summarized the summertime effects of the interactions
among nutrient-related processes on the nutrient concentrations and
N/P ratio in the CBS. Overall, biological processes play a critical role in
decreasing the nutrient concentrations and increasing the N/P ratio
through the direct effect of phytoplankton uptake. The external inputs
of nutrients through boundaries such as river input, atmospheric depo-
sition, and sediment release are important sources of nutrients in sea-
water, which can also affect nutrient concentrations and N/P ratio by
affecting other nutrient-related processes. Benthic nitrogen loss is es-
sential for maintaining the nitrogen balance in the sea by directly re-
moving a large amount of inorganic nitrogen.
4.2. Effect of nitrogen-to-phosphorus stoichiometry in phytoplankton
uptake

The Redfield ratio (N:P = 16:1) is widely used to link marine nitro-
gen and phosphorus cycles in many biogeochemical models (Anderson
and Sarmiento, 1994; Laurent et al., 2012). However, empirical and the-
oretical studies have shown that the ratio of nitrogen to phosphorus in
phytoplankton uptake varies with growth conditions (Mills and Arrigo,
2010; Garcia et al., 2018). In the Bohai Sea, incubation experiments have
also shown that the N/P ratio of phytoplankton uptake depends on the
nutrient ratio in ambient seawater (Zou et al., 2001). Therefore, the
use of a fixed ratio in modelling biogeochemical processes in the CBS
is not a good choice.

Galbraith and Martiny (2015) found that the N/P ratio in plankton
changed largely across the typical range of DIP concentrations in the
ocean,while it changes only slightly at very lowDIN concentrations. Ac-
cordingly, Macias et al. (2019) provided a parameterized solution de-
scribing the variation in the N/P ratio of phytoplankton uptake as a
function of the DIP concentration in seawater (Eq. (S26)), which had
been applied in biogeochemical simulations of marginal seas with ex-
cessive nitrogen. In this study, we used the scheme provided by
Macias et al. (2019) to include the variation of the N/P ratio in phyto-
plankton uptake.

To estimate the effect of the variation of the N/P ratio in phytoplank-
ton uptake on the seasonal variation of nutrient concentrations, we con-
ducted another numerical experiment (Case 6) inwhich theN/P ratio in
phytoplankton uptake followed the fixed Redfield stoichiometry.

As shown in Fig. S9a–c, the DIN concentration decreased obviously
from June to October in Case 0 compared with Case 6, with the highest
reduction of >2.5 mmol m−3 in surface water. There was no difference
in the DIP concentration between the two cases (Fig. S9d–f). The Bohai
Sea experiences serious phosphorous limitation,with anN/P ratiomuch
higher than 16, especially in summer (Wang et al., 2009; Xu et al.,
2011). The lowDIP concentration led to a stable DIP flux of phytoplank-
ton uptake in the two cases. Because the N/P ratio in phytoplankton up-
take increased in summer due to the decreased DIP concentration in
Case 0, more DIN was removed in Case 0 than in Case 6. Consequently,
the N/P ratio of seawater decreased more (>18) in Case 0 than in Case
6 in summer (Fig. S9g–i). In coldmonths, the relatively highDIP concen-
tration allowed the N/P ratio of phytoplankton uptake similar to the



Fig. 9. Changed percentages of DIN, DIP, and the N/P ratio in summer due to the interactions among nutrient-related processes if one specific factor is excluded. I, II, III, IV, and V represent
biological processes, river input, atmospheric deposition, sediment release, and benthic nitrogen loss, respectively.
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Redfield ratio. Consequently, the DIN concentration andN/P ratio in sea-
water were almost the same in the two cases in cold months.

4.3. Implications for seasonal variations of nutrients in global coastal
waters

To deepen our understanding of the seasonal variation of nutrients
in coastal waters, we present a comparison of our results in the CBS
with the reported results in other coastal waters worldwide. As shown
in Table 2, the nutrient concentrations in the CBS varied within the
range of those reported for other coastal waters. Similar to the CBS, nu-
trient concentrations and the N/P ratio also exhibited significant
Table 2
Comparison of the seasonal variations in nutrient concentrations of coastal waters worldwide.

Area Nutrient concentration (mmol m−3)

DIN DIP DSi Seasonal variation

Central Bohai Sea 6–18 0–0.8 8–18 Lowest in summer
Coastal Yellow Sea 4.5–15 0.1–0.6 3–12 Lowest in March, May, and Ju

Yangtze River Estuary 0–40 0–1 0–80 Highest in summer
Northern Beibu Gulf 0–65 0–2.5 0–112 Peak in summer

Bay of Bengal 0–21 0–7 6–28 Peak during the northeast mon
Baltic Sea 0.4–21 0–1.1 2–26 Lowest in summer
Black Sea 0–3 – 0–3 Lowest in summer

Eastern Seto Inland Sea 0.5–8 0.1–0.9 1–30 Lowest in spring–summer

Chesapeake Bay 0–125 0.1–1.3 0–100 Highest DIN and DSi in winter–s
highest DIP in summer

Eastern Gulf of Mexico
(Florida Bay)

0–40 0–0.2 – Lowest DIN in summer; no obv
seasonality for DIP

Coastal waters off
Namibia

4–30 – 0–40 Peak in spring

Northern Galician coast 0.5–10 0.1–0.8 0–4 Highest in summer

[1] This study; [2] Shi et al. (2015); [3] Fan and Song (2014); [4] Lai et al. (2014); [5] Achary et al
Yamaguchi et al. (2020); [10] Malone et al. (1996); [11] Pennock et al. (1999); [12] Louw et al
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seasonal variations in other coastal waters. However, there are many
control mechanisms for the seasonal variation of nutrients in various
coastalwaters. For example, phytoplankton growth is the dominant fac-
tor modifying the seasonal variation of nutrients in the Baltic Sea, Black
Sea, and Seto Inland Sea, which is similar to the results for the CBS. Ter-
restrial inputs play a critical role in the seasonal variation of nutrients in
the Yangtze River Estuary, northern Beibu Gulf, and Chesapeake Bay.
Anthropogenic runoff increases nutrient concentrations during the
northeastmonsoon in the Bay of Bengal. The transportation of nutrients
by seasonal ocean currents leads to a significant seasonal variation of
nutrients in the coastal waters of Namibia and the northern Galician
coast. The seasonal variation of nutrients in the coastal Yellow Sea and
N/P ratio Dominant factor References

Value Seasonal variation

20–120 Peak in summer Biological processes [1]
ne 23–77 Highest in spring Terrestrial input and

phytoplankton growth
[2]

10–400 Highest in summer River input [3]
10–40 Peak in summer River input [4]

soon 0.5–84 Peak in December Anthropogenic runoff [5]
5–132 Lowest in summer Phytoplankton growth [6,7]

– – Phytoplankton growth [8]
0–10 Highest in

spring–summer
Phytoplankton growth [9]

pring; 1–1000 Highest in
winter–spring

Terrestrial input [10]

ious 15–500 Lowest in summer Water exchange and
phytoplankton growth

[11]

– – Benguela upwelling [12]

3–18 Highest in summer Coastal upwelling [13]

. (2014); [6] Lyngsgaard et al. (2017); [7] Purina et al. (2018); [8] Grégoire et al. (2008); [9]

. (2016); [13] Caseas et al. (1997).
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Florida Bay is caused by several factors (Table 2). Overall, our quantita-
tive analysis of the effects ofmultiple processes on seasonal variations of
nutrient in the CBS provides an important reference for similar studies
in other coastal waters.

5. Summary

In this study, a physical–biological coupled model was developed
to analyze the impact of external nutrient inputs and biological pro-
cesses on the seasonal variations of nutrients in the CBS. The model
results showed significant seasonal variations in nutrient concentra-
tions and the N/P ratio. In summer, a large amount of nutrients was
consumed during phytoplankton photosynthesis, in which the
nitrogen-to-phosphorus stoichiometry in phytoplankton uptake
was lower than the N/P ratio of seawater. This process was the
major cause of the lowest nutrient concentrations and the highest
N/P ratio in summer. River inputs, atmospheric deposition, and sed-
iment nutrient release replenished nutrients, which, to some extent,
alleviated the decrease in nutrient concentrations in summer. Ben-
thic nitrogen loss was essential for maintaining the nitrogen balance
in the CBS by removing a large amount of inorganic nitrogen in sum-
mer and autumn. Additionally, we demonstrated that the variation
in nitrogen-to-phosphorus stoichiometry of phytoplankton uptake
with the N/P ratio of ambient seawater is also an important factor af-
fecting the nutrient ratio in the CBS. Therefore, such variation should
be included in future studies to obtain a better understanding of the
nutrient dynamics in coastal waters. This work is a reference for es-
tablishing water quality management plans aimed at mitigating the
negative impacts of nutrient pollution (i.e., eutrophication) in global
coastal seas.
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