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A B S T R A C T

The temporal and spatial distributions of dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus
(DIP), and dissolved silicate (DSi), and their long-term changes were investigated in Bohai Bay (BHB) in spring,
summer, and autumn (2013–2014). The high DIN values were consistently distributed in the western inshore
waters, mainly determined by terrestrial factors, e.g., riverine input, while DIP and DSi were mostly distributed
in the southern coastal waters, the central BHB, or near the sea port Caofeidian in northern BHB, largely related
to non-terrestrial factors, e.g., sediment release. Based on the nutrient distribution, BHB could be partitioned into
western and eastern parts, with −15m depth as the separation. The long-term variations of nutrients since 2000
showed an increase in DIN and decreases in DIP and DSi. Relatively slow changes in DIN and DIP and a rapid
decrease in DSi were exhibited in summer, which was associated with precipitation and sediment release.

1. Introduction

The explosive growth of the human population and the intensive
impact of human activities, such as sewage disposal, fertilizer usage,
water management, land reclamation, inshore fishing, and marine
culture, have altered the global patterns of elemental cycling in recent
decades (Carpenter and Bennett, 2011; De Vries et al., 2013). Nutrient
over-enrichment that results from human activities is considered a
major environmental problem, especially in coastal ecosystems around
the world (Cloern et al., 2016; Glibert, 2017). For example, in Ariake
Bay, Japan, a large reclamation project was conducted during
1986–1997 to create nearly 35 km2 of land in tidal flats. Afterwards, the
maximum velocity of the tidal current decreased by 10%–30%, causing
nutrients to accumulate in the surface seawater, which generated fre-
quent harmful algal blooms (HABs) (Tsutsumi, 2006). A more daunting
situation is that multiple anthropogenic pressures commonly coexist in
the coastal seas, which simultaneously affect nutrient sources and sinks.
Jiaozhou Bay, a eutrophic basin in northern China, has experienced an
increase in nitrogen and a decrease in silicate during the most recent
four decades, which was primarily associated with agricultural

activities, precipitation, and wastewater input (Zhao et al., 2005). Re-
clamation, conducted in Jiaozhou Bay from 1966 to 2008, which de-
creased the water exchange speed by 7.5% (Shi et al., 2011), was also a
critical contributor to the increasing eutrophication in Jiaozhou Bay
(Lin et al., 2016; Zhang et al., 2017). Therefore, which nutrient is
changing and what are the related drivers are very ambiguous questions
in coastal seas where multiple pressures coexist and interact (Cloern
et al., 2016).

Bohai Bay (BHB) is a semi-enclosed bay in the western part of the
Bohai Sea. The surrounding cities, such as Beijing, Tianjin, and
Tangshan, have experienced rapid economic development in recent
decades (Tong et al., 2014). Human activities related to rapid devel-
opment are highly intensified and diversified, resulting in a significant
impact on the nutrient regime. In previous studies, terrestrial factors,
including sewage disposal, fertilizer usage, and water management
were usually considered (Jiang et al., 2005; Ning et al., 2010). Nutrient
concentrations in inshore waters, especially near the Hai River estuary,
were ordinarily higher than in offshore waters (Zou et al., 1983; Lin
et al., 1991; Shen, 1999). The impacts of atmospheric deposition and
sediment release have been further emphasized in recent studies.
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Atmospheric nitrogen significantly exceeded that from riverine inputs,
with a mean contribution of 84.79% to the total nitrogen concentration
in the Bohai Sea (Shou et al., 2018). Zhang et al. (2016) reported that
there was a hypoxia zone in the mouth of BHB, with dissolved oxygen
(DO) content of ~3mg L−1. The anoxic condition would significantly
increase the release of P and Si from the sediment to the overlying
water (Belia et al., 2007; Song, 2010; Couceiro et al., 2013; Kang et al.,
2018), which would influence the nutrient regime. Recent studies in
BHB revealed that the high concentrations of DIP and DSi were more
distributed in offshore waters than in inshore waters (Wang et al.,
2009a; Li et al., 2012), suggesting that sediment release or exchange
from other sea areas may result in a nonnegligible impact, which should
be further investigated through additional field observations. Another
important factor is coastal reclamation, which has been extensively
conducted in BHB since 2000. In 1974–2004, reclamation was main-
tained at a low level of 30 km2/a. However, it rapidly increased to
96.96 km2/a after 2004 (Zhu et al., 2016). During 2002–2012, the
coastline increased by 311 km, and the sea area decreased by 586.8 km2

(Zhu et al., 2014). An increase of ~0.05m in M2 tidal amplitude was
obtained by both numerical models (Pelling et al., 2013) and the ob-
servation data of the Tianjin tidal gauge (Liu et al., 2017). Wang et al.
(2015) indicated that water exchange and the average residence time
changed remarkably, especially near coastal sea ports such as Tianjin,
Caofeidian, and Huanghua, which were detrimental to the regional
water quality. The combined influences from terrestrial inputs, atmo-
spheric deposition, sediment release, and coastal reclamation not only
control the nutrients sources and spatial distributions in BHB, but also
resulted in long-term variations. During 1982–1998, DIN increased
from 1.59 μML−1 to 7.25 μML−1, while DIP and DSi decreased from
1.18 μML−1 to 0.31 μML−1 and from 40.59 μML−1 to 17.43 μML−1,
respectively (Jiang et al., 2005). Nevertheless, the characteristics of the
nutrient regime, the dominant impact factors related to different re-
gions of BHB, and the variations since 2000 have not been studied.
Today, the “marine ecological civilization construction” policy in China
emphasizes marine ecological and environmental protection, in which
seawater pollution control and the regulations to clean up coastal wa-
ters (the “Blue Bay Regulations”) of BHB are important tasks. Policy-
makers require references of the regional marine ecological environ-
ment state for the ecological remediation project. Therefore,
understanding the temporal and spatial variations of nutrients and their
impact factors are essential for sustainable development of BHB.

By monitoring nutrient concentrations together with other en-
vironmental factors during three cruises in spring, summer, and autumn
in 2013–2014, and collecting and analyzing the historical data in the
past 20 years in BHB, the specific objectives of this study could be met,

including: 1) characterizing seasonal variations in the spatial distribu-
tions of nutrients and elucidating the impact factors of different nu-
trient species in different BHB regions, and 2) imaging the long-term
seasonal and annual variation characteristics of different nutrient spe-
cies in BHB and discussing their influence factors related to different
human activities. We are hopeful that the results of this study will
provide scientific support for seawater environmental management and
Blue Bay Regulations in BHB.

2. Material and methods

2.1. Study area

BHB (38°1′–39°13′ N, 117°36′–119°8′ E), located in the western
Bohai Sea (Fig. 1a), is a shallow semi-enclosed basin with a mean depth
of approximately 12.5m. The bay covers nearly 1.47× 104 km2 and
has vast mild-slope tidal flats in the intertidal zones (Nie and Tao,
2009). Since it is exposed to the eastern Asia monsoon, BHB is hot and
rainy in summer, and cold and dry in winter. A southeast wind prevails
in summer, while a northwest wind dominates in winter (Lv et al.,
2014). As much as 79.3% of the annual precipitation falls in the wet
period from June to September (Wei et al., 2016). The prevailing wave
directions are ENE and SSW, which account for 11.1% and 8.0% of the
annual wave directions, respectively (Lv et al., 2014). The tidal current
in BHB ranges from 20 to 80 cm/s, with the strongest tidal current
occurring near Caofeidian (Bian et al., 2016). The circulation is ordi-
narily summarized as a two-loop structure in the mouth of BHB and two
coastal currents in the western coastal waters (Fig. 1b). There are more
than ten rivers flowing into BHB, e.g., Jiyun River, Chaobaixin River,
Hai River, Beipaishui River and Nanpaishui River, in which Hai River,
situated in Tianjin, is the largest river (Wei et al., 2016). Five large
ports, including Tangshan Port, Caofeidian Port, Tianjin Port, Huan-
ghua Port, and Dongying Port, are distributed surrounding BHB.

2.2. Sampling and analysis

In this study, three cruises took place in October 2013 (autumn),
May 2014 (spring), and August 2014 (summer), respectively. The water
samples in the surface and bottom layers were collected from 0.5 m
below the surface and 1m above the bottom, respectively, at 38 stations
in BHB (Fig. 1b). A conductivity-temperature-depth profiler (RBR
Concerto, Canada) was used to measure temperature (T), salinity (S),
dissolved oxygen (DO), and turbidity in situ. The turbidity in autumn
was not obtained because of instrument failure. Three replicate 1-L
water samples were filtrated on board using GF/F filters (Whatman)

Fig. 1. Study area and topographic features of Bohai Sea (a) and sampling sites in BHB (b). The dominate currents in summer were redrawn from Shan (1985), Zhao
et al. (1995) and Wu et al. (2004). A same legend was shared by both figures.
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under low vacuum. Filters were then covered by foils and frozen at
−20 °C for future chlorophyll-a (Chl-a) analysis, and the filtrate was
frozen at −20 °C for nutrient analysis. Chl-a concentrations were de-
tected following Lorenzen (1967): filters were extracted in 15mL of
90% acetone, refrigerated in the dark for 24 h, and then centrifuged at
4000 rpm for 10min to obtain clear extracts. The extracts were then
detected at 750 nm, 664 nm, 647 nm, and 630 nm, using a spectro-
photometer (TU-1800, Persee, China). Nutrients including DIN
(NO3

−+NO2
−+NH4

+), DIP, and DSi were quantified using flow
injection analysis (AA3, Bran+Luebbe, Germany) after thawing the
samples at 4 °C (Bran+Luebbe, 2008a, 2008b, 2008c, 2008d, 2008e).
The limits of detection were 0.015 μML−1 for NO3

−, 0.003 μML−1 for
NO2

−, 0.04 μML−1 for NH4
+, 0.02 μML−1 for DIP, and 0.03 μML−1

for DSi.

2.3. Data analysis

The graphs of the isoline distribution of seawater temperature,
salinity, DO, turbidity, nutrients, and Chl-a were plotted using Surfer

12.0. Cluster analysis and regression analysis were completed using the
R package 3.3.2 (R Core Team, 2017). The cluster analysis used the
partitioning around medoids (PAM) scheme to partition sampling sta-
tions by nutrients with Vegan 2.4.3 (Oksanen et al., 2016). The re-
gression analyses were performed using the generalized linear model
(GLM) in ggplot2 (Wickham, 2016). The paired and independent t-test
was conducted with SPSS 20.0 (SPSS Inc., USA).

3. Results

3.1. Seawater temperature and salinity

The sea surface temperature of BHB was 11.10 ± 2.24 °C in spring,
25.68 ± 1.32 °C in summer, and 19.71 ± 1.32 °C in autumn, while the
sea bottom temperature was 10.04 ± 2.41 °C in spring,
24.15 ± 2.36 °C in summer, and 19.59 ± 1.20 °C in autumn (Fig. 2).
The seasonal variation in seawater temperature corresponded to the
meteorological characteristics in BHB, with warm seawater in summer
and relatively cool seawater in spring. The inshore shallow waters in

Fig. 2. The spatial distribution of temperature in BHB.
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the western BHB were more susceptible to the terrestrial climate than
the offshore waters. The land temperature surrounding BHB was higher
in spring and summer and lower in autumn and winter compared to the
sea temperature. As a result, the sea temperature in both the surface
and bottom layers in BHB basically presented a declining gradient, from
inshore shallow water to offshore deep water in spring and summer,
and the opposite gradient distribution in autumn. A surface cold center
(approximately 24 °C) was found near the mouth of BHB in summer,
while two warm centers (approximately 21 °C) were found in autumn
near the southern and northern coasts.

The sea surface salinity was 29.67 ± 0.42 in spring, 30.30 ± 0.25
in summer, and 29.96 ± 1.06 in autumn, while the sea bottom salinity
was 29.73 ± 0.38 in spring, 30.34 ± 0.25 in summer, and
29.99 ± 1.02 in autumn (Fig. 3). Seasonal variations in salinity were
mainly related to freshwater loading. The runoff from the major rivers
in BHB was 66.14×108m3 in autumn 2013, 49.37× 108m3 in spring
2014, and 35.20× 108m3 in summer 2014 (Department of Water
Resources of Hebei Province, 2013–2014). The runoff led to the rela-
tively low salinity in autumn and high salinity in summer. The spatial
distribution in the three seasons exhibited low salinity in the western

inshore waters and high values in the eastern offshore waters, which
suggests that the western inshore waters were more affected by fresh-
water inputs from the surrounding rivers.

3.2. Seasonal and spatial variations of DO

Significant seasonal variations of DO were found in this study, with
the highest concentrations in autumn (surface water:
8.71 ± 0.53mg L−1; bottom water: 8.41 ± 0.53mg L−1) and the
lowest concentrations in summer (surface water: 4.62 ± 0.67mg L−1;
bottom water: 3.76 ± 0.75mg L−1). DO concentrations in spring were
6.91 ± 0.42mg L−1 in the surface water and 6.91 ± 0.41mg L−1 in
the bottom water (Fig. 4). The spatial distribution of DO showed sig-
nificant seasonal variations. In spring, it generally followed a gradient
distribution from inshore to offshore waters. In summer, DO in the
surface was patchily distributed, with a high DO zone (> 5mg L−1)
that was observed between Tianjin and Caofeidian, while DO at the
bottom showed a similar gradient distribution with spring. However,
DO was rather low (< 3mg L−1) near the mouth of BHB, corresponding
with recent observations in the Bohai Sea (Zhai et al., 2012; Zhang

Fig. 3. The spatial distribution of salinity in BHB.
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et al., 2016; Zhao et al., 2017), while DO was relatively high in the
western coastal waters. In autumn, a strip of high DO concentrations
(approximately 9mg L−1) was distributed from Tianjin to the central
sea area of BHB, while the DO of the other sea area was relatively low
(7.8–8.4 mg L−1).

3.3. Seasonal and spatial variations of turbidity

The turbidity was higher in spring (surface seawater: 11.70 ± 9.60
NTU; bottom seawater: 60.34 ± 60.50 NTU) and lower in summer
(surface seawater: 5.88 ± 4.54 NTU; bottom seawater: 37.23 ± 34.47
NTU) (Fig. 5). Generally, the wind in spring was relatively strong,
which resulted in a greater disturbance to the bottom of the sea and
generated more sediment resuspension (Lv et al., 2014; Wang et al.,
2014). As a result, turbidity in spring was ordinarily higher than that in
summer, especially for bottom waters, which were more affected by
sediment resuspension. In spring, high values of turbidity were dis-
tributed in the southern coastal waters in BHB, where turbidity at the
bottom reached 260 NTU. In summer, high concentrations were

observed near Huanghua, which was extended along the shore at the
surface and to the central area of BHB at the bottom. Sea areas near
Caofeidian consistently exhibited relatively high turbidity in both
spring and summer, which corresponded to their strong tidal currents,
suggesting significant sediment resuspension.

3.4. Seasonal and spatial variations of nutrients

3.4.1. DIN
Seasonal variations showed that DIN accumulated in spring, with

concentrations reaching 15.32 ± 7.63 μML−1 in the surface water and
14.78 ± 10.56 μML−1 in the bottom water (Fig. 6). In summer, DIN
declined to 7.37 ± 5.51 μML−1 (surface water) and
8.20 ± 4.65 μML−1 (bottom water), and in autumn, DIN re-accumu-
lated and increased to 10.42 ± 4.29 μML−1 (surface water) and
10.04 ± 4.87 μML−1 (bottom water). Spatially, the DIN distribution
across the three seasons were rather similar, with high values observed
in inshore waters near Tianjin and Huanghua, which suggested that
terrestrial input was an important source of DIN.

Fig. 4. The spatial distribution of DO in BHB.
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3.4.2. DIP
Unlike the seasonal variations of DIN, high DIP concentrations were

found in summer, with values of 0.19 ± 0.06 μML−1 in the surface
and bottom water, while low concentrations (0.13 ± 0.01 μML−1 in
the surface water and 0.14 ± 0.03 μML−1 in the bottom water) oc-
curred in autumn. In spring, the mean DIP concentration in the surface
water was 0.16 ± 0.01 μML−1 and 0.16 ± 0.02 μML−1 in the bottom
water (Fig. 7). In spring, the western, northern, and southern coastal
waters all had relatively high DIP concentrations, while the central sea
area of BHB had low DIP values. In summer, the high DIP zone extended
from Caofeidian to the mouth of BHB, and the coastal water near
Tianjin was also a small sea area with high DIP concentrations. The DIP
distribution in autumn was similar to that in summer, with a high DIP
zone distributed near Caofeidian. However, it was smaller in coverage
and lower in concentration.

3.4.3. DSi
DSi concentrations of BHB were 3.06 ± 1.98 μML−1 (surface

water) and 3.62 ± 3.04 μML−1 (bottom water) in spring,
3.34 ± 1.26 μML−1 (surface water) and 3.55 ± 1.65 μML−1 (bottom
water) in summer, and 4.69 ± 2.60 μML−1 (surface water) and
4.47 ± 2.59 μML−1 (bottom water) in autumn (Fig. 8). In spring, high
concentrations of DSi were distributed in the southern coastal waters,
where DSi at the bottom was higher than that at the surface. Inshore
waters near Tianjin also had relatively high DSi concentrations. In
summer, the high DSi zone at the surface was distributed in the central
area and the mouth of BHB, and that at the bottom extended from the
northern BHB to the central area of BHB. In autumn, both the surface
and bottom waters exhibited a high DSi zone west of Caofeidian and
diffused in the southeast direction.

3.5. Seasonal and spatial variations of Chl-a

The seasonal variations in Chl-a showed low concentrations in

spring (2.16 ± 1.69 μg L−1 in the surface water and
2.22 ± 1.25 μg L−1 in the bottom water), high concentrations of
6.46 ± 3.92 μg L−1 (surface water) and 5.32 ± 2.77 μg L−1 (bottom
water) in summer, and concentrations of 2.26 ± 1.85 μg L−1 (surface
water) and 2.23 ± 1.59 μg L−1 (bottom water) in autumn (Fig. 9).
Spatially, in spring, the higher Chl-a values were mostly distributed in
the western and northern coastal waters. The Chl-a in the central sea
area in BHB was as low as approximately 1 μg L−1. In summer and
autumn, high Chl-a concentrations were always evident east of Tianjin
Port, spread to the southeast. Some stations near the mouth of BHB in
summer also had relatively high Chl-a values of approximately
7 μg L−1. An extremely high Chl-a of 8 μg L−1 was recorded at the
surface water at Station 11 in autumn, which far exceeded that in the
bottom water and that at neighboring sites. According to in situ ob-
servations, there were brown stripes on the surface of the seawater,
which suggested that a small algae bloom was possibly developing in
that sea area.

4. Discussion

4.1. Sources and impact factors related to the spatial distributions of
nutrients

The spatial distributions of nutrients in the three seasons indicated
different sources and impact factors for DIN, DIP, and DSi. Terrestrial
input, atmospheric deposition, and sediment release have usually been
considered as the three main sources of nutrients in Bohai Sea, while
the fluxes via these sources vary with nutrient species and physico-
chemical conditions (Liu et al., 2003; Song, 2010). Additionally, hy-
drodynamic conditions play an important role in the process of nutrient
transportation (Millero, 2013).

For DIN, terrestrial input, atmospheric deposition, and sediment
release are important sources (Liu et al., 2003). Terrestrial nutrients are
mostly transported into the sea by rivers surrounding BHB, and these

Fig. 5. The spatial distribution of turbidity in BHB.
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rivers all belong to the Hai River Basin. The land covered by the Hai
River Basin is one of the most populated and industrialized regions in
China, e.g., Beijing, Tianjin, Hebei, and Shandong, as well as nearly half
of the North China Plain, an important farming region (Chu et al.,
2010a). Therefore, a large amount of N entered the rivers due to was-
tewater direct discharge, fertilizer usage, and soil loss. It was estimated
that riverine total nitrogen (TN) reached 88.39× 104 t/a (Huang et al.,
2013), and as much as 44% of these rivers experienced severe eu-
trophication (Zhang et al., 2015). Moreover, the estuaries of these rivers
are concentrated along the western coasts, e.g., Hai River, Chaobaixin
River, and Majia River, which cause the western inshore waters to be
significantly affected by riverine inputs, as reflected in our study,
showing that high values of DIN always occurred in the western coastal
waters (Fig. 6). Atmospheric nitrogen deposition affected the spatial
and temporal distributions of DIN in the Bohai Sea, with BHB as the
most polluted area, especially in the western inshore waters, such as
Tianjin and Huanghua (Shou et al., 2018). The sediment is ordinarily a
source for ammonium and a sink for nitrate and nitrite in Bohai Sea, in
which the ammonium represents 88% of the benthic fluxes of DIN and

is mainly migrated from sediment to seawater (Liu et al., 2011). Ac-
cording to the paired t-test of the percentage of ammonium in DIN,
there was no significant difference between surface and bottom
(p > 0.05) in all three seasons. In addition, DIP and DSi, for which
sediment is an important source, mostly showed no significant differ-
ences between surface and bottom (p > 0.05). In BHB, a shallow basin
with an average depth of 12.5m, strong vertical water mixing exists
(Huang et al., 1999) and transports nutrients released from sediment
upwards, causing little difference between surface and bottom. There-
fore, the release of ammonium from sediment could not be ruled out
without further evidence, despite no significant difference observed.

The spatial distribution of DIP varied over the three seasons, sug-
gesting its determining factor may have varied with seasons. In pre-
vious studies, high values of DIP were ordinarily distributed near the
Hai River estuary (Peng, 2015), which is similar to the situation in
spring and summer in this study (Fig. 7), suggesting impacts from riv-
erine inputs. However, due to the seasonal variations of total runoff
surrounding BHB, the freshwater input in autumn was more significant
during this investigation (Fig. 3) although this did not lead to the

Fig. 6. The spatial distribution of DIN in BHB.
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significantly high values near the Hai River Estuary. Liu et al. (2003)
considered that river input is only one of the DIP sources in the Bohai
Sea, with a contribution of 20% of the total DIP. In autumn 2013, more
freshwater, which was discharged into the sea, might have diluted the
DIP in the inshore waters; therefore, high concentrations were hard to
distinguish. Meanwhile, in spring and summer 2014, the dilution was
weak, and thus, the high DIP values could be distinguished (Fig. 7). The
distribution of high DIP concentrations near Caofeidian was previously
reported in the environmental monitoring work in the Bohai Sea;
however, it was not fully explained (Qu, 2016). Since the impact of
riverine input was not significant near Caofeidian, the coastal direct
discharge seemed related to these high DIP values. Atmospheric de-
position provided a contribution of> 70% to DIP in the Bohai Sea (Liu
et al., 2003; Shou et al., 2018). Particularly near Caofeidian, the high
atmospheric deposition occurred consistently throughout the entire
year (Shou et al., 2018). This is a possible explanation for the high DIP
values near Caofeidian (Fig. 7). Release from sediment resuspension
was another important source of DIP in BHB. In spring, the strong north
wind caused a significant disturbance in the southern shallow sea areas

(Chen et al., 2010), promoting sediment resuspension and causing the
high turbidity in the area (Fig. 5). As a result, more P was released from
the sediment to the overlying waters, which caused higher DIP con-
centrations in the southern BHB (Fig. 7). Recent studies have revealed
that the flux of P between water and sediment was related to the DO
concentration in the water column. Hypoxia could promote the release
of P from sediment to seawater (Conley et al., 2002; Yang et al., 2012;
Mu et al., 2017). A case study in the Hai River Estuary showed that the
concentrations of DIP in the anoxic environment were about double
those in the aerobic environment (Kang et al., 2018). Therefore, sedi-
ment in anoxic conditions served as important source of DIP and pro-
vided a contribution to the high values of DIP near Caofeidian, the
central sea area, and the mouth of BHB in summer. Additionally, the
consumption of phytoplankton was also a critical factor related to DIP
distribution. In summer, there were relatively low DIP values dis-
tributed from Tianjin to the southern coastal waters, corresponding to
high concentrations of Chl-a there (Fig. 9), which was indicative of the
phytoplankton consumption of DIP.

High values of DSi were rarely distributed near estuaries, suggesting

Fig. 7. The spatial distribution of DIP in BHB.
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weak riverine impacts, which are probably related to the decline of
runoff in recent decades (Ning et al., 2010). Sediment release is an
important source of DSi in Bohai Sea (Liu et al., 2003). As shown in
Fig. 8, the areas with high DSi concentrations, such as the southern
coastal waters in spring, and the Caofeidian coastal waters and mouth
of BHB in autumn, had higher concentrations at the bottom than at the
surface, suggesting the sediment release of Si. The distribution of tur-
bidity in spring indicated strong sediment resuspension in the southern
coastal waters (Fig. 5), which corresponds to the high DSi values in this
sea area. Huanghua coastal waters also showed strong sediment re-
suspension (Fig. 5) and relatively high DSi values (Fig. 8). The Si release
from sediment to water could be further increased under low DO con-
ditions (Belia et al., 2007; Couceiro et al., 2013). In the mouth of BHB,
where DO of approximately 3mg L−1 was distributed at the bottom in
summer (Fig. 4), high DSi values were simultaneously observed (Fig. 8).
There was also evidence suggesting the impact of circulation. Shan
(1985) reported that a bottom current flowed into BHB along the
northern coast, reached the surface near the central basin, and then

moved southeastward until outside BHB. The cool water zone (ap-
proximately 24 °C, Fig. 2) and the low DO (<4mg L−1, Fig. 4) located
from the central basin to the mouth of BHB (Fig. 2) suggested the
seawater upward movement, causing the high DSi values at the surface
in this sea area (Fig. 8). Furthermore, these high DSi values at the
surface extended from the central area to the mouth of BHB (Fig. 8),
corresponding to the current flow outside of BHB.

4.2. Seasonal variations of nutrients and their impact factors

Seasonal variations in DIN with the highest values in spring, de-
crease in summer, and accumulation in autumn, and in DSi, with con-
centrations increasing from spring to autumn, were consistent with the
results of previous studies (Wang et al., 2012; Qu, 2016). The seasonal
variations in DIN were mainly related to terrestrial input and phyto-
plankton consumption. After accumulation during the entire winter,
DIN started to decline in spring when the phytoplankton growth was
promoted by the increasing temperature. The lowest values were

Fig. 8. The spatial distribution of DSi in BHB.
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ordinarily reached in summer but then showed recovery in autumn
from the dead phytoplankton release and terrestrial loadings through
coasts and rivers (Figs. 6, 9). DSi was consumed in spring with the first
phytoplankton bloom, with diatoms as the dominant species, and then
recovered in autumn as a result of the enhanced sediment release,
supplemented through terrestrial inputs (Wang et al., 2014; Chen et al.,
2016). For variations in DIP, in this study, the highest values were
found in summer and the lowest values in autumn, different from
previous studies that showed similar seasonal patterns in DIN and DIP
(Wei et al., 2003). As revealed by the spatial distribution of salinity,
there was significant impact from freshwater input in autumn rather
than in summer because of the seasonal variation in runoff between
2013 and 2014. Therefore, more freshwater was discharged in autumn
2013, which diluted the seawater, and thus, generated the relatively
low values of DIP. Meanwhile, in summer 2014, DIP was less diluted by
riverine freshwater. Additionally, the low Chl-a concentrations close to
the Caofeidian Port played an important role in the high DIP con-
centrations in summer (Fig. 9).

4.3. The partition of BHB by nutrients

The spatial and seasonal distributions of nutrients in this study
showed that the sources and impact factors of DIN, DIP, and DSi varied
in the western BHB, the southern BHB, the Caofeidian area, and the
BHB mouth. PAM clustering analysis of nutrients indicated that sam-
pling stations could be classified into two clusters (Fig. 10). Sampling
stations in Cluster I were mostly distributed west of the −15m depth
contour (western BHB), while stations in Cluster II were mostly dis-
tributed east of the −15m depth contour (eastern BHB). According to
the independent t-test between the western and eastern BHB (Table 1),
the significant differences were primarily identified in DIN in all three
seasons at both surface and bottom. DIN in the western BHB was re-
latively high but low in the eastern BHB (Table 2). As discussed above,
DIN largely originated from terrestrial inputs, and the greater terrestrial
N input in the western coast is responsible for the high DIN values in the
western BHB. Wang et al. (2009b) considered that two coastal currents
dominated in western BHB, which made it difficult for riverine

Fig. 9. The spatial distribution of Chl-a in BHB.
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pollutants to be transported outside, further aggravating the situation of
N pollution in the western BHB. Meanwhile for DIP and DSi, the sig-
nificant differences between the western and eastern BHB existed
mainly in summer (Table 1), with low values in the western BHB and
high values in the eastern BHB (Table 2). DIP in the eastern BHB was
mainly attributed to coastal direct discharge near Caofeidian, atmo-
spheric deposition, and sediment release under low DO conditions,
while DSi was more influenced by sediment release and circulation in
summer. It could be summarized that the western BHB was a terrestrial-
influencing sea area, characterized by consistent high values of DIN.
Meanwhile in the eastern BHB, the terrestrial factor was relatively weak
and non-terrestrial factors were distinguished, characterized by sea-
sonal high values of DIP and DSi.

The differences between the western and eastern BHB were also
reflected by eutrophication and HABs. In China, BHB is one of the

basins most threatened by eutrophication and HABs. Yu et al. (2015)
assessed the eutrophication status in the Bohai Sea and showed that
eutrophication in BHB was mostly distributed in the western inshore
waters. During 2005–2014, there were 29 HABs reported in BHB, of
which 25 were observed near Tianjin and Huanghua (Fig. 11). This is
further supported by the HABs distribution during 1952–2014 (Song
et al., 2016). The partition of BHB, based on nutrients, is essential for
the blue bay regulation of BHB. Western inshore waters, due to serious
terrestrial impacts and N pollution, should be treated as key sea areas
for seawater quality improvement. The coastal zones and rivers sur-
rounding the western coast need immediate and effective action to
control terrestrial pollution loads.

4.4. Long-term changes of nutrients

For decades, the Bohai Sea has been experiencing significant
changes in nutrient regime: increase in DIN and decreases in DIP and
DSi (Jiang et al., 2005; Ning et al., 2010). For BHB, a similar trend was
also exhibited by both mean concentrations (Table 3) and seasonal
concentrations (Fig. 12). From 1982 to 2013, DIN increased nearly 7
times, while DIP and DSi decreased 7 and 11 times, respectively
(Table 3). In previous studies, the long-term change of nutrients was
ordinarily associated with multiple human activities (Ning et al., 2010).
Particularly for N, sewage discharge, fertilizer usage, and marine cul-
ture are important factors (Song, 2010). As Fig. 13 illustrates, industrial
wastewater discharge exhibited a fluctuating decline, while the do-
mestic wastewater discharge increased sharply, nearly doubling from
2003 to 2015. Song (2010) considered that the improvement in sewage
treatment capacity in recent years was helpful for wastewater discharge
reduction and seawater quality improvement, which explained the
decline in industrial wastewater discharge. However, coastal zones

Fig. 10. PAM clustering analysis based on spatial pattern of nutrients in BHB.

Table 1
The independent t-test between western and eastern BHB. Significant differ-
ences (p < 0.05) are highlighted in bold.

Nutrient Season p value (western vs. eastern BHB)

Surface Bottom

DIN Spring 0.000 0.006
Summer 0.003 0.000
Autumn 0.002 0.002

DIP Spring 0.010 0.086
Summer 0.000 0.000
Autumn 0.173 0.623

DSi Spring 0.257 0.067
Summer 0.001 0.000
Autumn 0.014 0.316

Table 2
The nutrients (mean ± SD, μM L−1) in western and eastern BHB. Concentrations with significant differences are highlighted in bold.

Nutrient Season Surface Bottom

Western Eastern Western Eastern

DIN Spring 23.58 ± 8.49 12.89 ± 4.77 26.69 ± 13.51 11.48 ± 4.39
Summer 13.48 ± 6.72 5.19 ± 2.78 13.04 ± 4.77 6.64 ± 2.92
Autumn 14.33 ± 4.15 8.59 ± 2.81 15.19 ± 5.65 7.86 ± 2.70

DIP Spring 0.17 ± 0.15 0.15 ± 0.13 0.16 ± 0.02 0.15 ± 0.01
Summer 0.15 ± 0.03 0.21 ± 0.06 0.14 ± 0.03 0.22 ± 0.06
Autumn 0.13 ± 0.00 0.14 ± 0.02 0.13 ± 0.01 0.13 ± 0.01

DSi Spring 3.58 ± 2.25 2.67 ± 1.45 4.64 ± 4.19 2.76 ± 1.96
Summer 2.26 ± 1.06 3.73 ± 1.11 1.82 ± 0.81 4.00 ± 1.38
Autumn 2.94 ± 2.53 5.31 ± 2.36 3.75 ± 3.48 4.72 ± 2.27
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surrounding the Bohai Sea experienced rapid urbanization (Fan et al.,
2013), increasing urban domestic pollution, and seriously impacting
seawater quality (Wang et al., 2011; Tong et al., 2014; Zhao et al.,
2018). In addition, marine culture surrounding BHB exhibited a

continual increase during 2003–2015 (Fig. 13) and also provided a
nonnegligible contribution. Therefore, domestic wastewater and
marine culture are two important factors related to the increase in N
and should be further improved in the regulation of blue bay in BHB.
The decreases in DIP and DSi were largely related to the runoff of the
Hai River Basin, which in the 2000s was only 11.5% of the value during
the 1950s (Wei et al., 2016). DIP was additionally affected by the ban of
phosphorus-containing detergents since 2002 and the increase in
sewage treatment capacity (Ning et al., 2010; Song, 2010). Although
land reclamation was considered an important anthropogenic pertur-
bation in BHB after 2000, its impact was not significant, and it did not
change the development trends of nutrients in recent years. A case
study in Caofeidian revealed that extensive reclamation caused nutrient

Fig. 11. The spatial distribution of HABs and causing species during 2005–2014 (State Oceanic Administration of China, 2005–2014).

Table 3
Long-term variations of nutrient concentrations (μML−1).

Year Month DIN DIP DSi Reference

1982 5, 8, 10 1.59 1.18 40.59 Jiang et al., 2005
1992 5, 8, 10 5.10 0.26 10.69 Jiang et al., 2005
1998 5, 8, 10 7.25 0.31 17.43 Jiang et al., 2005
2013–2014 5, 8, 10 11.04 0.16 3.70 This study

Fig. 12. Long-term changes of nutrients in BHB. DIN (a), DIP (b) and DSi (c) in BHB; DIN (d), DIP (e) and DSi (f) in western BHB (Cluster I in Fig. 10). Data were from
Wang (2003), Shen et al. (2004), Wang et al. (2009a), Li et al. (2012), Peng (2015), Yin et al. (2015) and this study.
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redistribution in adjacent seawaters (Liu et al., unpublished), sug-
gesting that the impact of reclamation may only be distinguished near
the reclamation area.

Another case study in Jiaozhou Bay has also revealed that the long-
term change in nutrients further included seasonal variations, which
could be summarized as rapid changes in DIN and DSi in summer and
autumn but slow changes in spring and winter (Sun et al., 2011). As
shown in Fig. 12, seasonal variations were also exhibited in this study,
especially in the western BHB (Cluster I), which had more seasonal
available data. The changing trends in DIN and DIP in spring and au-
tumn were relatively faster than those in summer, while DSi showed a
sharp decline in summer. Such seasonal variations were probably re-
lated to the changes in precipitation. Chu et al. (2010b) indicated that
summer experienced a significant decreasing trend in precipitation
(p < 0.05), which was significantly faster than in spring, autumn, and
winter. Therefore, with rapidly decreasing precipitation in summer, Si,
which mainly originates from rock weathering, was not easily trans-
ported into rivers and coastal seas, causing a sharp decrease in DSi in
summer. For DIN, due to its continual increase driven by multiple
human activities, the decline in precipitation provided difficulty for the
transport of N and, thus, led to a gentle increase in DIN in summer.
Meanwhile, for DIP, a gentle decrease was also observed in summer,
which was possibly related to the anoxic condition in BHB. As reported
in Zhang et al. (2016) and discussed above, DO in summer was rather
low, even in the inshore waters where vertical mixing was relatively
strong. In anoxic conditions, the DIP concentration in the water column
could be twice that in the aerobic environment (Kang et al., 2018). The
supply of P from sediment in summer mitigated the decrease in DIP in
BHB.

5. Conclusions

Through three cruises in the spring, summer, and autumn in BHB,
high values of DIN were found to be consistently distributed in the
western inshore waters, which are mainly related to terrestrial inputs
and atmospheric deposition. DIP was jointly affected by terrestrial in-
puts, sediment release, and atmospheric deposition, with high con-
centrations occurring in the inshore coastal waters in spring, near
Caofeidian in summer and autumn. DSi exhibited high values near the
southern coasts in spring, in the northern and central BHB in summer,
and near Caofeidian in autumn, mainly associated with sediment re-
lease. Based on the spatial pattern of nutrients, BHB could be parti-
tioned into western and eastern parts, with −15m depth as the se-
paration. The western BHB were primarily impacted by terrestrial
factors, with consistent high DIN concentrations in the three seasons
and should be treated as the key sea area in blue bay regulation. The
eastern BHB was characterized by seasonal high values of DIP and DSi,
a result of terrestrial and non-terrestrial factors, e.g., coastal direct

discharge and sediment release. Long-term changes in nutrients since
2000 showed a similar developmental trend as that before 2000: an
increase in DIN and decreases in DIP and DSi. Domestic wastewater
discharge and marine culture were two important factors driving N
increase and should be improved in further blue bay regulation. A
seasonal variation of long-term changes was exhibited with a rapid
change in DSi and slow changes in DIN and DIP in summer, which were
related to the sharp decline in precipitation and the supply of sediment
release.
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