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Abstract: Dissolved silicate (DSi) is an important nutrient in coastal water, which is used by
planktonic diatoms for cell division and growth. In this study, surface water samples were collected
in the eutrophic Zhanjiang Bay (ZJB) in 2019, covering a seasonal variation of coastal water and
land-based source water discharge. The spatiotemporal DSi distribution, land-based sources flux
input and behaviors in ZJB were studied and discussed. The results show that the DSi concentration
had significant differences in spatiotemporal scale. The average concentration of DSi in ZJB was
38.00 ± 9.48 µmol·L−1 in spring, 20.23 ± 11.27 µmol·L−1 in summer, 12.48 ± 1.42 µmol·L−1 in autumn
and 11.96± 4.85µmol·L−1 in winter. The spatiotemporal DSi distribution showed a decreasing gradient
from the top to the mouth of ZJB, which was affected by land source inputs and hydrodynamics.
The land-based sources’ input concentration of DSi in ZJB ranged from 0.021 to 0.46 mol·L−1, with an
average of 0.14 mol·L−1, and the total annual flux of DSi was 1.06 × 109 mol, comprising up to 8.28%,
41.55% and 50.17% in dry, normal, and wet seasons, respectively. The Suixi River contributed the
highest DSi flux proportion in all seasons. The DSi in land-based source water was mainly affected by
water flow discharge, diatom uptake and impacts from anthropogenic activities. Compared with
dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP), the DSi was the
limitation nutrient in ZJB. Additionally, the DSi concentration in the coastal water was negatively
correlated with salinity. The seasonal DSi/DIN and DSi/DIP ratios in land-based sources discharge
water was significantly higher than that in coastal water (p < 0.05). Land-based sources of DSi
input played an important role in nutrients composition that sustained diatoms as the dominant
species in ZJB.

Keywords: spatiotemporal variation; dissolved silicate; land-based sources; coastal water;
Zhanjiang bay

1. Introduction

Silicon is the second most abundant element in the Earth’s crust and is one of the major constituents
in seawater, where it is present in both dissolved and particulate form [1]. Dissolved silicate (DSi) is
a vital nutrient required by diatoms for growth in coastal water [2–4]. Diatoms are one of the most
important primary producers in the ocean, contributing more than 40% of global marine primary
production [5,6]. Silicon plays a very important role in regulating the community composition of
phytoplankton [7–9]. The excess riverine dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) resulting from agriculture, industry and domestic wastewater inputs, has led to a
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shift in the Si:N:P ratio in recent years [10–12]. As a result, the relatively excess N and P source input
could lead to the decline in Si/N and Si/P in coastal water [10–12]. Diatoms use DSi to form a silicified
cell wall composed of amorphous silica also referred to as biogenic silica (BSi) [11,12]. The availability
of DSi and its relative abundance compared to the other nutrients can influence the composition
of the phytoplankton community, which can subsequently affect the ecological functioning of the
ecosystem [9,11,13,14]. Meanwhile, it controls N and P nutrient ratios and planktonic blooms in the
aquatic ecosystem [12,15]. As it is closely related to the ocean carbon cycle and biological pumps,
the research on the biogeochemical behavior of silicon has attracted people’s attention during recent
years [2,12,16–19].

Land chemical weathering of silicate minerals can provide rivers with a large amount of DSi [17].
Rivers carrying a large amount of DSi will then flow into the coastal water [20,21]. About 80% of the net
input of DSi into the world’s oceans each year comes from rivers’ input [22]. The land–ocean transition
zone plays a key role in silica biogeochemistry [23]. The biogeochemical behavior of nutrients in the
estuary area, such as whether it is conservative or not, has a decisive effect on its output. It is important
in the biogeochemical cycle [24–27]. The amount of DSi entering marine waters directly impacted
the abundance and community composition of phytoplankton species assemblages [12,28]. In recent
decades, anthropogenic perturbations have impacted upon the silicon cycle at the global scale [1,29–31].
For example, dam construction will decrease DSi in aquatic systems, which has been observed
worldwide [1,14,32,33]. A series of studies have shown that hydrological alterations have changed DSi
loads to the sea, with adverse effects on the ecosystem [34–36]. For example, the eutrophication and
red tides caused by the nutrients’ increase and nutrients’ composition change in the East China Sea are
one of the abnormal phenomena in marine environment in recent years [12,13,37]. The increases in
DIN/DSi and DIN/DIP ratios have likely induced the succession of S. costatum to P. donghaiense and
inspired the potential for silicon to act as a limiting nutrient in the East China Sea [12,37,38]. Therefore,
under the pressure of increased human activities and climatic change, understanding DSi distribution,
biogeochemical behaviors in coastal water and the factors controlling land-based DSi sources flux
export from land to coast is crucial to obtaining a better insight into the impacts of nutrient dynamics
on aquatic ecosystems [39,40].

Zhanjiang Bay (ZJB) is located in the southernmost part of the Chinese mainland, in Leizhou
Peninsula, Guangdong Province. The eutrophic coastal water is largely a consequence of land-based
nutrient input [40–42]. During the past three decades, there have been many sewage outlets of municipal
sewage treatment plants along the coast and a large amount of industrial wastewater is discharged into the
bay, which leads to the current situation of eutrophication [41]. The marine ecosystem has shifted from
a P-limited oligotrophic state before the 1980s to a N-limited eutrophic state in ZJB. Red tides rarely
occurred before the 1980s, but have occurred periodically and frequently since the 1990s. ZJB, where
nine red tides were identified during the period of 2010–2019 compared to six times during the period
of 2000–2009 [43]. Additionally, the red tide’s phytoplankton composition was diatom-dominated
species in recent decades [43]. Previous studies have been conducted on the eutrophication problem
of ZJB and adjacent estuary waters, especially focused on the distributions and changes of dissolved
inorganic nitrogen, dissolved inorganic phosphorus, and dissolved oxygen [44,45]. Compared with
land-based sources of nitrogen and phosphorus, the land-based source of DSi was not conducted in
ZJB. Additionally, compared with the DSi in Bohai, the Yellow Sea and the East China Sea [12,46],
the effects of spatiotemporal variation, land-based sources input, and behavior of DSi in eutrophic ZJB
of South China Sea are still poorly known.

Given the key role of biogeochemical Si distribution and behavior in the coastal ecosystem
under the land-based sources input, a land–ocean integrated field investigation was performed to
understand spatiotemporal variation, land-based sources’ input, and the behavior of DSi in eutrophic
ZJB. We conducted field investigations in ZJB in 2019 to determine the concentration in land-based
sources and coastal water of ZJB, and related environmental factors were also analyzed. The aim
of this study is to explore spatiotemporal DSi variation, sources, and behavior in the eutrophic ZJB.
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This study provides the first assessment of how spatiotemporal DSi dynamics in coastal water respond
to increased land-based sources’ input in ZJB and understand the DSi behavior in aquatic systems.

2. Materials and Methods

2.1. Study Area and Monitoring Stations

ZJB is a semi-enclosed bay that is connected to the South China Sea through a narrow channel
of approximately 2 km in length. The bay has a surface area of 193 km2 and an average water depth
of approximately 18 m (Figure 1). There are more than 5 small seasonal rivers and sewage outlets
carrying various amounts of water into the coastal water. Among these rivers are the Suixi River,
Nanliu River, Lvtang River, Wenbao River and Hongxing river, of which the largest is the Suixi River,
located at the top of ZJB [41,42]. However, with the rapid socioeconomic development of Zhanjiang
city, most of these rivers have become polluted with agricultural, industrial, and domestic wastewater
from the land-based sources adjacent to the area of ZJB. In addition, there are many aquaculture areas
surrounding ZJB, which also contribute some the land-based sources’ load input. During the past
three decades, the frequency of red tide outbreak in ZJB increased significantly. The frequency of
red tide outbreak was two in 2005, which had the biggest accumulative area of red tide outbreak,
with 310 km2 [42]. Data from the monitoring stations of seawater and survey stations of the estuaries
and sewage outlets of terrestrial input were collected in ZJB (Figure 1). Water sampling was chosen
with respect to the physical–chemical–biological status of the hydrological and land-based source
input’s spatial distribution characteristics in ZJB (Figure 1). Sampling of land-based sources and
seawater was conducted in the same seasonal period [42]. Monitoring stations of seawater in ZJB were
selected in accordance with the method specified in the Specification of Oceanographic Survey [47].
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Figure 1. Geographic location, land-based sources, and coastal water monitoring stations in Zhanjiang Bay.

2.2. Field Sampling Method

In field sampling, the normal season was 20 April 2019, 11 January 2019 represented the dry season,
and 4 July 2019 represented the wet season. The method of collection, preservation, and measurement
of river water and sewage water samples was performed in accordance with the Technical Specification
Requirements for Monitoring of Surface Water and Waste Water [48]. According to the Code for
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liquid flow measurement in open channels (GB50179-93), water samples were collected using a
portable sampler, and a rotor flow meter was used to monitor the flow of each river into the sea
simultaneously [49]. During the investigation period, sewage outlets 8 and 11 from the flood gate
into the sea (Table 1) and breeding sewage outlet in the sloping head area of Binhu Park were both
closed, so there were no water samples in July (wet season). In January 2019 (winter), April (spring),
June (summer) and November (autumn), water samples were collected from the surface coastal water
in ZJB. After transportation to the laboratory, all samples were immediately filtered with a 0.45 µm
pore-size acetate cellulose filter membrane within 2 h [50], and then the water samples were stored in
plastic bottles which were cleaned with diluted hydrochloric acid (pH 2) overnight, then rinsed with
ultrapure water (Resistivity = 18.25 MΩ·cm) to neutral pH. The samples were frozen in a refrigerator
(−18 ◦C) before analysis within one week. When samples were thawed prior to analysis, sufficient time
(preferably >24 h) was allowed for depolymerization [51]. A subset of samples were analyzed before
and after freezing to ensure the freezing and thawing process had no impact on DSi concentrations,
with no significant differences measured (samples with 10%).

Table 1. Investigation of estuaries and sewage outlets.

Station Estuaries and Sewage Outlets Longitude/◦ Latitude/◦

S1 Donghai island aquaculture sewage outlet 1 110.347778 21.073889
S2 Donghai island aquaculture sewage outlet 2 110.401667 21.086389
S3 Hongxing estuary 110.4175 21.060278
S4 Nanliu river estuary 110.3825 21.151944
S5 Lvtang river estuary 110.414722 21.212778
S6 Wenbao river estuary 110.397222 21.253056
S7 Jinsha Bay sewage outlet 110.391944 21.270278
S8 Sewage outlet of flood control sluice in Binhu park 110.391389 21.279167
S9 Suixi river estuary 110.388056 21.392778

S10 Sewage outlet of flood control sluice in Dengta park 110.433056 21.253611
S11 Potou primary school estuary 110.448056 21.239722

2.3. Analysis Methods

The analysis of the samples is in accordance with the fourth part of “Marine Monitoring
Standard-Seawater Analysis GB17378.4-2007”: Seawater analysis standard operation. DSi analysis was
performed using silicon molybdate blue method via spectrophotometric determination (MAPADA,
UV-1100) [47]. The detection limit was 0.09 µmol·L−1 for DSi. The measurement blank of sampling
water bottle was 0.00 µmol·L−1 for DSi. The precision was estimated to be better than 5% by repeated
determinations of 10% of the samples. In each batch of samples, the standard solution from the Institute
of Standard Samples of the Ministry of Environmental Protection of The People’s Republic of China
was used for labeling recovery to ensure the accuracy of test results (2%).

2.4. Method of Quantifying Land-based Sources DSi Flux

DSi export was estimated from the ZJB land-based sources, representing the DSi fluxes from the
most downstream main-channel station with water discharge data. Thus, river estuaries’ and sewage
outlets’ monitoring stations were used to quantify the fluxes of DSi transported from the river estuaries
and sewage outlets to the coastal water. The annual riverine and sewage outlets flux of DSi used here
were estimated using the equation [41,42]—the calculation formula of the sea flux is as follows:

Fi =
∑

Ci, jQi, j

where Fi (mol) is the seasonal flux of the DSi in land-based source i; Ci,j (mol·m−3) is the average
concentration of the DSi in the land-based source i during month j; and Qi,j (m3) is the cumulative
discharge of land-based source i during month j.
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2.5. Statistical Analysis

The geographic information system ArcGIS (10.2) was used to draw the schematic diagram of
monitoring stations in the estuary and sewage outlets of ZJB from land-sources to the sea; the DSi
pollutant concentration composition and marine flux were mapped by OriginLab, Origin (9.0) software.
The ocean data view (ODV) was used to draw the DSi spatiotemporal distribution by weighted-average
gridding interpolation method [52]. Liner regression analysis was used to analyze the relationships
between seasonal DSi concentration salinity. Significant differences in the DSi concentrations among
different seasons were assessed by one-way ANOVA (p < 0.05). The data were analyzed by Excel
software, and the data were expressed as arithmetic (Mean ± SD).

3. Results

3.1. Spatiotemporal DSi Variation in the ZJB Coastal Water

There were significant differences in the concentration distribution of DSi in ZJB (p < 0.05)
(Figures 2 and 3). The concentration of DSi was higher especially in the Potou area and Suixi coastal
waters (29.34 µmol·L−1) than others in April 2019 (spring). (Figure 2). The concentration of DSi
(3.57 µmol·L−1) was lower at the bay mouth than others in January (winter). The concentration of DSi
was higher in Potou and Xiashan than in the other areas during the autumn and summer, which was
the main features. Meanwhile, the horizontal distribution of DSi in January had a similar trend.
DSi concentration was the lowest in the bay mouth. The distribution of DSi concentration levels in
November (autumn) 2019 was similar to the former three months (Figure 2).
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Figure 2. Spatiotemporal dissolved silicate (DSi) distribution in the Zhanjiang Bay coastal water.
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Figure 3. Seasonal changes in DSi illustrated using a box diagram for the coastal water of Zhanjiang Bay.

During the investigation, the concentration of DSi ranged from 3.57 to 56.42 µmol·L−1, with an
average of 20.86 ± 13.14 µmol·L−1 in the surface waters of ZJB (Figure 3). The distribution of
DSi exhibited a spring maximum and an autumn minimum (November), followed by summer
peaks and a secondary winter decline (Figure 3). In addition, the average of DSi concentration was
11.96± 4.85 µmol·L−1 with the range of 3.57–25.84 µmol·L−1 in January 2019 (winter). The concentration
of DSi ranged from 25.37 to 56.42 µmol·L−1, with an average of 38.00 ± 9.48 µmol·L−1, in April 2019
(spring). In addition, the average of DSi concentration was 20.23 ± 11.27 µmol·L−1, with the range of
5.13–36.96µmol·L−1, in June 2019 (summer). The average of DSi concentration was 12.48± 1.42µmol·L−1,
with the range of 9.30–14.94 µmol·L−1, in November 2019 (autumn).

3.2. Spatiotemporal DSi from Land-Based Sources in ZJB

In this survey, the DSi concentration in the estuaries and sewage outlets around ZJB differed in
four seasons (Figure 4). The average DSi concentration was the highest in the normal season, the second
highest was in the wet season, while the lowest was in the dry season. The concentration of DSi ranged
from 21.52 to 456.80 µmol·L−1 in estuaries and sewage outlets. The concentration of DSi ranged from
29.83 to 281.30 µmol·L−1, with an average of 110.74 ± 77.98 µmol·L−1, in January 2019 (dry season).
The average DSi concentration was 159.78 ± 149.50 µmol·L−1, with the range of 21.52–456.80 µmol·L−1,
in April (normal season). The concentration of DSi ranged from 42.35 to 333.47 µmol·L−1, with an
average of 147.78 ± 106.00 µmol·L−1, in July 2019 (wet season).

The concentration of DSi varied considerably among different estuaries and sewage outlets in
ZJB. On the one hand, the highest concentration of DSi in the estuary was 456.80 µmol·L−1, which was
located at the Nanliu River estuary (S4), was significantly higher than other sewage outlets. The lowest
concentration of DSi was 35.57 µmol·L−1 at the sewage outlet of the flood control sluice in Dengta park
(S10). The DSi concentration of the Potou primary school sewage outlet (S11) and Donghai Island
aquaculture sewage outlet (S1) were 281.30 and 21.52 µmol·L−1, respectively, which were also the
highest and lowest values of the sewage outlets, respectively.
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3.3. Seasonal Flux of DSi in Estuaries and Sewage Outlets Discharging into ZJB

There was considerable variation in the flux of DSi from the 11 land-source monitoring stations
during the three water seasons (Figure 5). According to the flux of DSi into the sea in January, April,
and July 2019, the flux during the dry season, normal season and wet season of the year were calculated.
The annual DSi flux discharged into ZJB was 1.06 × 109 mol, of which 8.28% was in dry season, 41.55%
in the normal season and 50.17% in the wet season. The highest flux of DSi was at the mouth of the
Suixi River (S9), accounting for 78.94%, 91.53% and 88.77% of the three water seasons, respectively.
The flux of DSi in Donghai Island aquaculture sewage outlet (S1) was the lowest during the dry and
normal seasons, namely 1.24 × 103 and 3.20 × 103 mol. Compared with the dry season and the normal
season, the total amount of DSi flowing into the sea during the wet season increased significantly,
reaching 5.32 × 108 mol. The DSi flux was still the highest in the Suixi Estuary (S9), which accounted
for 89.10% of the total load, and the flux of DSi in Suixi Estuary (S9) contributed the most to the annual
DSi load in ZJB. The flux in the wet season contributed the most to the annual DSi discharge in ZJB,
especially the Suixi Estuary S9.
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Figure 5. Annual DSi flux (FDSi) and average DSi concentration (CDSi) variation from the estuaries and
sewage outlets of Zhanjiang Bay. The pie chart represents the seasonal proportions of FDSi.

3.4. Seasonal Variation of DSi Behaviors in ZJB

Salinity is regarded as a conservative tracer in the ocean except for the dilution of freshwater with
seawater [40]. In conservative mixing, the concentration of a nutrient can be expressed as a linear
function of salinity along a continuum [26]. The DSi concentration demonstrated relatively conservative
mixing behaviors in seasons due to the tidal mixing effect and the riverine inputs (Figure 6). In winter,
the DSi concentration was significantly negatively correlated with the range of change in salinity
(R2 = 0.65; p < 0.01). In spring, the DSi concentration was significantly negatively correlated with
salinity (R2 = 0.69; p < 0.01). In summer, the DSi concentration was significantly negatively correlated
with the narrow range of change in salinity (R2 = 0.60; p < 0.01). In autumn, the DSi concentration
was significantly negatively correlated with the salinity (R2 = 0.49; p < 0.01). In addition, biological
uptake of DSi could result in the data falling below the mixing line in different seasons. In comparison,
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there were also some data falling above the mixing line, which may be induced by the chemical
desorption processes.Water 2020, 12, x FOR PEER REVIEW 10 of 18 

 

 

Figure 6. Seasonal variation of DSi behaviors in Zhanjiang Bay. 

4. Discussion 

4.1. Comparison of DSi Concentration in ZJB with Other Estuaries and Bays around the World 

The results show that the surface DSi concentration in ZJB presented obvious spatial and 

temporal distribution characteristics during the survey period. The results show that the high DSi 

concentration in different seasons was mainly in April and June 2019, located in the north and 

northeast of ZJB (Figure 2). Due to the influence of local aquaculture activities, sediment discharge, 

diatom phytoplankton’s influence, microbial growth and metabolism, precipitation and 

anthropogenic impacts in ZJB, the seasonal DSi variation was significantly different in the coastal 

waters [42,53]. The range and high value of DSi concentration in ZJB was much lower than in 

Shenzhen Bay, Hangzhou Bay and Huanghe, but the mean and maximum DSi concentration were 

higher than those in Rongcheng Bay, the Bay of Bengal, Sanggou Bay, Jiaozhou Bay, Daya Bay, and 

other coastal waters in China (Table 2) [54–65]. Compared with the Gulf of Finland, the mean DSi 

concentration was higher in ZJB. However, the range of DSi concentration was lower than in Bothnian 

Bay in the Baltic Sea [66]. In addition, Chesapeake Bay had a wider range of DSi concentration 

variation, and DSi concentration in Rhode River in Chesapeake Bay was much greater than mean DSi 

concentration in land-based sources of ZJB [67,68]. Moreover, the minimum and maximum DSi in 

ZJB were lower than those in Tokyo Bay and estuary and San Francisco Bay [69,70]. In highly 

developed bays, such as Shenzhen Bay, Hangzhou Bay, Chesapeake Bay, Tokyo Bay and San 

Francisco Bay, the DSi had a relatively high concentration, which revealed that anthropogenic 

activities had impacted on the DSi cycle. In addition, one of the reasons for ZJB is that, as a semi-

closed bay, the hydrodynamic exchange conditions are poor due to the impact of reclamation 

projects, especially in the northern and northeastern waters of the bay [61]. The DSi enrichment in 

the coastal water was more serious than other sea areas due to the long-term accumulation and non-

diffusion of pollution in the sea area. As can be seen from the comparison of DSi concentration 

20 22 24 26 28 30 32
0

10

20

30

 

 

 

(a) Winter

Salinity (‰)

Y=91.89－2.86X

R
2
=0.65

P<0.01

20 22 24 26 28 30 32
20

30

40

50

60

D
S

i 
(μ

m
o

l·
L

-1
)

(b) Spring

 

 

D
S

i 
(μ

m
o

l·
L

-1
)

D
S

i 
(μ

m
o

l·
L

-1
)

Y=134.48－3.59X

R
2
=0.69

P<0.01

Salinity (‰)

18 19 20 21 22 23 24 25 26
0

10

20

30

40
(c) Summer

 

 

 

Y=223.71－8.15X

R
2
=0.60

P<0.01

Salinity (‰)

20 21 22 23 24 25 26 27 28 29 30 31 32
0

5

10

15

20

D
S

i 
(μ

m
o

l·
L

-1
)

(d) Autumn

 

 

Y=27.57－0.59X

R
2
=0.49

P<0.01

Salinity (‰)

Figure 6. Seasonal variation of DSi behaviors in Zhanjiang Bay.

4. Discussion

4.1. Comparison of DSi Concentration in ZJB with Other Estuaries and Bays around the World

The results show that the surface DSi concentration in ZJB presented obvious spatial and
temporal distribution characteristics during the survey period. The results show that the high DSi
concentration in different seasons was mainly in April and June 2019, located in the north and northeast
of ZJB (Figure 2). Due to the influence of local aquaculture activities, sediment discharge, diatom
phytoplankton’s influence, microbial growth and metabolism, precipitation and anthropogenic impacts
in ZJB, the seasonal DSi variation was significantly different in the coastal waters [42,53]. The range
and high value of DSi concentration in ZJB was much lower than in Shenzhen Bay, Hangzhou Bay
and Huanghe, but the mean and maximum DSi concentration were higher than those in Rongcheng
Bay, the Bay of Bengal, Sanggou Bay, Jiaozhou Bay, Daya Bay, and other coastal waters in China
(Table 2) [54–65]. Compared with the Gulf of Finland, the mean DSi concentration was higher in
ZJB. However, the range of DSi concentration was lower than in Bothnian Bay in the Baltic Sea [66].
In addition, Chesapeake Bay had a wider range of DSi concentration variation, and DSi concentration in
Rhode River in Chesapeake Bay was much greater than mean DSi concentration in land-based sources
of ZJB [67,68]. Moreover, the minimum and maximum DSi in ZJB were lower than those in Tokyo Bay
and estuary and San Francisco Bay [69,70]. In highly developed bays, such as Shenzhen Bay, Hangzhou
Bay, Chesapeake Bay, Tokyo Bay and San Francisco Bay, the DSi had a relatively high concentration,
which revealed that anthropogenic activities had impacted on the DSi cycle. In addition, one of the
reasons for ZJB is that, as a semi-closed bay, the hydrodynamic exchange conditions are poor due to
the impact of reclamation projects, especially in the northern and northeastern waters of the bay [61].
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The DSi enrichment in the coastal water was more serious than other sea areas due to the long-term
accumulation and non-diffusion of pollution in the sea area. As can be seen from the comparison of DSi
concentration between terrestrial sources and seawater in 2019, the variation range of terrestrial DSi
concentration was much greater than that of seawater (Table 2). The distribution pattern of DSi was
high in summer and autumn, but relatively low in winter. The concentration decreased from the Suixi
River estuary to the mouth of ZJB. The variation of DSi concentration in coastal waters was influenced
by land-based sources, marine biological processes, and coastal water hydrodynamics. On one hand,
the variation of land-source DSi load in ZJB area was different, especially in river and wastewater
flow (Figure 3). On the other hand, the hydrodynamics of coastal water played a key role in spatial
distribution. In addition, biological activity also changed with the seasons.

Table 2. Comparison of DSi concentration in Zhanjiang Bay (ZJB) with other bays and estuaries.

Study Area Survey Time Average Concentration
of DSi (µmol·L−1)

Range of DSi
Concentration (µmol·L−1)

Reference

Shenzhen Bay 2008 1747 ± 3216 1035–5382 [60]
Rongcheng Bay 2009 6.62 1.36–13.80 [59]
Hangzhou Bay 2006–2007 44.86 11.74–81.59 [55]

Caofeidian coastal
water

2013.08–
2014.05 0.71–9.52 [62]

Huanghe 2010.04–
2011.03 118.10 92.50–146.00 [63]

Sanggou Bay 2003.08–
2004.07 2.86 0.07–32.56 [58]

The Yangtze 2005 73–100 [36]
Bay of Bengal 2014 0.6–152.5 [56]
Jiulong River 2013 11.62 0.05–47.81 [64]

Daya Bay 2006.07–
2007.11 13.20 [57]

Laizhou Bay 2001 11.31 1.00–52.08 [65]
Jiaozhou Bay 2013–2014 0.71–42.14 [54]
Bothnian Bay 1970–2001 27.62 ± 2.53 [66]

Gulf of Finland 1970–2001 11.82 ± 3.33 [66]
Chesapeake Bay 1984–1988 0.8–93 [67]

Rhode River,
Chesapeake Bay

1984–1998 and
1971–1972 270 [68]

Tokyo Bay and estuary 1979–1980 10–300 [69]
San Francisco Bay 1988–2015 25–275 [70]

ZJB (Coastal water) 2019 20.86 ± 13.14 3.57–56.42 This study
ZJB (Land-based

sources) 2019 138.89 ± 113.78 21.52–456.80 This study

4.2. Factors Affecting Seasonal Behaviors of DSi in ZJB Coastal Water

In general, there was a significant negative correlation between DSi and salinity, indicating that
DSi distribution in ZJB was mainly controlled by physical mixing, while chemical processes and
plankton biological activities had little influence on DSi distribution. The river flow component
varies considerably, and with it the circulation and salinity patterns in the coastal water. The higher
the land-based sources flow, the more conservative the behavior of the DSi profile [7]. In addition,
the relative seasonal behaviors of DSi were different, which may be affected by freshwater flow,
chemical adsorption or desorption processes and uptake by diatoms [69,70]. On one hand, the river
flow significantly decreased, and the flux of DSi entering ZJB also declined in winter. Moreover,
the DSi consumption or transfer caused by biological and chemical action was relatively insignificant.
In comparison, the land-based flow increased significantly, which resulted in the wide range of salinity
variation in summer. The concentration of DSi in the surface of ZJB in summer presents a strong
negative correlation with salinity (R2 = 0.60). DSi in coastal water mainly comes from soil weathering
and comes from a relatively single source [1]. Although the distribution of nutrients in ZJB and adjacent
waters was mainly regulated by physical mixing, sometimes biological and chemical actions in local
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waters also become important influencing factors [6,7]. Accompanying the land-based sources’ input’s
seasonal change, the variation of DSi was high in spring and summer, and low in winter and autumn.
In summer and spring, the elevated DSi flux may lead to a relatively high DSi concentration in coastal
water. Though there was high DSi flux in summer compared with spring, the lower DSi concentration
was likely due to biological uptake by diatoms in coastal water [6,7]. It might cause unfavorable
conditions for diatom growth and DSi depletion [32]. In addition, the seasonal DSi flux input revealed
that land-based sources played a key role in DSi seasonal behaviors. The DSi concentration decreased
from the mouth of the Suixi River to the mouth of ZJB. The high positive loading of DSi indicated that
rain-driven land-source inputs and organic matter decomposition had an important control effect on
DSi in coastal water.

4.3. Factors Affecting DSi Concentration and Flux of Land-based Sources Input in ZJB

Hydrological alterations impacted the DSi concentration and loads to the sea with diverse effects
on coastal ecosystem [7,11,20,32]. The flow of DSi varied significantly during the three water seasons
(Figure 4). The concentration of DSi was the second largest in the wet season, when there was the
highest flow. In contrast, the dry season had the lowest flow and the DSi concentration. The seasonal
river discharge was the predominant influencing factor on the seasonal DSi flux. Therefore, the high
nutrient loads in the wet season could possibly be attributed to the large freshwater discharges induced
by rainfall, especially tropical storms [40,71]. In addition, the Suixi River was the largest contributor of
DSi flux discharging into ZJB, which was mainly affected by the agriculture activities and runoff driven
by the rainfall [41]. DSi from the chemical weathering of continental rocks was discharged into the ZJB
by the largest Suxi River watershed. In contrast, the land-based source (S8) was the sewage outlet
of flood control sluice in Binhu park. The flood control sluice was dammed due to anthropogenic
activities, which had led to the decline in the water flow discharge and DSi flux. In a former study,
it was indicated that Chaetoceros was the main phytoplankton species, and a negative relationship
between DSi and Chaetoceros was observed in ZJB [72]. The seasonal land-based sources of DSi input
may inspire diatom bloom, especially in wet seasons. Skeletonema costatum, belonging to diatom,
had the highest outbreaking frequency, accounted for 43.75% of all outbreaks [43]. The previous study
showed that there was high loading of new DSi in periods of high river flow, and more DSi would be
available for diatom production and a larger accumulation of diatom biomass in Chesapeake Bay [67].
In periods of low river flow, with low supply rates of new DSi, the magnitude of the accumulation of
biomass should be small [67]. Moreover, the concentration of DSi varied considerably among different
estuary and sewage outlet among in ZJB, which revealed the different anthropogenic perturbation in the
watershed. Under wastewater discharge, some rivers such as Nanliu River, Lvtang, River and Wenbao
River had become eutrophic water. A previous study revealed that the process of sewage treatment
likely did not remove DSi in the United States [73]. Therefore, the land-based wastewater discharge
can also supply the DSi in coastal water, which cannot be neglected in nutrient flux regulation.

4.4. Implications for Seasonal Nutrients Composition in Coastal Waters in ZJB

The level and composition of nutrients played an important role in the growth of phytoplankton
in coastal water [40,41]. The Si:N:P ratio of marine diatoms is about 16:16:l for nutrient-sufficient
populations [73–77]. Thus, potential limitation by DSi is indicated by DSi/DIN and DSi/DIP ratios
of less than 1 and 16, respectively. Variations in nutrient stoichiometry can have adverse ecological
impacts in the coastal water [75–77]. The annual average DSi/DIN and DSi/DIP ratios were 0.44 ± 0.20
and 6.79 ± 2.31 of the coastal water. The DSi/DIN and the DSi/DIP were lower than the Redfield ratio,
indicating that the DSi was the limitation nutrient in ZJB (Figure 7). In addition, the DSi/DIN and
DSi/DIP ratios were 1.39 ± 1.06 and 23.39 ± 34.67 in the land-based sources, respectively. Additionally,
the DSi/DIN and DSi/DIP ratio showed significant seasonal differences (p < 0.05). The DSi/DIN ratios
were higher in the wet season (0.64 ± 0.19 in coastal water) and normal season (0.44 ± 0.07 in coastal
water) compared to the dry season (0.24 ± 0.06 in coastal water), owing to the higher DSi concentration
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but relatively lower DIN concentration in the normal and wet seasons. Similarly, the DSi/DIP and
DSi/DIN ratios have the same seasonal trend in land-based sources water. The DSi/DIP and DSi/DIN
ratios were higher in the wet season (27.97 ± 48.63 and 2.53 ± 1.14 in land-based sources discharge
water) and dry season (24.82 ± 35.86 and 1.14 ± 0.68 in land-based sources’ discharge water) than in the
normal season (18.22 ± 19.41 and 0.69 ± 0.32 in land-based sources’ discharge water). Comparatively,
the seasonal DSi/DIN and DSi/DIP ratios in land-based sources’ discharge water was significantly
higher than that in coastal water (p < 0.05). The biogeochemical processing together with the inflow
composition in the estuaries and sewage outlets can cause an increase in the DSi/DIN and DSi/DIP,
which greatly affected nutrient composition in ZJB coastal water. This was one of the possible key
reasons that nutrient ratios in coastal water are regulated by riverine input [41]. The increase in DSi/DIN
and DSi/DIP induced by land-based sources may be related to eutrophication, increased primary
production, and diatom communities blooming in ZJB coastal water. In addition, the increasing
phosphorus in ZJB N-limited coastal water may be responsible for the DSi sink. Former studies
confirmed that phosphorus enrichment increased diatom production, depleting the reservoir of DSi in
the water and leading to DSi-limited diatom growth [13]. Under the silicate biological pump driven
by diatoms characterized by fast growth rates and high nutrient demands [2,78], the land-based DSi
source input may control the carbon biogeochemical cycle in ZJB.
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Figure 7. Comparison of DSi/DIN and DSi/DIP between coastal water and land-based sources in
Zhanjiang Bay.

5. Conclusions

In summary, our study showed the spatiotemporal DSi variation, sources, and behavior in
eutrophic ZJB. The spatial patterns and seasonal variation of DSi had significant differences (p < 0.05),
reaching 38.00 ± 9.48 µmol·L−1 in spring, 20.23 ± 11.27 µmol·L−1 in summer, 12.48 ± 1.42 µmol·L−1 in
autumn and 11.96 ± 4.85 µmol·L−1 in winter, respectively. Additionally, the spatial DSi distribution
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showed a decreasing gradient from the top to the mouth of ZJB, which was affected by land-based source
inputs and hydrodynamics. Moreover, the concentration and flux of DSi varied considerably among
different estuary and sewage outlet in ZJB, which revealed the different anthropogenic perturbation in
the river watershed and sewage outlets. The annual DSi flux discharged into ZJB was 1.06 × 109 mol,
of which 8.28% was in the dry season, 41.55% was in the normal season and 50.17% was in the wet
season, respectively. The highest flux of DSi was located at the mouth of the Suixi River. There
were significantly negative correlations between DSi and salinity in all seasons, indicating that DSi
distribution in ZJB was typically controlled by physical mixing. The annual average DSi/DIN and
DSi/DIP ratios were 0.44 ± 0.20 and 6.79 ± 2.31 in the coastal water. Comparatively, the seasonal
DSi/DIN and DSi/DIP ratios in land-based sources’ discharge water were significantly higher than those
in coastal water (p < 0.05). DSi was the limiting nutrient in ZJB, similar to many coastal waters around
the world. Seasonal land-based sources’ input played an important role in nutrients composition
regulation in coastal water that sustained diatoms as the dominant species in ZJB.
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