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Abstract: Nutrients and carbon play important roles in algal bloom and development. However,
nutrients and carbon interactions in the period of the spring algal bloom are not well understood.
The aim of this study is to explore the nutrients and carbon interactions in the period of the spring
algal bloom covering an urban Jinsha Bay (JSB) coastal water in Zhanjiang Bay (South China Sea)
using in situ multidiscipline observation. The results showed that the average concentration of
total nitrogen (TN), total phosphorus (TP), and dissolved silicon (DSi) was 97.79 ± 26.31 µmol/L,
12.84 ± 4.48 µmol/L, and 16.29 ± 4.00 µmol/L in coastal water, respectively. Moreover, the average
concentration of total dissolved carbon (TDC), dissolved inorganic carbon (DIC) and organic carbon
(DOC) in JSB was 2187.43 ± 195.92 µmol/L, 1516.25 ± 133.24 µmol/L, and 671.13 ± 150.81 µmol/L,
respectively. Furthermore, the main dominant species were Phaeocystis globosa and Nitzschia closterium
during the spring algal bloom. Additionally, the correlation analysis showed salinity (S) was sig-
nificantly negatively correlated with nutrients, indicating that nutrients derived from land-based
sources sustained spring algal bloom development. However, as the major fraction of TDC, DIC was
significantly positively correlated with S, which was mainly derived from marine sources. Besides,
the algal density showed a significant positive correlation with temperature (T) (p < 0.001) and dis-
solved oxygen (DO) (p < 0.001), but a significant negative correlation with DIC (p < 0.05), suggesting
that spring algal blooms may be simulated by water T increase, and then large amounts of DIC and
nutrients were adsorbed, accompanying DO release through photosynthesis in coastal water. This
study revealed nutrients and carbon interactions in the spring algal bloom of urban eutrophic coastal
water, which has implications for understanding the nutrients and carbon biogeochemical cycle and
algal bloom mitigation under climate change and anthropogenic pressures in the future.
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1. Introduction

Nutrients, including nitrogen (N), phosphorus (P), and silicon (Si), are the indispens-
able nutrient substances in the ocean environment and the driving force behind primary
productivity, which is essential for the growth, development and reproduction of organ-
isms [1–6]. Phytoplankton are often regarded as the basis for maintaining and influencing
matter cycling and energy flow in aquatic systems. Changes in nutrient concentration
and composition are closely linked to biogeochemical processes and significantly affect
phytoplankton community structure and primary productivity [7–9]. In seawater, dissolved
inorganic phosphorus (DIP) and dissolved inorganic nitrogen (DIN) are the most effec-
tive forms absorbed by phytoplankton [10]. In addition, it has been found that dissolved
organic nitrogen (DON) can also be absorbed by phytoplankton in coastal ecosystems to
form algal blooms [11], but for different species of algal blooms, the ability to absorb DON
is different [12]. While phytoplankton occurs in coastal algal blooms, N is the limiting
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nutrient that mainly controls the growth of phytoplankton, which responds very rapidly
to DIN, and primary productivity increases rapidly in a few days under sufficient DIN;
while P is the ultimate limiting nutrient that regulates primary productivity in the ocean on
long time scales [13]. Carbon in seawater exists in various forms, including DIC, DOC, and
particulate organic carbon (POC), among which DIC is one of the elements directly used
by phytoplankton and bacteria for photosynthesis and is closely related to atmospheric
CO2 concentration [14–16]. In addition, the main source of DOC is ascribed to the action of
organisms which is related to primary productivity [17–19]. Phytoplankton photosynthesis
absorbs C, N, P to form organic matter and release oxygen. In turn, the remineralization of
the algae process changes organic matter into DIC, forming a carbon cycle [18,20].

In the last decades, with rapid population growth and economic development of
coastal areas, the effect of land-based sources of pollutants on the marine environment
has become more and more serious, such as with the increase of agricultural wastewater,
farming wastewater, urban wastewater, and industrial wastewater [21–24]. Many coastal
and estuarine areas are also being enriched with nutrients and are becoming increasingly
eutrophic [21,25–27]. As a result, nutrients composition and stoichiometry of coastal areas
have changed significantly, and a serious consequence of this imbalance is that the water
body is in over-eutrophication, which promotes catastrophic marine ecological phenomena,
such as red tides, green tides, ocean anoxia, and acidification [9,28]. On the other hand,
phytoplankton is also a key part of the biological pump, which not only affects the nutrients
distribution in local waters, but also affects the carbon cycle in the coastal ecosystem [29].
Occurrences of algal blooms are influenced by a number of processes, including physical,
chemical, and biological reactions, but the mechanisms of spring algal blooms occurrence
are not fully understood [11,30]. Previous studies have shown that coastal temperature
plays an important role in green tide blooms in the Yellow Sea and coastal red tides in
the East China Sea [31,32]. In addition, artificial stress has led to a significant increase
in nutrient status in the Zhanjiang Bay over the past three decades. The coastal water
has shifted from a P-limited oligotrophic state before the 2000s to an N-limited eutrophic
state [33]. Besides, in a study of the Yangtze estuary, nutrients input was found to be a
factor in the occurrence of algal blooms [34]. Moreover, the previous study also found
the important role of green tide (Ulva prolifera) blooms in the dissolved organic matter
(DOM) pool and its significant effect on the marine carbon cycle [35]. However, changes in
the carbonate system during algal blooms have less impact on the climate and the algal
bloom of different types of phytoplankton is not only related to environmental factors, but
also closely related to different driving effects of nutrients and carbon on algal blooms
in different regions around the world [36,37]. The interactions between nutrients and
carbon during spring algal blooms were also difficult to understand and the environmental
factors, such as nutrients and temperature in offshore seawater, were affected by the
tidal hydrological conditions [23]. Therefore, it may be difficult to carry out the field
measurement of a wide range of observation stations and multiple parameters in a short
time. However, the study of carbon and nutrients during spring algal blooms in a short-
term period is scarce at present. Outbreaks of algal blooms have a significant impact on
the physicochemical properties of the seawater, biogeochemistry of nutrients and carbon,
such as uptaking and releasing, as well as the abundance and species composition of
phytoplankton. Therefore, in situ multidisciplinary observations of environmental factors,
nutrient status, and carbon pools during algal bloom development were conducted to
fully understand the biogeochemical interaction mechanism and speciation of carbon and
nutrients during the occurrence of spring algal blooms.

Jinsha Bay (JSB) is an inner part of the Zhanjiang Bay, which is a typical semi-enclosed
bay [38]. In recent years, with the growing population and rapid economic development
in Zhanjiang city, the pollution from land-based sources, such as domestic and farming
wastewater into the bay through rivers and outfalls, has become more and more serious,
leading to the deterioration of seawater quality and the increase of eutrophication [38].
According to the national seawater quality standards of China, seawater with inorganic
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nitrogen exceeding 35.71 µmol/L and inorganic phosphorus exceeding 1.29 µmol/L is
categorized as inferior Class IV seawater. The nitrogen and phosphorus levels in the
seawater of Zhanjiang have long exceeded Class IV seawater quality standards [38,39]. In
addition, algal blooms rarely occurred before the 1980s but have occurred periodically and
frequently since the 2000s. The spring season was identified as the most frequent blooming
period [33]. However, nutrients and carbon interactions were not well understood during
the spring algal bloom period, which makes it hard to mitigate algal blooms under climate
change and anthropogenic pressures in the future. In spring 2022, algal blooms began
to appear near JSB coastal water, which provided us with a good experimental site for
clarifying nutrients and carbon interactions in the algal bloom of JSB coastal water.

Therefore, nitrogen, phosphorus, dissolved carbon, and phytoplankton species in the
coastal water during the algal blooms period in the spring season, 2022, were measured
using the in situ multidiscipline observation and laboratory analysis to: (1) explore the
nutrients and carbon distribution; (2) identify the main phytoplankton species in the algal
bloom; (3) clarity the relationships among nutrients, carbon, and phytoplankton during
the spring algal bloom period. Therefore, this study revealed the nutrients and carbon
interactions in the spring algal bloom of JSB coastal water, which provided implications for
understanding the nutrients and carbon biogeochemical cycle and algal bloom mitigation
under climate change and anthropogenic pressures in the future.

2. Materials and Methods
2.1. Study Area

Zhanjiang Bay is located in the southernmost mainland of China. As a part of Zhan-
jiang Bay (Figure 1A), JSB is located on the east coast of Chikan District, Zhanjiang City,
covering an area of 126,000 square meters as part of Zhanjiang Bay. It is a recreational and
scenic area owing to a large natural seaside bathing area with many visitors and a large
Binhu Park of more than 400 acres on the top of JSB. Because of the special geographic
features of JSB’s inner concave coastline, it can reduce the wave intensity from the mouth
of Zhanjiang Bay to JSB to a certain extent. Moreover, the beach of JSB is wave-gentle with
rather fine sand, which is very suitable as a beach bathing place. The surrounding environ-
ment of JSB is favorable for tourism and recreation due to specific coastal characteristics
and high ecological value. As a famous scenic spot, its unique marine scenery attracts
tourists from home and abroad with over 100,000 people each year. In recent decades, with
the rapid development of the city space and population, the rapid expansion of aquaculture
and industry, eutrophication of sewage has occurred through the rivers and outfalls into
the JSB [40]. However, since 2005, there have been 1–2 algal blooms in ZJB almost every
year, and the frequency of occurrence and the area of the bloom have shown a fluctuating
trend [33]. The water quality of JSB has caused some harmful effects, such as making the
JSB water body show a state of eutrophication and easily triggering algal blooms. It also
endangers the health of visitors to the beach baths. Above-mentioned harmful influences
have resulted in a sharp drop of the tourism and ecological value of JSB [33].

2.2. Field Monitoring Stations and Sampling

In this study, the inshore investigation of the whole JSB was carried out. Taking the
southmost of JSB as the base point, five section lines were set with a 50-m span between
two adjacent lines, and about a 50-m span was arranged between two adjacent stations
in the same section line (Figure 1B). To investigate the impact on the coastal environment
of JSB during the spring algal blooms, surface water samples were collected from the
coastal seawater of JSB at each site. Because the water area of JSB was the largest during
high tide and best reflects the environmental characteristics of JSB, and considering that
at low tide time, the seawater was already far away from the area in JSB where people
were closely connected with the environment, therefore a semidiurnal tide with a period
of 12 h at high tide was chosen as the field survey period, with an average water depth
of the station at about 2 m. (Figure 1C). Fieldwork during the spring algal blooms was
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conducted at JSB during the high tide period from 11:00 to 13:00 on 19 March 2022. To
avoid the hydrodynamic effects of the tide on spring algal blooms, samples of seawater
were collected simultaneously at JSB within 2 h of high tide. Surface seawater (0.5 m) was
taken using an unmanned sampling boat (YUNZHOU SS20). Seawater samples were kept
in polyethylene bottles and were taken back to the laboratory within 0.5 h. The original
and filtered water samples were frozen in the refrigerator at −20 ◦C for future use.
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2.3. Analytical Method

The experimental samples were obtained in the JSB spring algal blooms period on
March 19. DO, T, pH, and Salinity (S) were determined in situ by multi-parameter water
quality analyzers (AQUAREAD AP7000) while sampling. Twelve seawater samples were
collected [41] and theywere kept frozen at −20 ◦C before chemical analysis. After sample
collection, acid-precleaned 0.45 µm cellulose acetate filters were used to filter the samples,
which were rinsed with pure water before use [42]. In this study, the DIN concentration
included the N-NO3

−, N-NO2
−, and N-NH4

+ species, and the P-PO4
3− was regarded

as DIP. In the laboratory analysis, the DIN and DIP in JSB were determined by the stan-
dard colorimetric methods as described in the Specification of Oceanographic Survey [42].
Inorganic phosphorus was analyzed by the phosphorus-molybdenum blue method (SHI-
MADZU, UV-2600i) with a minimum detection limit of 0.32 µmol/L. Total phosphorus
was analyzed by the potassium persulphate oxidation method with a minimum detection
limit of 0.32 µmol/L; nitrite was analyzed by the diazo coupling method with a minimum
detection concentration of 0.21 µmol/L; nitrate was analyzed by the zinc-cadmium re-
duction method with a minimum detection concentration of 0.21 µmol/L; ammonium
was analyzed by the hypobromite oxidation method with a minimum detection concen-
tration of 0.36 µmol/L. TN was determined using an oxidation method with a minimum
detection concentration of 0.21 µmol/L. DSi was detected by silicon-molybdenum blue
spectrophotometry with a minimum detection concentration of 0.67 µmol/L [43]. TDC,
DOC, and DIC were determined via catalytic high-temperature oxidation using a total
organic carbon analyzer (TOC-L CPH/CPN, Shimadzu Co., Kyoto, Japan) with a platinum
catalyst at 680 ◦C using a non-dispersive infrared gas analyzer. Its minimum detection
concentration was 3.3 µmol/L [44]. Lugol’s iodine solution was added immediately after
collecting 500 mL of phytoplankton samples, and the supernatant liquid was removed
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and concentrated to 100 mL after 48 h of natural settling [45]. After the samples were
shaken well, three 100 µL concentrated subsamples of each water sample were placed in
a counting frame, counted using a microscope (SDPTOP, EX30) and averaged, and the
phytoplankton biodensities were obtained by multiplying the concentration multiplier after
counting. Species identification was performed by bibliographic reference, and the degree
of the algal bloom was graded according to the Technical Specification for Classification
and Monitoring of Algal Blooms [46–48]. The precision was estimated to be better than 5%
by repeated determination 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 as the quality control sample to ensure the
accuracy of test results (96–103%).

2.4. Statistical Method

The geographic information system ArcGIS (10.2) was used to map the monitoring
stations of the JSB coastal water. Using Origin (2021), the spatial and temporal distributions
of C, N, P, DSi and algal density were plotted, using weighted average grid interpola-
tion. The Hierarchical Clustering method was used to map the genealogy of dominant
species with respect to the station. The CANOCO 5.0 (Microcomputer Power, USA) was
used to explore the relationship between environmental factors and two species of al-
gae. The Shannon–Weiver index (H′) and dominance (Y) was calculated according to the
following equation.

H′ = −
s

∑
i=1

Pi log2 Pi (1)

Y =
ni
N

fi (2)

where (s) is the total number of species in the sample; (Pi) is the ratio of the number of
individuals of the ith species (ni) to the total number of individuals (N), (fi) indicates
the frequency of the species at each sampling site, and when Y > 2, the species is the
dominant species in the community. Correlation analysis was used and plotted to analyze
the relationships among environmental indictors, nutrients, carbon, and phytoplankton,
p < 0.05 for statistically significant difference. The data were analyzed by Excel 2020
software, and the data were expressed as arithmetic (Mean ± SD).

3. Results
3.1. Environmental Condition of Coastal Water during the Spring Algal Bloom Period

During the accumulating phase of the algal bloom, the T in the JSB coastal water
fluctuated from 27.0 ◦C to 28.5 ◦C, with an average of 27.74 ± 0.54 ◦C, T decreases with
increasing distance from the coast (Table 1). The pH ranged from 7.74 to 8.52, with an
average of 8.25 ± 0.22, and it showed a decreasing gradient from the nearshore to the
farshore in the JSB coastal water. In addition, the concentration of DO fluctuated between
7.48–8.10 mg/L, with an average concentration of 7.82 ± 0.18 mg/L. DO showed a similar
spatial distribution pattern as pH. Besides, the S fluctuated from 11.8 PSU to 23.9 PSU, with
an average of 16.73 ± 4.31 PSU. During the high tide survey in JSB, the seawater dynamics
were evident and showed significant differences in spatial salinity, exhibiting low S near
the shore and high S away from shore. Additionally, the concentration of total dissolved
particulate (TSP) averaged 41.18 ± 14.27 mg/L, ranging from 19.2 mg/L to 73.8 mg/L.
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Table 1. Environmental condition of coastal water during the spring algal bloom period.

Station T (◦C) pH DO (mg/L) S (PSU) TSP (mg/L)

S1-1 28.2 7.74 7.93 16.5 60.2
S2-1 28.3 7.97 7.94 15.5 50.6
S3-1 28.4 8.43 7.95 12.2 45.8
S4-1 28.3 8.52 8.01 11.8 73.8
S5-1 28.5 8.50 8.10 12.2 41.0
S2-2 27.6 8.16 7.82 17.9 28.8
S3-2 27.3 8.15 7.48 23.9 35.6
S4-2 27.7 8.41 7.79 11.8 37.6
S5-2 27.1 8.26 7.64 21.7 37.4
S3-3 27.2 8.37 7.83 14.8 19.2
S4-3 27.3 8.32 7.73 18.9 27.2
S5-3 27.0 8.14 7.56 23.5 37.0

3.2. Spatial Nutrients Distribution in the JSB Seawater

During the investigation period, the concentration of N-NO2
− in the JSB surface water

was low and relatively uniform from coast to offshore (Figure 2A). In addition, the average
N-NH4

+ concentration in JSB was high in the offshore and low in the coast (Figure 2C).
N-NO3

− as a major speciation of DIN, the concentration of N-NO3
− shows a characteristic

of high on the coast and low offshore and reached a maximum of 52.10 µmol/L at S3-1
(Figure 2B). In addition, the concentration of the DIN distribution pattern in general was
similar to that of N-NO3

− (Figure 2D). The distribution of dissolved organic nitrogen
(DON) concentrations was not uniform, with low concentrations occurring in the middle of
the survey area (Figure 2E). In addition, the concentration of total dissolved nitrogen (TDN)
fluctuated in a small range and showed a maximum of 109.36 µmol/L at S1-1 (Figure 2F).
Additionally, the concentration of PN showed a maximum of 52.71 µmol/L at S4-2, but
overall, it still showed high on the coast and low offshore (Figure 2G). The concentration of
TN distribution characteristics was similar to PN and showed a maximum of 135.07 µmol/L
at S4-2 (Figure 2H). DIN was the major fraction nutrients form of N in JSB. In addition,
the concentration of DIP in the JSB surface water shows a characteristic of high on the
coast and low offshore (Figure 2I). Furthermore, dissolved organic phosphorus (DOP)
only occurs in S5-1 with a high concentration of 9.76 µmol/L, while the rest of the area
had low concentrations and uniform distribution (Figure 2J). Moreover, the concentration
of total dissolved phosphorus (TDP) showed an overall higher near-shore than farshore
characteristic (Figure 2K), and the maximum of 14.07 µmol/L occurred at the S3-1 in the
middle of the sea. Besides, the concentration distribution of particulate phosphorus (PP)
was uniform (Figure 2L). The concentration of total phosphorus (TP) was similar to DIP
concentration distribution (Figure 2M), and DIP was the major fraction nutrients form of P
in JSB. Additionally, the dissolved silicon (DSi) concentrations were higher in the coastal
waters adjacent to the beach and decreased extending seaward; the highest concentration
occurred at S3-1 as 21.55 µmol/L (Figure 2N).

3.3. Spatial Carbon Speciation Distribution and Composition in the JSB Seawater

The concentration of DOC in the JSB surface water was only higher in S3-1 at
1010.83 µmol/L and was more evenly distributed in other areas (Figure 3A). Further-
more, the average DIC was evenly distributed in JSB coastal water (Figure 3B). Additionally,
the concentration of TDC shows a characteristic of high on the coast and low offshore, the
maximum value of the concentration occurred in S3-1 and was 2471.67 µmol/L (Figure 3C).
The distribution of TDC changed relatively small in the study area, and the DOC and DIC
accounted for 30.4% and 69.5%, respectively. Besides, the composition of DOC and DIC
was remarkably different in spatial distribution (Figure 3D), and the proportion of DOC
nearshore was larger than the coastal water.
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spatial distribution of TDP in JSB (K), spatial distribution of PP in JSB (L), spatial distribution of TP
in JSB (M), and spatial distribution of DSi in JSB (N).
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3.4. Spatial Phytoplankton Density in the JSB Coastal Water during Spring Algal Bloom

The phytoplankton of JSB was enriched at the shore and the concentration gradually
decreased towards the coastal water. Algal density averaged (2.20 ± 1.24) × 106 cells/mL,
ranging from 1.18 × 105 cells/mL to 4.18 × 106 cells/mL, reaching the level of V algal
bloom (Figure 4A) [47]. Nine phytoplankton species were found in the sampling stations,
with a Shannonville index of 1.03. Except for two dominant species that were mainly
present, the number of other phytoplankton species was very small. The main dominant
species in each station in JSB waters were P. globosa, the secondary dominant species were
N. closterium, and in the S5-3, there was additionally Skeletonema (Figure 4B). The total
densities of the main and secondary dominant species were (1.14 ± 0.689) × 106 cells/mL
and (1.05 ± 0.634) ×106 cells/mL, respectively, and the degrees of dominance were 0.52
and 0.48, respectively. The systematic clustering analysis also showed that the nearshore
and far-shore were divided into two groups (Figure 5). In addition, the results showed that
the distribution of algae showed remarkably spatial differences, which was that the algae
density in the nearshore was significantly higher than that in the farshore.

3.5. Relationships among Nutrients, Carbon and Phytoplankton during Spring Algal Bloom

The relationships among nutrients, carbon, and phytoplankton in the JSB during the
spring algal bloom were shown (Figure 6). The results showed that algal density and T
showed a significant positive correlation (p < 0.001), but significantly negatively correlated
with S. Moreover, a significant positive correlation (p < 0.001) was found between algal
density and DO. In addition, N-NO2

− (p < 0.01), N-NO3
− (p < 0.001), DIN (p < 0.01),

PN (p < 0.01), TN (p < 0.01), DSi (p < 0.01), and S showed a significant positive correlation.
Besides, algal density was positively and significantly correlated (p < 0.05) with DIN,
but insignificantly correlated with DIP. Algal density was positively and significantly
correlated (p < 0.05) with DOC, but negatively and significantly correlated (p < 0.05)
with DIC. Additionally, N-NO2

− (p < 0.01), N-NO3
− (p < 0.001), and DIN showed a

significant positive correlation. It was also found that both P. globosa and N. closterium
had approximately the same correlation for the environment, but N. closterium had a more
significant relationship for DIC and DSi, while P. globosa had a more significant positive
correlation for N-NO3

− and TDN. Moreover, DON and DIP showed a significant positive
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correlation (p < 0.01). A significant negative correlation (p < 0.001) was found between
DSi and DIN. In addition, a significant positive correlation (p < 0.001) existed between
DOC and TDN, a significant negative correlation (p < 0.05) was found between DOC and
DON. The results indicated significant positive correlation relationships among DIC and
DIN/DIP. RDA also revealed that P. globosa and N. closterium responded differently to
nutrients, carbon, and environmental factors (Figure 7).
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4. Discussion
4.1. Environmental Condition Induced the Phytoplankton Bloom

As an important environmental factor, T affected the metabolism and proliferation
of algae directly or indirectly by influencing the enzymatic reactions of algae and the
solubility of nutrients in the water column [49]. According to previous studies on the
harmful algal blooms species (P. globosa) in the South China Sea [50], it showed that T and
S had a significant effect on the growth rate of P. globosa. In addition, the suitable T for
P. globosa growth ranged from 20 ◦C to 27 ◦C and the suitable S fluctuated from 20 PSU
to 40 PSU [51,52]. In this survey, the average T and S in coastal water in JSB was 27.74 ◦C
and 16.73 PSU, respectively. Therefore, the optimum T and S for algal growth induced the
spring algal blooms in coastal water. This was consistent with the previous findings in
Indian Sundarbans and Qinzhou Bay [53,54]. Moreover, the seawater viscosity in certain T
and S was consistent with the occurrence process of P. globosa bloom and could be used
as a valuable index for P. globosa bloom monitoring in Qinzhou Bay [54]. According to
previous field investigations, the average pH in Zhanjiang Bay was 8.0 [55], while the
average pH in this survey was 8.24, a relative increase of 0.24. According to research
results, pH has a significant impact on the growth and N-NH4

+ uptake of N. closterium and
Skeletonema, and both are significantly inhibited by a decline in pH. However, the growth
of the algae in the survey area may not be inhibited by pH [56,57]. The phytoplankton
growth also impacts the pH and DO concentration in the coastal water [58]. During the
spring algal bloom, phytoplankton has the ability to absorb DIC and releases DO though
photosynthesis [59–61]. In addition, TSP showed a significant positive correlation with
algal density, indicating that algae were likely to be the component of organisms in the
TSP in the JSB. This was also similar to the previous findings in the northern South China
Sea [62]. In summary, T was one of the causes of spring algal blooms, and during the spring
algal blooms, a large amount of algae absorbed nutrients and DIC through photosynthesis
and released DO, which further influenced the physicochemical properties of seawater and
led to the increase of seawater pH.

4.2. The Interactions of Nutrients and Carbon during Spring Algal Bloom Period

In coastal systems, the “Redfield ratio” has been used to evaluate nutrient limita-
tion [63,64]. Redfield demonstrated that the chemical composition of phytoplankton con-
verges to an average elemental ratio of C:N:P = 106:16:1 for ocean water, and the relatively
small amount of nutrients in this ratio was called limiting nutrients. Therefore, the composi-
tion of nutrients has a significant effect on phytoplankton abundance [9]. Based on the field
investigation of JSB, the mean value of DIN/DIP was 6.6. which indicated that the nutri-
ents structure of JSB seawater was imbalanced under N-limitation, and this was obviously
different from previous studies on the nutrient limitation in coastal waters, for example,
high DIN/DIP was found in the Yellow Sea region where algal blooms occurred [7,65]. The
results showed that DIN, TN, and algal density showed a significant positive correlation,
indicating that N significantly stimulated algal growth more than P during the spring
algal bloom period. Furthermore, for the major spring algal bloom organisms, previous
study of P. globosa found that the algae tolerated a wide range of P concentrations, between
0.00 µmol/L and 180.00 µmol/L. At the lower N/P, the growth rate of P. globosa was
higher [66–68]. The nitrate reductase activity and growth rate of P. globosa cells increased
with the increase of nitrate concentration at different nitrate concentrations, which can
explain that the eutrophic sea with higher nitrate was beneficial to the continuous growth
of P. globosa [69]. In conclusion, suitable temperature and pH also provided a good growth
environment for P. globosa [70]. Meanwhile, nutrients stimulated the growth of algae,
which played a key role in the carbon cycle, while bacteria, algae, and zooplankton form a
food web that together constituted the nutrient and carbon cycling process (Figure 8) [71].
For decomposer bacteria, the decomposition of DOM was the link between bacteria and
algae, which was the main source of bacterial carbon and nitrogen [72,73]. On the other
hand, algae as producers were synchronized for nutrient and C uptake, and the results
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indicated significant positive correlation relationships among DIC and DIN/DIP, namely
the algal density was negatively correlated with DIC and positively correlated with DOC.
It is suggested that phytoplankton took up DIC and nutrients through photosynthesis
during the day, biosynthesized at night, and produced DOM through cleavage, passive
leakage, or leaching of carbon-rich material [74–76]. Previous studies showed that the
increase of carbon sources has a certain promoting effect on the population growth of
Skeletonema costatum in the laboratory [77]. More DIC in seawater may be favorable to
the algal bloom of Skeletonema costatum. Meanwhile, the proportion of DOC showed an
increasing trend from distant shore to nearshore, in line with the distribution of algae, and
DOC was positively and significantly correlated with TDN, which indicated that most of
the DOM produced by algae was in the form of DOC and accompanied by the consumption
and excretion of N, utilized by microzooplankton and bacteria, and the sinking phytoplank-
ton aggregates and fecal pellets also dissolved DOC [78,79]. Zooplankton as consumers,
micro- and medium-sized zooplankton ate most of the phytoplankton in seawater, and any
unconsumed phytoplankton formed aggregates and zooplankton fecal pellets sank to the
deeper ocean [80]. These sinking phytoplankton aggregates and feces can be consumed
by the lower zooplankton, with only a small fraction entering the deep sea [18]. Therefore,
the occurrence of algal blooms may accelerate the carbon sink process of the carbon cycle.
These metabolites regulated the carbon cycle in marine ecosystems [81].
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4.3. Mitigation Eutrophication and Preventing Spring Algal Bloom in the JSB

In previous studies in Zhanjiang Bay, the result showed that the fluxes of land-based
sources of N, P to the sea in summer in Zhanjiang Bay reached 1617 t and 266 t, respec-
tively [38]. Through the investigation of JSB, it was found that the nutrients concentration
in JSB has exceeded the IV water quality standard in the Standard for Seawater Quality
(GB/T3097-1997). In addition, the correlation analysis showed there was a negative cor-
relation relationship between S and nutrients, indicating that the nutrients were mainly
from land-based sources input, such as domestic wastewater and river discharge adjacent
to JSB [33]. Especially, rainfall was one way of inputting pulses of nutrients; the flushing of
rainwater may bring a large amount of land-based pollutants from human activities, result-
ing in the eutrophic status in the JSB coastal water [33]. The coastal water eutrophication
provides a good environment for algal blooms to develop, which makes the occurrence
of algal blooms more and more frequent. At the same time, due to the competition and
predation between species, algal blooms also change the local ecological structure to a
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certain extent, which in turn promotes the occurrence of algal blooms, and gets into a
vicious circle. In recent years, P. globose was the dominant phytoplankton species during
spring in this bay [33]. In addition, from the current study, P. globose and N. closterium
phytoplankton species are present in many monitoring stations, and H’ has decreased
from 2.42 to 1.03. This indicates that algal blooms have great impact on the number and
composition of phytoplankton, making phytoplankton species singleness [82]. In order to
mitigate the eutrophication and prevent spring algal blooms, water T should be monitored
long-term, and the discharge of nutrients, such as N and P, should be restricted in the spring
season when the algal bloom is in a high frequency outbreaking period. Specifically, the
deep treatment of municipal wastewater, improving the purification rate, and reducing the
concentration of nutrients in the wastewater can be implemented around JSB. Moreover, in
chronically eutrophic coastal water, excess nutrients are often collected by settling into the
bottom sediments. When the nutrients concentration in seawater decreases, the nutrients
in rich sediments in seawater may release the nutrients under the tidal variation [83]. In
future research, developing an efficient, precise, and applicable early warning system for
specific algal blooms, such as P. globosa and N. closterium, is urgent [54,84,85]. In addition,
the physical and biogeochemical modeling and further in situ observations are needed to
obtain a better understanding of the role of nutrients and carbon in spring algal bloom
events. Specifically, nutrients and carbon in situ enrichment experiments and modeling
should be conducted to quantitatively explore the interactions of nutrients and carbon on
phytoplankton growth during the bloom period, which are implications for the reduction
of land-based nutrients load and the enhancement of the marine carbon sink.

5. Conclusions

During the spring algal bloom in JSB in March 2022, the average TN, TP, and DSi was
97.97± 26.31 µmol/L, 12.84± 4.48 µmol/L, and 16.29± 4.00 µmol/L in JSB, respectively. In
addition, S was significantly and negatively correlated with nutrients, indicating that nutri-
ents were mainly discharged from land-based sources. Moreover, the average concentration
of TDC, DIC, and DOC in JSB was 2187.43 ± 195.92 µmol/L, 1516.25 ± 133.24 µmol/L,
and 671.13 ± 150.81 µmol/L, respectively. Moreover, DIC was mainly from the ocean.
As the major fraction of TDC, DIC was significantly and positively correlated with S,
which was mainly derived from marine sources. Furthermore, the average algal den-
sity was (2.20 ± 1.24) ×106 cells/mL, and the main dominant species were P. globosa and
N. closterium during the spring algal bloom. Spring algal blooms increased phytoplankton
biomass density, and V level of algal blooms were reached [47]. The algal showed a sig-
nificant positive correlation with T. Therefore, water T should be monitored long-term in
coastal water, and the land-based nutrients sources discharge, such as N and P, should be
reduced in the spring algal bloom season. Our findings revealed that nutrients and carbon
interactions during the spring algal bloom period in the JSB coastal water and the large
amount of phytoplankton bloom accelerated the process of DIC sinks in coastal areas. In
the future research, physical and biogeochemical modeling and further in situ observations
are needed to obtain better understandings of the role of nutrients and carbon in algal
bloom events under climate change and anthropogenic pressures.
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