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Summer hypoxia and harmful algal bloom occurred sometimes in the nearshore of the
northern Yellow Sea in recent years. Based on seven multidisciplinary investigations
conducted from March to November 2016, except for April and October, the
phytoplankton community and its association with ambient seawater physicochemical
parameters in coastal waters of the northern Yellow Sea were comprehensively examined.
In total, 39 taxa belonging to 4 phyla and 24 genera were identified. Diatoms and
dinoflagellates were the dominant groups, which accounted for 64.1% and 30.8% of total
species, respectively. An algal blooming event dominated by the diatom (Thalassiosira
pacifica) occurred in March, which affects the shifting of diatom–dinoflagellate dominance.
Anotabledinoflagellatedominanceoccurredespecially in surfacewater throughout thewhole
summerbutchanged todiatomdominanceagain fromSeptember.Hypoxic zones (<2mg l-1)
were observed in the bottom water in August, with minimum dissolved oxygen (DO) of 1.30
mg l-1. This low DO zone in August was clearly associated with the diatom blooming event
(Thalassiosira pacifica) in March, as diatoms in surface waters sank into bottom waters and
decomposed by the microbial community resulting in oxygen consumption. After the early-
spring diatom bloom, thermohaline stratification occurred and prevented exchanges of
dissolved oxygen, which eventually led to hypoxia in bottom waters. The effects of algal
blooms on phytoplankton composition and hypoxia could have a cascaded effect on the
fishery sustainability and aquaculture in nearshore waters of the northern Yellow Sea.

Keywords: phytoplankton, diatom, dinoflagellate, algal bloom, hypoxia
INTRODUCTION

Coastal waters are regions that are influenced by strong land–ocean interactions (Frigstad et al.,
2020); they account for only a small portion of the ocean surface area (7%–8%) but are responsible
for 25% of the global ocean primary production (Smith and Hollibaugh, 1993). Compared with
open sea ecosystems, coastal waters are under substantial pressure and have become ecologically
in.org May 2022 | Volume 9 | Article 8974181
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fragile regions in recent decades (Regnier et al., 2013; Fennel and
Testa, 2019). Under the combined influences of climate change
and human activities, coastal areas are more vulnerable to
eutrophication, harmful algal blooms, and hypoxia (Bianchi
and Allison, 2009; He and Silliman, 2019; Wei et al., 2020). As
a feedback, hypoxia can influence fundamental biological and
biochemical processes (Turner et al., 2008; Breitburg et al., 2018)
and affect pelagic organisms from plankton to fish (O’Connor
and Whitall, 2007; Breitburg et al., 2009; Roman et al., 2012;
Bausch et al., 2019), which would destroy the potential
functioning of the fragile coastal ecosystem. Phytoplankton is
the main source of primary production and plays a key role in
estuary ecosystems, which could be reflected by the variation of
composition diversity and abundance (Falkowski and
Woodhead, 1992). Previous studies have shown that the spring
bloom is the period with the highest annual primary production
and sinking of organic matter to the sediment; thereafter, the fate
of this organic matter is a key driver for material fluxes, affecting
ecosystem functioning and eutrophication feedback loops
(Spilling et al., 2018). The potential functioning of the coastal
ecosystem strongly depends on the quantity and quality
of phytoplankton.

The Yantai nearshore ecosystem is located in the western portion
of the northern Yellow Sea, where it is close to the Yantai-Weihai
fishinggroundandaffectedby typical anthropogenicactivities suchas
sewagedischarge andaquaculture. Similar toother coastalwaters that
are severely impacted by anthropogenic activities, our study area has
also been suffering from serious eutrophication, jellyfish blooms, and
hypoxia (Dong et al., 2012;Wang et al., 2012; Sun et al., 2015; Zhang
et al., 2018; Yang et al., 2020). Since 2013, hypoxia was reported to
cover approximately 54.0 km2 and cause mass mortality of the
benthos species, such as sea cucumbers, abalones, and scallops,
thus leading to huge economic and ecological losses. Bottom-layer
hypoxia was also observed in the summers ofmost of the subsequent
years (Yang et al., 2018; Zhang et al., 2018) in this studied area.
Previous studies showed that phytoplankton blooms and their
subsequent decomposition are important biological factors leading
to oxygen depletion and hypoxia in Changjiang estuary and its
adjacent waters (Wang, 2009; Chi et al., 2021). The diatom-
dominated community sediments rapidly, having higher sinking
rates, and contributes more carbon flux to the bottom waters
during algal blooms (Guo et al., 2016; Li et al., 2018). Thus, it is
important to understand the phytoplankton community
composition and spatial and temporal changes, to assess algal
bloom effects on shifting of diatom–dinoflagellate dominance, and
on subsequent deoxygenation in coastal waters of northern Yellow
Sea, China.

From March to November 2016, seven multidisciplinary
investigations were conducted in the northern Shandong
Peninsula, North Yellow Sea, China. The main goal of this
study is to identify phytoplankton species (populations)
associated with environmental factors to analyze the potential
effects of spring diatom bloom on subsequent dinoflagellate
dominance and formation of hypoxia. It is hypothesized that
degradation of organic matter derived from diatom blooms is the
cause of the formation of hypoxia.
Frontiers in Marine Science | www.frontiersin.org 2
2 MATERIALS AND METHODS

2.1 Study Area and Cruise
The Yantai coast in the northern Yellow Sea covers an area of 423
km2 with a 118-km-long coastline, including Muping marine
ranching (MR), Yantai–Weihai fishing ground (FG), and Sishili
bay (SB). SB is a typical half-closed coastal bay affected by
anthropogenic activities, such as harbor pollution and
wastewater discharge from domestic, industrial, and agriculture
areas (Wang et al., 2012). MR is an important aquaculture
breeding base. The hydrological conditions of temperature,
salinity, and water column stratification exhibit a seasonal
cycle, leading to complex spatial–temporal heterogeneity in the
phytoplankton community in the study area (Yang et al., 2020).
Therefore, seven cruises were carried out from March to
November 2016, except for April and October, in coastal
waters of the northern Yellow Sea (121.51°E–122.03°E,
37.46°N–37.63°N). Thirty-five stations, with a sampling depth
from 11 to 25 m, were established to include all representative
areas within the domain. The locations of sampling stations are
presented in Figure 1 and Table 1.
2.2 Sampling and Processing
The profiles of temperature, salinity, and DOwere recorded by the
CTD device (RBRmaestro, Ottawa, Canada; RBR temperature and
salinity probes, and a Model AADI DO optode). Discrete water
sampleswere collected fromstandarddepths, i.e., surface, 5m,10m,
20 m, and 2 m above bottom, using 12-l Niskin bottles (KC
Denmark Ltd., Silkeborg, Denmark) at each station. For analysis
of phytoplankton assemblage, aliquots of 250-ml seawater samples
were preserved with buffered formalin (2% final concentration).
Following the methodology described by Utermöhl (1958), 10–25
ml of the subsamples was settled in a Hydro-bios chamber for 24 h,
then identified and enumerated under an inverted lightmicroscope
(IX71, Olympus, Japan) at ×200 or ×400 magnification (Tomas,
1997). The lower size limit of resolution for this analysis was ~5mm.
2.3 Data Analysis
The diversity of phytoplankton assemblages was demonstrated
by the Shannon–Weiner diversity index (H′, log base 2) (Sun and
Liu, 2003). The dominant phytoplankton species were
determined according to the McNaughton index (Y), which is
calculated as follows:

Y =
ni
N

� fi

where ni is the total abundance of species i, N is the total
abundance of all species, and fi is the frequency of species i in
all samples. Values of Y < 0.02, indicate that the species is
not dominant.

The DO saturation of each sample was calculated based on
the Weiss equation (Pytkowicx, 1971).

DO Saturation =
DO
DO0 � 100%
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In the equations, DO′ is the equilibrium saturation
concentration in water under certain environmental conditions
and DO is the measured concentration.

2.4 Statistical Analysis
One-way analysis of variance (ANOVA) was applied to compare
the parameters in different sampling sites, with the significant
level of p set at 0.05. Pearson correlation analysis was conducted
to access the relationships between phytoplankton abundance
and environmental factors. A Kruskal–Wallis test was performed
to reveal differences of phytoplankton in non-hypoxia and
hypoxia zones. All statistical tests were conducted with the
SPSS (Version 20.0 for Windows, SPSS Inc., La Jolla, CA,
USA). The horizontal distributions of each parameter were
plotted using Surfer 16 (Golden Software LLC, Golden, CO,
USA). The variations in the phytoplankton abundance were
conducted with OriginPro 2021 software.
3 RESULTS

3.1 Environmental Factors
3.1.1 Temporal Variation of Temperature and Salinity
Water temperature showed strong monthly variation in the
study area, and variations of water temperature in bottom were
consistent with the surface layer (Figure 2). Water temperature
Frontiers in Marine Science | www.frontiersin.org 3
was highest in August, with the average of 25.38 ± 0.91°C, and
lowest in March, with the average of 3.38 ± 0.51°C in the surface
layer. There were small differences in water temperature of the
surface layer between June and July, with the average of 19.23 ±
0.99°C and 20.84 ± 1.65°C, respectively. The averaged salinity
was lower in summer than the other seasons, and salinity in the
surface layer was lower than that in the bottom layer especially
fromMarch to August (Figure 3). In the surface layer, the lowest
salinity occurred in August with the average of 31.31 ± 0.15. On
the whole, the mean temperature in surface water was higher
than that in bottom water from March to August (p < 0.001).
Similarly, surface salinity was lower than bottom salinity from
March to August (p < 0.05 in March, p < 0.001 in other months).
No differences in surface salinity and bottom salinity were
detected in September and November (p > 0.05).

3.1.2 Spatial Distribution of Temperature and Salinity
As a typical half-closed coastal bay, the study area was affected by
wastewater discharge from domestic, open sea waters and
melting snow, which together leads to the different variations
of salinity from coastal to offshore waters. In March, the
temperature and salinity were lower in the coastal water than
those in the outer part (Figure 2, 3). In May, the temperature and
salinity increased from coastal to offshore waters. The relatively
higher salinity and lower temperature distributed offshore in
June and remained until August especially in bottom water. The
TABLE 1 | The sampling date and station numbers of environmental and biological parameters during each cruise.

Sampling date Temperature Salinity DO Phytoplankton

March 13, 2016 28 28 28 21
May 23, 2016 39 39 39 34
June 22, 2016 42 42 42 30
July 12, 2016 42 42 42 36
August 15, 2016 43 43 43 34
September 14, 2016 38 38 38 33
November 17, 2016 27 27 27 21
May 2022 | Volume 9
FIGURE 1 | Location of sampling stations in the northern Yellow Sea, China.
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temperature and salinity were homogeneous from September in
both surface and bottom waters. However, the relatively lower
temperature and higher salinity occurred from the inner bay (the
west of studied area) in November.

3.2 Phytoplankton Assemblage
3.2.1 Species Composition
During the seven cruises, a total of 39 taxa belonging to 4 phyla
and 24 genera were identified. Diatoms and dinoflagellates were
the dominant groups, which accounted for 64.1% and 30.8% of
total species, respectively. In general, diatoms were dominant in
Frontiers in Marine Science | www.frontiersin.org 4
March, most of which were chain-forming diatoms such as T.
pacifica and Paralia sulcata. Dinoflagellates became dominant
from May to August in surface water (Figure 4), while the
species amounts of Chrysophyta and Euglenophyta were low in
all cruises.

3.2.2 Dominant Species
The top 10 dominant phytoplankton species (or genera) are listed
in Figure 4A, including six diatom and four dinoflagellate species
during the study period. Chain-forming diatoms, such as T.
pacifica, P. sulcate, and Skeletonema costatum, were the most
FIGURE 2 | Temporal and spatial distribution of temperature (°C) in surface (A) and bottom (B) water.
FIGURE 3 | Temporal and spatial distribution of salinity in surface (A) and bottom (B) water.
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common dominant species in the study area. In March, T. pacifica
showed exclusive dominance (Y = 0.91). P. sulcata was another
dominant diatom in this nearshore area except in March and
August, and its highest dominance occurred in November in the
whole water. Coscinodiscus spp. were the dominant diatoms in
bottom water and higher than in surface water from March to
June. Prorocentrum minimum presented higher dominance in
surface water from May to August and was the only dominant
dinoflagellate in March in bottom water. Gonyaulax spp.
maintained the highest dominance from June to August in
surface water (Y = 0.35–0.66). Neoceratium tripos was dominant
in both surface and bottom waters in July and August and was the
Frontiers in Marine Science | www.frontiersin.org 5
dinoflagellate species with the highest dominance in August,
whereas Alexandrium spp. showed a relatively high dominance
(Y = 0.07) only in August in surface water.

3.2.3 Temporal and Spatial Distribution of
Phytoplankton
The relative abundance of Bacillariophyta and Dinophyta is shown
in Figure 4B. The ratio of diatom peaked inMarch, but the ratio of
dinoflagellates in bottom water exhibited a higher value than that
in surface water. The ratio of dinoflagellates increased greatly from
May to June, with the maximum of 89.97%, and maintained a
relatively high abundance until August in surface water. From
A B

C

FIGURE 4 | Variation in the dominance (Y) of phytoplankton species (or genera) in the study area (A); variation in relative abundance of diatoms and dinoflagellates
in study area (B). The upper and bottom capture represent surface and bottom water, respectively. Variation in cell abundance of total phytoplankters, diatoms, and
dinoflagellates (all data were transformed logarithmically [log10 (x)] before analyses; the bottom and top of the box represent the lower and upper quartiles,
respectively. The band near the middle of the box represents the medium; the ends of the whisker represent the maximum and minimum values, respectively) (C).
May 2022 | Volume 9 | Article 897418
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September, the ratio of diatoms began to increase in both surface
and bottom waters, with high ratios more than 96.77% in
November. The total abundance of phytoplankton, diatoms, and
dinoflagellates is shown in Figure 4B, and the abundance
transformed logarithmically [log10 (x)] is shown in Figure 4C.
After a relatively high abundance in March, the total of
phytoplankton abundance showed low from May to August in
both surface and bottom waters and then increased to a weaker
peak in September in surface water.

The spatial distribution of total phytoplankton is shown in
Figure 5. The phytoplankton abundance was relatively higher at
station 6 (maximum at 2.01 × 105 cells l-1 in surface water) in
March, with the diatom blooming event dominated by T. pacifica
(this blooming threshold was determined based on “People’s
Republic of China Marine Industry Standard: HY-T069-
2005_Technical specification for red tide monitoring”). In
May~June, the phytoplankton presented patches with higher
abundance from northern offshore areas to coastal waters. In
July, the phytoplankton cell abundance remained high in
northern areas but decreased in August. In September, the
phytoplankton cell abundance concentrated in the northwest
and thereafter phytoplankton maintained low abundance but
only concentrated in the east part of the study area in November.

3.3 Low DO and Hypoxia
The DO concentration of the study area exhibited both spatial
variation and seasonal fluctuation (Figure 6). The DO
concentration in surface water was significantly higher than
that in bottom water from March to August (p < 0.05 in July,
p < 0.001 in other months), but there was no significant
difference in September and November. In March and May,
the DO concentrations in surface water waters were relatively
high, ranging from 6.48 to 11.89 mg l-1, while a relatively low DO
zone (minimum at 4.86 mg l-1) appeared in bottom water in
May, which centered in the west part of the coastal area. The DO
Frontiers in Marine Science | www.frontiersin.org 6
saturation ranged from 75.1% to 94.0% in March and 61.7% to
93.5% in May. The averaged DO increased slightly in June
especially in surface water, while the low DO zones in bottom
water expanded, with a DO concentration decreased to 4.10 mg
l-1 in the center. The low DO zone expanded continuously from
the west to east parts in July, with the lowest DO (<4.0 mg l-1)
formed around stations 4–7 and a lower DO (< 6.0 mg l-1)
distributed in most coastal areas in bottom water. In August,
waters with low DO (<4.0 mg l-1) almost covered all parts of the
study area in bottom water and the DO concentrations of five
coastal stations (stations 6–8 and stations 12–13) reached the
hypoxia level (1.31–1.77 mg l-1). The minimum of DO saturation
was 16.2% at station 7. In September, the hypoxia zone was
relieved and low DO (minimum to 3.54 mg l-1) was only
observed in the offshore area. The low DO zone disappeared in
November, and the DO concentration in the bottom water
increased to saturation in the west part of the study area.
Overall, the low DO zone in the bottom water from June to
August distributed at the same stations where diatom abundance
was high in March (stations 6 and 7).
4 DISCUSSION

Summer oxygen depletion and even hypoxia in the northern
mariculture areas of the Shandong Peninsula have been observed
since 2013 (Liu et al., 2014; Zhai et al., 2014). In the present
study, low DO (<3 mg l-1) or hypoxic zones (<2 mg l-1) were
observed in bottom waters in August 2016. The low DO zone
almost covered the whole of the survey area, with DO reaching
its minimum of 1.31 mg l-1. The low DO zone in bottom water in
August was clearly associated with the high phytoplankton cell
abundance of surface waters in March. Previous studies have
indicated that the formation of the hypoxic zone is closely related
to the oxygen utilization by the particulate organic matter
FIGURE 5 | Temporal and spatial distribution of phytoplankton in surface (A) and bottom (B) water.
May 2022 | Volume 9 | Article 897418
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(Rabouille et al., 2008; Li et al., 2011), and the photosynthesis of
surface phytoplankton is the main source of organic matter (Wei
et al., 2007). In this study, a diatom bloom dominated by T.
pacifica broke out in March, which could provide an organic
carbon source. When algal mass sank to the bottom and
decomposed by microbial community eventually, low DO and
even hypoxia formed in bottom waters (Li et al., 2018; Chi
et al., 2021).

4.1 The Correlation Between Algal Blooms
and Low DO
Hypoxia has been widely observed in various estuaries and
coastal and gulf regions, including the Gulf of Mexico,
Chesapeake Bay, the Baltic Sea, and the Changjiang (Yangtze
River) Estuary (Chen et al., 2007; Breitburg et al., 2009; Conley
et al., 2011; Carstensen et al., 2014). Previous studies have shown
that phytoplankton communities dominated by diatoms with
higher sinking rates contribute more particulate organic matter
to the bottom waters during algal blooms and may thus be more
closely associated with bottom hypoxia in the Changjiang
Estuary (Yangtze River) and its adjacent waters (Guo et al.,
2016; Li et al., 2018). In addition, studies have shown that the
spring diatom bloom could be followed by seasonal DO
reduction in coastal areas (Egge and Aksnes, 1992). Besides,
40%–60% of annual carbon fixation takes place during the spring
bloom in the most eutrophicated region of the Baltic Sea. When
the fixed carbon sinks to the bottom, seasonal hypoxia occurred
(Spilling et al., 2018).

In this study, the relationships between the numerical
abundance of dinoflagellates and diatoms in surface and bottom
water and the environmental factors in the corresponding layer
fromMay to November are shown in Table 2. Results showed the
significantnegative relationshipbetween surfacediatomabundance
Frontiers in Marine Science | www.frontiersin.org 7
and surfaceDOconcentration (p < 0.05, r2 = -0.86), similarwith the
result between bottom dinoflagellate abundance and bottom DO
concentration (p < 0.01, r2 = -0.92). It is worth noting that the
relatively highChla values in the surfacewater appeared right in the
region with low DO in the bottom water (Yang et al., 2020).
Particularly, the spatial distribution of the hypoxic area in August
was consistent with the zone of diatom blooms in March, which
provided a clue of DO consumption resulting from organic matter
degradation during an algal bloom period. Phytoplankton bloom
could be the primary contribution to dissolved organic matter
(DOM) and dissolved organic carbon (DOC) (Wei et al., 2007;
Fan et al., 2018; Zhang et al., 2018). The origin and dynamics of
DOMwere studied in the same cruise in the study area. The results
showed that DOMmainly produced in situ, indicating that in situ
diatom blooms were the resource of DOM (Zhang et al., 2018).

Degradation of organic matter is known to be a major factor
contributing to the development of hypoxia (Wang et al., 2016; Su
et al., 2017). In approximately the same study area, the microbial
diversity in bottom water was significantly higher in summer, and
Bacteroidetes was higher in August, which was the important
organic-aggregate-associated bacteria during phytoplankton
bloom (Wang et al., 2022). This may be due to that planktonic
algae multiplied in spring and then sank to the bottom, increasing
the influx of organic matter to the seabed in August. Besides,
bacterial oxidation of sulfur compounds is known to occur
extensively in the sediments under oxygen minimum zones and
sulfate-reducing bacteria could indirectly promote phosphate
release through organic matter mineralization (Diaz and
Rosenberg, 2008; Sinkko et al., 2011). As one of sulfate-reducing
bacteria, Pseudomonas could cause phosphate release. In the study
area,Pseudomonaswith higher abundancewas found in the bottom
in August, which indirectly proves that microbial decomposition
accelerates the oxygen consumption in summer (Wang et al., 2022).
FIGURE 6 | Temporal and spatial distribution of DO (mg L-1) in surface (A) and bottom (B) water.
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Moreover, studies in dissolved inorganic nutrients in the same
cruise also showed thatdissolved silicon(DSi)wasmainly generated
by sediment release, accounting for 94.2% in this area, and DSi
increased fromJuneonward, reaching amaximuminAugust (Yang
et al., 2020). The results suggested that variation of DSi associated
with DO consumption in the bottom, indicating that the
mineralization of the settled diatom could contribute to
deoxygenation. Therefore, the formation of hypoxia was related
to the quick sinking and subsequent mineralization of diatom
blooms in the study area.

In addition, stratification of the water column has also been
shown be an important factor contributing to hypoxia
(Wiseman et al., 1997; Murphy et al., 2011; Hamidi et al.,
2015). In the study area, temperature and salinity stratification
appeared from June to September. In November, the
temperature and salinity distributed vertical homogeneity
with adequate water exchange. Water column stratification
influences the replenishment of oxygen by restricting
exchanges between near-bottom waters and surface waters.
Moreover, the organic matters derived from diatom blooms
sinking below the pycnocline led to more oxygen depletion in
near-bottom waters in summer. Therefore, both the diatom
bloom as a biological factor and the thermohaline stratification
as a hydrological factor could affect the formation of hypoxia.
To further reveal the contribution of phytoplankton blooms
sinking to the organic carbon and DO reduction in the hypoxia
zone, sediment traps together with the evaluation of carbon flux
could be conducted in further investigations.
4.2 Shifting of Diatom-Dinoflagellate
Dominance After Early-Spring Bloom
An increasing trend in dinoflagellate abundance has been detected
throughout the Baltic Sea in recent decades, and Peridiniella
catenata (syn. Gonyaulax catenata) dominated in the
phytoplankton community during phytoplankton bloom in the
end of April (Lignell et al., 1993;Wasmund andUhlig, 2003; Klais
et al., 2011; Hajdu et al., 2000; Stoecker et al., 2017). In this study,
the relative abundance of dinoflagellate reached the highest value
inMay and remained in high abundance until July, after the early-
spring diatom bloom (Figure 4). In particular, the dominance of
Gonyaulax spp. was 0.66 in June, while the diatom species even
had no dominance in May (Y < 0.02).

During the investigation, the spatial distribution of surface
nutrients exhibited an obvious seaward gradient, and the
nutrients were higher in the inshore zones than in the offshore
Frontiers in Marine Science | www.frontiersin.org 8
zones, especially DIN and DIP (Sun et al., 2021), leading to the
higher phytoplankton abundance off coastal waters in March.
However, terrestrial input was not the primary source of DSi to
the study area (Liu et al., 2006), as sediment was the main source
of DSi (Sun et al., 2021). In the study area, DSi increased in June
with the degradation of settled diatom and reached to a
maximum in August (Yang et al., 2020). This variation of
DSi was consistent with shifting of diatoms–dinoflagellates,
which decreased after the diatom blooming but reached
maximum supporting diatom dominance to the first in
September. Therefore, early-spring diatom bloom could
result in dinoflagellate dominance in subsequent months
and restoration of diatom dominance with release of DSi
after sedimentation.

In addition to the effects of nutrients, many other factors
could contribute to dinoflagellate dominance in the nearshore
area of the northern Yellow Sea. Changes in mixing conditions,
stratification, and wind-induced cyst resuspension have all been
invoked to explain the dinoflagellate increase in the Baltic Sea
(Kremp, 2001; Klais et al., 2011; Lips et al., 2011; Sildever et al.,
2017). As cysts of the dominant dinoflagellates, Gonyaulax spp.
and Alexandrium spp. have been shown to be dominant in
Yellow Sea sediments (Liu et al., 2012; Wu et al., 2018); the
potential effects of cyst germination on dinoflagellate dominance
especially during the deoxygenation period should be focused in
future to explain the shifting of diatom–dinoflagellate in
nearshore water of the northern Yellow Sea.
5 CONCLUSIONS

Diatoms and dinoflagellates are the dominant groups, and
diatom blooms occurred nearshore (station 6) in March.
Hypoxic zones (<2 mg l-1) were observed in bottom waters in
August. The low DO zone in bottom waters in August was
clearly associated with the high phytoplankton cell abundance
of surface waters in March. Degradation of organic matter
derived from diatom blooms is essential to the formation of low
DO and shifting of diatom–dinoflagellate dominance.
Moreover, water-column stratification, which occurred from
May to August, could also be an important factor contributing
to hypoxia. Moreover, water-column stratification, which
occurred from May to August, could also be an important
factor contributing to DO decrease and dinoflagellate
dominance. Therefore, further in situ studies are needed for a
better understanding of hypoxia and algal blooms in this typical
TABLE 2 | Pearson’s correlation coefficient of the relationship between abundance of diatoms or dinoflagellates and environmental parameters in surface (S) and
bottom (B) water from May to November.

Surface Bottom

Classes Diatoms Dinoflagellates Diatoms Dinoflagellates

Temperature 0.05 0.51 -0.82* 0.72
Salinity -0.18 -0.07 0.51 -0.68
Dissolved oxygen (DO) -0.86* 0.77 0.589 -0.92**
May 2022 | Volume 9
*P < 0.05, **P < 0.01.
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nearshore area, to assure the health of aquaculture in Muping
marine ranching and sustainability in fishery resource
zones nearby.
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