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The occurrence of abnormal phytoplankton blooms is one of the significant changes in coastal ecosystems due to
climate change. However, the underlying mechanism of such blooms remains poorly understood due to the
complexity of the system. In this study, the data from numerous observations was used to elucidate the un-
precedented phytoplankton blooms in the autumn and winter of 2021 in Laizhou Bay, a typical aquaculture bay
in the southern Bohai Sea of China. The abundance of phytoplankton cells increased by more than tenfold in the
southern waters compared to that in the same period from 2019 to 2020. The phytoplankton bloom was first
observed in winter in the Bohai Sea, with the cell abundance in the southern bay exceeding 10° cells L™} in
December 2021. The diversity and evenness of phytoplankton communities decreased in the southern area.
Cerataulina pelagica was the dominant algae, comprising 69 % of the total phytoplankton in October and 99 % in
December. In autumn 2021, the largest flood of the Yellow River in recent decades occurred. This was attributed
to extreme rainfall events within the river basin. The input of substantial riverine nutrients played a significant
role in promoting phytoplankton blooms. Correlation analysis indicated the important cumulative impact of the
Yellow River on phytoplankton blooms rather than a direct short-term effect. Numerical modeling results
indicated that exceptionally high Yellow River discharge in autumn could significantly affect the entire bay from
autumn to the following spring. This study may contribute to understanding the abnormal phytoplankton blooms
in coastal waters and provide valuable insights for environmental management in river basins and coastal waters.

1. Introduction Phytoplankton blooms have become a subject of increasing attention in

coastal ecosystem research (Dai et al., 2023).

Marine phytoplankton is responsible for nearly half of the global
primary productivity and is essential in food webs and the geochemical
cycle (Field et al., 1998; Thomas et al., 2012). Due to the abundant
nutrient supply, phytoplankton concentration is higher in coastal seas
than in the open ocean, which provides adequate food for many con-
sumers. However, the phytoplankton blooms in coastal waters can lead
to environmental problems including ocean hypoxia (Li et al., 2016).
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Various factors, such as nutrients, light, and temperature, affect the
phytoplankton biomass in coastal seas (Jakobsen and Markager, 2016;
Ding et al., 2020). However, these environmental factors can exhibit
significant discrepancies in different seas, resulting in regional charac-
teristics in the timing of phytoplankton blooms. For example, strong
convective mixing in the northwestern Mediterranean Sea causes spring
blooms (Mayot et al., 2017), increased nitrogen supply induces autumn
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blooms in the eastern Seto Inland Sea (Yamaguchi et al., 2020), and
modification of hydrography leads to summer blooms in the Ross Sea
(Mangoni et al., 2017). Overall, phytoplankton blooms occur in a fixed
season and do not change significantly in the short term.

In recent decades, drastic global climate change and increasing
human activities have led to frequent non-periodic changes in the ma-
rine environment (Edwards and Richardson, 2004; Meng et al., 2021).
These changes tend to induce significantly altered phytoplankton
biomass and community structure in coastal seas compared to that in the
previous conditions, which is commonly referred to as abnormal
phytoplankton blooms. The abnormal phytoplankton blooms could
disrupt the ecological balance and produce harmful effects on fish,
shellfish, marine mammals, and humans (Wang et al., 2021). Clarifying
the regulation mechanism of abnormal phytoplankton blooms would
increase understanding of the marine biogeochemical cycle and prevent
marine environmental disasters.

River input is widely recognized as one of the most important pro-
cesses affecting coastal phytoplankton blooms (Zhu et al., 2009).
Increased riverine nutrients due to human activities can substantially
promote the phytoplankton blooms in coastal waters, especially in
closed seas (Paczkowska et al., 2019). Moreover, the frequent occur-
rence of plume flow and the detachment of low-salinity water in river
estuaries with high discharge can affect the coastal current in the short
term (Wang et al., 2011). These aspects are crucial to the spatiotemporal
scale of phytoplankton blooms by influencing the transport of materials
in coastal seas (Wang et al., 2018). Extreme rainfall events in river ba-
sins may disrupt the natural seasonal variations in river discharge into
the sea, leading to an abnormal spatiotemporal distribution of phyto-
plankton in coastal waters. However, few studies have reported the
significant indirect impacts of extreme climate changes through their
effects on rivers on coastal ecosystems.

Laizhou Bay (LZB) is a typical semi-enclosed bay in the southern
Bohai Sea of China, in which the phytoplankton biomass is largely
influenced by the Yellow River input (Ding et al., 2020; Wu et al., 2021).
In the past ten years, significant progress has been achieved in the
environmental pollution control of the Bohai Rim region, leading to
decreases in nutrient concentrations in seawater (Ding et al., 2023).
However, globally occurring extreme weather events, such as typhoons
and extreme rainfall, can rapidly influx nutrients from rivers into the
sea, which could trigger red tides in coastal waters (Jiang et al., 2022).
This may emerge as one of the most pressing ecological risks faced by the
Bohai Sea. Clarifying the impact of the extreme rainfall events on
abnormal phytoplankton blooms in LZB could offer a reference for
similar studies for coastal areas worldwide.

Evidence has shown that harmful algal blooms become more
frequent during the summer in LZB, with a rare occurrence in the
autumn (<5 %) (Song et al., 2016). Previously, phytoplankton blooms
had never been reported in winter in the Bohai Sea. However, satellite
images have shown that harmful algal blooms occurred frequently in the
LZB from October to December of 2021, covering an area of approxi-
mately 1000 km? (reported by the Bulletin of China Marine Disaster in
2022). These blooms induced the unprecedentedly widespread death of
farmed kelp, clams, and sea cucumber in autumn/winter by rapidly
changing the physicochemical characteristics of seawater (http://www.
moa.gov.cn/xw/bmdt/202201/t20220130_6388037.htm; Unpublished
data). Although certain aspects of the abnormal phytoplankton blooms
in the autumn/winter of 2021 are known, further details are still un-
available, as is the effect of extreme rainfall events on blooms.

In this study, we describe the unprecedented phytoplankton blooms
in the autumn/winter of 2021 using the available observational data
from the LZB. Furthermore, a three-dimensional hydrodynamic model
was implemented to estimate the impact of high Yellow River discharge
on the blooms. This study is the first report on the abnormal autumn/
winter phytoplankton blooms in the Bohai Sea affected by the extreme
climatic events within the river basins. The findings provide new in-
sights into the hydrological management of river basins and
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environmental management in coastal waters.
2. Materials and methods
2.1. Study area

LZB has an area of approximately 7000 km? spanning from 37° N to
39° Nand 118° Eto 121° E (Fig. 1). LZB is a shallow bay with an average
water depth of 11.2 m. The region has a continental climate, specifically
a warm temperate semi-humid monsoon climate, where the highest
temperatures and rainy season primarily occur in July and August. In
recent decades, the bay has experienced increased eutrophication due to
the influx of exogenous pollutants, resulting in severe environmental
issues.

2.2. Sampling and analysis

Six field surveys were performed in the LZB in October and
December 2019, October 2020, and January, October, and December
2021 (Fig. 1b). The October and December/January surveys were per-
formed to represent the autumn and winter, respectively. Nutrient and
phytoplankton enumeration analyses were performed on surface water
samples collected at a depth of 0.5 m from 37 to 45 grid stations.
Seawater samples from the bottom layers were collected to analyze in
the six field surveys. Additionally, a small area located in the southern
part of central LZB (Fig. 1b) was identified as the key observation area to
study the temporal variations in the ecosystem affected by the Yellow
River. The observed data in this key area can, to a certain extent,
represent the conditions in LZB due to its distance from the coastline.
Five stations were established in the key area, and continuous monthly
observations of surface water were made from July 2021 to February
2022.

The identification and counting of phytoplankton and measurements
of water temperature, salinity, and concentrations of dissolved inorganic
nitrogen (DIN), dissolved inorganic phosphorus (DIP), and dissolved
inorganic silicon (DSi) are described in the supporting materials (Text
S1).

To assess the composition and structure of phytoplankton commu-
nities, we calculated the indices of species diversity (H'), richness (D),
evenness (J), and dominance (Y). The detailed calculations were pro-
vided in Text S1.

2.3. Data sources for the Yellow River

Data on monthly water discharge of the Yellow River between 2002
and 2021 were sourced from the China River Sediment Bulletin, while
daily water discharge data for 2021 were retrieved from the Yellow
River hydrological network (www.hwswj.gov.cn). The Yellow River
discharge into the sea was defined as that from the Lijin hydrometric
station. The concentrations of riverine DIN, DIP, DSi, dissolved organic
nitrogen, and dissolved organic phosphorus in different seasons from
2001 to 2019 were collected from previous observations (Wu et al.,
2021). Concentrations of particulate phosphorus were derived using the
regression relationships between nutrient concentration and river
discharge (Liu, 2015).

2.4. Correlation analysis

To investigate the impact of Yellow River discharge on phyto-
plankton blooms in autumn/winter, we performed correlation analysis
between phytoplankton characteristics and various environmental fac-
tors. The Yellow River water has a mean age of 218 days in the LZB,
indicating its significant cumulative effect on the ecosystem (Liu et al.,
2012). Hence, we assessed the correlation between the environmental
condition in the bay and the accumulated riverine discharge on different
days before each seawater observation. In the latter correlation analysis,
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Fig. 1. (a) Location of Laizhou Bay and (b) sampling stations and bathymetry. The red box represents the key areas sampled each month from July 2021 to

February 2022.

the observed data in the bay consists of continuous monthly observa-
tions in the key area from July 2021 to February 2022. The cumulative
river discharge refers to the sum of the Yellow River inflow in the days
leading up to each observation in the bay.

2.5. Hydrodynamic model

A hydrodynamic model was used to analyze the effects of increasing
Yellow River discharge in the autumn of 2021 on the LZB ecosystem. The
employed numerical model is based on a three-dimensional free-surface
primitive equation ocean model known as the Princeton Ocean Model
(POM) (Blumberg and Mellor, 1987). Daily data for sea surface tem-
perature, surface heat flux, evaporation, precipitation, and wind stress
from January 2021 to August 2022 were obtained from the National
Oceanic and Atmospheric Administration and were used to drive the
model. This hydrodynamic model has been previously used in studies of
the Bohai Sea (Wang et al., 2008; Liu et al., 2012). For model spin-up, it
was integrated for five years, forced by daily surface forcing and riverine
input in 2021. The model was then integrated from January 2021 to
August 2022 (as the control group). The simulation results successfully
replicated the spatiotemporal distributions of temperature and salinity
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in the LZB under the influence of the Yellow River (see Text S2 for
details).

Another numerical experiment closing the Yellow River discharge
during September-November 2021 was performed. The quantitative
effect of the autumn floods in the Yellow River on the LZB ecosystem can
be demonstrated by obtaining the difference between the two simulation
results.

3. Results

3.1. Abnormal phytoplankton blooms in the autumn/winter from 2019 to
2021

Phytoplankton cell abundance in surface water during the autumn/
winter significantly increased from 2019 to 2021. As shown in Fig. 2, the
average abundances in October for 2019, 2020, and 2021 were 1.7 X
10%, 1.0 x 10°, and 4.2 x 10° cells L1, respectively. In October 2021,
high abundances exceeding 1.0 x 10° cells L™! were concentrated in the
western and southern coastal areas. In contrast, the northeast areas
showed lower abundances of less than 1.0 x 10* cells L™!. The mean
abundance continued to rise during winter 2021 to 5.0 x 10° cells L™,
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Fig. 2. Observed phytoplankton cell abundance in surface water in autumn/winter from 2019 to 2021 (unit: x 10° cells L™1).
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which was higher than that in the preceding two years. By December
2021, the southern areas exhibited the highest abundance of >1.0 x 108
cells L™, while the abundance was lowest in the northern areas.

Compared to the previous two years, notable changes in phyto-
plankton communities were observed in the autumn/winter 2021. The
average phytoplankton indices of H, D, and J were 3.1, 2.5, and 0.7 in
October 2021, respectively (Figs. Sla-S1c). The low values of H and J
observed in the west and south areas indicate that the resident phyto-
plankton species were more uniform. By winter 2021, phytoplankton
diversity decreased significantly with lower values of H’, D, and J
compared to October, particularly in the southern areas (Figs. S1d-S1f).
The diversity and evenness of phytoplankton in the winter were notably
lower in 2021 than in 2019 and 2020 (Figs. S2 and S3). However, no
significant differences in phytoplankton community indices were
observed in the autumn from 2019 to 2021.

The phytoplankton community in October 2021 was dominated by
Cerataulina pelagica, Chaetoceros sp., and Eucampia zodiacus, with
respective abundances of 66 %, 9 %, and 12 % (Table S1). By December
2021, C. pelagica had become the sole dominant species, contributing
approximately 99 % of the total phytoplankton abundance. In contrast,
multiple dominant species were observed in the autumn/winter of
2019-2020 (Tables S2 and S3), indicating a simpler phytoplankton
community in the autumn/winter of 2021 than in the previous two years
in the LZB.

3.2. Variations in hydrology-nutrient in autumn/winter from 2019 to
2021

3.2.1. Water discharge from the Yellow River

Climatological data demonstrated that the Yellow River discharged a
substantial amount of freshwater during the summer months, with the
highest value of 1.5 x 108 m3sin July (Fig. 3). The water discharges
from 2019 to 2021 were high during the summer. However, the seasonal
variations in Yellow River discharge changed in 2021, when another
peak with a value larger than the summer discharge appeared from late
September to early November 2021. The highest water discharge in
2021 occurred in early October with a value of 5 x 10° m®s™1. In 2021,
the autumn runoff from September to November was 1.8 times greater
than the summer runoff (June to August), constituting 48.6 % of the
total annual runoff.

3.2.2. Sea surface temperature (SST) and salinity

The mean SSTs in autumn (October) were 16.9 °C, 16.5 °C, and 16.0
°Cin 2019, 2020, and 2021, respectively. As shown in Fig. 4a—c, the SST
in October 2021 was lower than that of the previous two years. The
southern waters in the bay exhibited the lowest SST of 13.9 °C in
October 2021, while the northern area had the highest SST of 17.5 °C.

..... +-Climatological
~+-2019-Monthly
~4-2020-Monthly
~#-2021-Monthly
—2021-Daily
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Fig. 3. Variations in water discharge of the Yellow River to the sea.
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Such distribution results from the relation between water depth and
water temperature in the cooling season (Xie et al., 2002). In winter
(December/January), the SST remained low in the south and high in the
north of the LZB from 2019 to 2021 (Fig. 4d and e). However, the mean
SST in winter 2021 was 5.9 °C, which was higher than those of the
previous two years. The SST of the nearshore south area in December
2021 was approximately 1 °C which was higher than that in 2019.

The average sea surface salinity in October and December 2021 was
24.5 and 24.8, respectively. Both values were lower than those during
the same period from 2019 to 2020. Salinity in October 2021 showed the
lowest value of <13 outside the Yellow River estuary (Fig. 4i). The
southern regions recorded a decrease in salinity in October from
approximately 25 in 2019-2020 to <20 in 2021 (Fig. 4g-i). However,
the salinity levels in the northeast remained constant between 28 and 31
throughout these three years. In December 2021, the low salinity area in
the bay shifted from the outer Yellow River estuary to the southern area
with values of <23 (Fig. 41). Furthermore, the highest salinity level of
approximately 28 in the northern sea area was evidently lower than that
observed in October 2021. Salinity levels from winter 2019 to 2021
exhibited a zonal distribution that gradually increased from south to
north in the bay. However, it was relatively low in 2021. In addition, the
salinity in bottom water showed a significant decrease in autumn/
winter 2021 than in the previous two years (Fig. 54).

3.2.3. Nutrient concentrations and ratios

From October 2019 to 2020, the average concentration of DIN in
surface water in the entire bay was approximately 15 pmol L1, with the
highest value of approximately 40 pmol L ™! observed in the outer waters
of the Yellow River estuary (Fig. 5a-b). However, in October 2021, the
DIN concentration in the bay increased significantly, giving an average
value of 49.5 pmol L! (Fig. 5¢). Outside the Yellow River estuary, the
DIN concentration over a large area exceeded 100 pmol L™} in October
2021. During the winter months in 2019, 2020, and 2021, the respective
average concentrations of DIN were 13.8, 27.1, and 36.6 pmol L,
respectively (Fig. 5d-f). In most areas of the bay, the winter DIN con-
centrations in surface water were higher in 2021 than in the previous
two years, except for a high value observed outside the Yellow River
estuary in 2020 (Fig. 5e). In December 2021, the northern part of the bay
had a relatively low DIN concentration of <25 pmol L™}, while the other
areas showed a high DIN concentration of >35 pmol L™} (Fig. 5).

From 2019 to 2021, there was no obvious increase in DIP in surface
water during the autumn/winter period. As shown in Fig. 5g-1, the mean
DIP concentrations in each survey ranged between 0.1 and 0.3 pmol L2,
In October 2019 and 2020, DIP concentrations were higher in the
northern area than in the southern area, while a high DIP concentration
was observed in the northeastern area and outside the Yellow River
estuary in October 2021. During the winter of 2021, there was a rela-
tively high DIP concentration in the central area whose value exceeded
2.5 pmol L™ (Fig. 51), which was not observed in the previous two years
(Fig. 55-D.

The DSi concentrations observed in surface water in autumn/winter
were significantly higher in 2021 than in the previous two years
(Fig. 5m-r), as described in detail in Text S3. DIN and DSi concentrations
in bottom water also increased in autumn/winter from 2019 to 2021,
whereas no obvious change in the bottom DIP appeared in this period
(Fig. S5). Besides, the ratios of DIN to DIP and DSi to DIP in autumn/
winter significantly increased from 2019 to 2021. Detailed explanations
of variations in nutrient molecular ratios in autumn/winter from 2019 to
2021 can be found in Text S3 of the supplementary materials.

3.3. Temporal variation of the hydrodynamic ecosystem in 2021

The dynamic changes of abnormal phytoplankton blooms in
autumn/winter 2021 and their relationships with various environ-
mental factors were further analyzed using continuous monthly obser-
vations from July 2021 to February 2022.
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Fig. 4. Observed sea surface temperature (SST, in °C) and sea surface salinity (SSS) in autumn/winter from 2019 to 2021.

As shown in Fig. 6a, the surface sea temperature decreased from
approximately 25 °C in July to approximately 2 °C in February. In
contrast, the salinity had a high value of approximately 30 in July and
August. However, it decreased significantly until November, reaching a
low of approximately 23. The salinity remained below 25 from
November to February, with a slight increase towards the end of this
period.

DIN concentrations were below 9.5 pmol L™ in July and August.
However, they sharply increased to 63.8 pmol L™ in October (Fig. 6b).
After this peak, DIN concentration gradually declined and reached
approximately 34.9 pmol L7 in February 2022. DIP concentration
increased from October 2021 to February 2022, rising from approxi-
mately 0.02 to 0.28 pmol L™ (Fig. 6b). DSi showed no significant
variation from July to February. Due to the high DIN and DSi values and
low DIP levels in October, the DIN/DIP and DSi/DIP ratios reached
exceptionally high values of approximately 4946 and 1792, respectively
(Fig. 6d). The DSi/DIN ratio was highest in early August, reaching
approximately 60.5. Moreover, the DIN/DIP ratios were higher after
October compared with those before. In contrast, the DSi/DIP and DSi/
DIN ratios significantly decreased after October.

In 2021, phytoplankton cell abundance increased significantly from
summer to winter. Cell abundance was <5.2 x 10° cells L~* from July to
October, but increased to >8 x 10° cells ! in November and remained
high until February 2022 (Fig. 6¢). Additionally, the number of algal
species increased significantly, with a severalfold increase beginning in
November. However, phytoplankton diversity and evenness decreased

substantially beginning in November. H’ and J values were approxi-
mately 3.0 and 0.8, respectively, before October but decreased tenfold
from November 2021 to January 2022 (Fig. 6e). In contrast, the richness
index did not show a significant change from summer to winter 2021.

From July to October 2021, many algal species dominated (Fig. 6f).
However, a new dominant species, C. pelagica, emerged in November
2021, increased to January 2022, and accounted for >99 % of the
phytoplankton cell abundance. In February 2022, the dominant species
shifted to S. costatum with the C. pelagica disappearing. Salinity and
nutrients exhibited noteworthy changes in October. However, phyto-
plankton abundance and community did not change until November,
indicating a lag in phytoplankton blooms in response to the altered
environmental factors.

3.4. Correlation between phytoplankton characteristics and
environmental factors

Correlations between phytoplankton characteristics and various
environmental factors using continuous observations from July 2021 to
February 2022 are described in Fig. 7a. Both phytoplankton cell abun-
dance and community were significantly correlated with salinity, rather
than nutrient concentrations and ratios. When considering one-month
delays, phytoplankton characteristics was significantly related to DIN
concentration and not other nutrients or nutrient ratios (Fig. S9). In
addition, salinity, nutrient concentrations, and phytoplankton abun-
dance were unrelated to Yellow River discharge at different times
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Fig. 5. Observed concentrations (pmol L™ of sea surface dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and dissolved inorganic silicon
(DSi) in autumn/winter from 2019 to 2021.

(Fig. 7a and S9). The time scale over which phytoplankton character- at approximately 150 days, while it appeared at approximately 360 days
istics is influenced by environmental factors may have been less than for DIP. A positive correlation between phytoplankton cell abundance
one month. Data with a higher temporal resolution is required to and accumulated river discharge was identified, starting at approxi-
confirm this. mately 60 days and lasting up to 330 days. The accumulated effect of the
The cumulative impact of Yellow River discharge on the LZB Yellow River discharge on phytoplankton community structure persisted
ecosystem is depicted in Fig. 7b. A negative correlation between salinity for more than half a year, with the highest correlation coefficient
and accumulated freshwater was identified, starting at approximately occurring at approximately 270 days. Overall, the correlation results
120 days and lasting up to 360 days. Nutrient concentration, phyto- indicate that the Yellow River discharge significantly impacts the LZB
plankton abundance and community were significantly correlated with ecosystem (this is discussed in Section 4.2).
accumulated freshwater over different periods. However, the accumu- Finally, the relationships between phytoplankton abundance and the
lated effect of the Yellow River on biochemical variables differed variations of meteorological factors, including SST, light intensity, wind
significantly over time from the effect on salinity. The highest correla- speed, and precipitation, were estimated in the bay. No significant
tion coefficient for DIN related to accumulated river discharge appeared correlations were evident (Table S6).
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proportion of phytoplankton community. All the listed algae were dominant species with a dominance degree >0.1.

4. Discussion
4.1. Abnormally high discharge of the Yellow River in autumn 2021

The Yellow River is the second largest river in China, covering a
basin area of 7.67 x 107 km? (Xu et al., 2021). Since the implementation
of the Water Sediment Regulation Scheme in 2002, the flood peak of the
Yellow River water into the sea has typically occurred during the sum-
mer months (Liu, 2015). However, the Yellow River discharge in
autumn 2021 exceeded the summer peak (Fig. 3). The SST in the North
Pacific was abnormally high in 2021, which led to increases in the area
and intensity of the western Pacific subtropical high, causing it to extend
north-westward (Gu et al., 2022; Liu et al., 2022). Consequently, the
convergence of warm and cold air resulted in extreme autumn rain over
the Yellow River Basin from late August to early October, with rainfall
more than twice that in the same period of previous years (Liu et al.,
2022; Sun et al., 2023). Monitoring data indicated that the downstream
flood process with large flow lasted more than 20 days, resulting in the
largest flood of the Yellow River since 1979.

Evidence suggests that the Yellow River discharge, under different
scenarios, could significantly affect the LZB ecosystem and even the
entire Bohai Sea by changing the hydrodynamic environment or sup-
plying nutrients (Ding et al., 2020; Yu et al., 2021). Previous studies
have mostly focused on the effects of summer flood peaks. The rare
floods caused by extreme climate events in autumn 2021 may have
substantially impacted the LZB ecosystem.

4.2. Significance of riverine nutrients supply for the LZB ecosystem

The Yellow River input constitutes a major part of the total riverine
nutrient input in the LZB (Zhang et al., 2022). Previous studies have
demonstrated the importance of the Yellow River nutrient supply on the
LZB ecosystem and even the entire Bohai Sea (Ding et al., 2020). Since
no significant correlations were evident between concentrations of
riverine dissolved nutrients and Yellow River runoff (Liu, 2015), the
fluxes of DIN, DIP, and DSi in October 2021 were determined to be 2.5 x
10% 1.0 x 10°, and 7.4 x 108 mol month ™!, respectively, based on the
measured concentrations of riverine nutrients in autumn (Wu et al.,
2021) and water discharge. The calculated nutrient fluxes in October
2021 were several times higher than those of the previous autumn (Wu
et al., 2021).

Phosphorus in the Yellow River is mainly in particulate form (He
et al., 2010; Wang et al., 2019). The concentration of phosphorus is
closely correlated with river discharge (Liu, 2015). Based on this rela-
tionship, the flux of particulate phosphorus from the river was calcu-
lated to be 1.5 x 10° mol month ™! in October 2021, which exceeded the
highest monthly flux observed in the preceding 20 years (Ding et al.,
2020). The calculation method for riverine phosphorus flux has been
widely used in previous studies (Ding et al., 2020; Wu et al., 2021). In
this study, the large nutrient input from the Yellow River in October
2021 resulted in high nutrient concentrations in the waters adjacent to
the river estuary (Fig. 5S¢, i, and 50).

The northwesterly winds during autumn in the LZB shift the surface
currents southeastward, facilitating the transportation of riverine water
throughout the bay (Wang et al., 2008). Accordingly, a substantial area
of water with high nutrient concentrations appeared from October to
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position of the maximum correlation coefficient. Abbreviations are: DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorus; DSi, dissolved inor-

ganic silicon.

December 2021 (Fig. 5). Since phytoplankton biomass is largely limited
by the availability of phosphorus in this region (Xu et al., 2011; Zhang
et al., 2022), the phosphorus supplied by the river is quickly utilized by
phytoplankton. This explains the lack of a significant increase in DIP
concentrations in the autumn/winter of 2021 compared with that in the
previous year (Fig. 5g-1), despite the large influx of nutrients. This
transport of riverine nutrients with the current led to the rapid and
extensive phytoplankton blooms in the southern waters of the LZB
during the autumn/winter period (Fig. 2c and f).

4.3. Effect of a changed hydrodynamic environment on phytoplankton
blooms

The hydrodynamic environment of coastal waters can be altered by

large rivers, which in turn affect nutrient distribution and phyto-
plankton biomass (MacCready and Geyer, 2010). With a significant
amount of freshwater entering the sea, large plumes can appear in es-
tuaries (Zhang et al., 2018). The wind can carry these surface-advected
plumes to areas far from the estuary, during which low-salinity water
may separate from the plume (Jurisa and Chant, 2012).

Evidence indicates that the Yellow River plume can flow downstream
into the LZB along the coast under the northwesterly wind in autumn/
winter (Wang et al., 2008). The large volume of river discharge can
promote offshore movement of the Yellow River plume and detachment
of low-salinity water (Yu et al, 2020, 2021), which transports
nutrient-rich water and enhances the phytoplankton blooms over a large
offshore area. Moreover, the input of freshwater from the Yellow River
can affect the horizontal circulation and vertical mixing in the LZB by
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altering seawater density (Wang et al., 2011; Show et al., 2016), as re-
ported in similar coastal seas worldwide (Zhang et al., 2018). The sig-
nificant decrease in surface salinity in the LZB (Fig. 4i and 1) could lead
to a thinning of the mixed layer and the resulting potential for phyto-
plankton blooms because the whole community experiences sufficient
light levels to support net growth (Ficher et al., 2014). Overall, during
the autumn/winter of 2021, the high discharge of the Yellow River
played a crucial role in nutrient transport and phytoplankton blooms by
modifying the hydrodynamic conditions in the bay.

4.4. Duration of autumn flood impacts on LZB

Previous studies have shown that water exchange in the Bohai Sea is
weak, with a renewal time of several years (1.1-5.2 years) (Li et al.,
2015). The mean age of Yellow River water in the LZB is approximately
218 days (Liu et al., 2012). Our results demonstrate a strong correlation
between the LZB ecosystem and the accumulated Yellow River discharge
from 218 days before observations in the bay (Table S4). Further cor-
relation analysis using the accumulated Yellow River discharge revealed
a profound cumulative effect of the river discharge on the LZB ecosystem
(Fig. 7b). The maximum correlation coefficient between salinity and
accumulated freshwater occurred at approximately 240 days, similar to
the 218 days calculated by Liu et al. (2012). Nutrients and phyto-
plankton are non-conservative substances affected by various
biochemical processes, such as photosynthesis and organic matter
decomposition. These processes led to temporal differences in the
impact of the Yellow River on phytoplankton blooms and conserved

Journal of Environmental Management 351 (2024) 119901

salinity (Fig. 7b).

To trace the possible impact of the 2021 autumn floods on the LZB
ecosystem, we compared the salinity change between the model results
with and without the autumn Yellow River input. As shown in Fig. 8, the
flood-affected region was limited to the estuary’s adjacent area in
September and October. From November to December, the offshore
transport of river-diluted water led to a significant decrease in salinity
over the entire bay, with a mean salinity decrease >2.7 in both months,
particularly in the southwest area of approximately 8. The impact area
shifted from the southwest to the southeast area, consistent with the
surface current direction of the LZB (Wang et al., 2008). By May 2022,
the salinity of most sea areas had decreased by over 1.0. However, the
impact gradually declined over time and became almost negligible by
August 2022 (Fig. 8l1). Although salinity changes do not reflect the
complexity of the nutrient cycle, they can still indicate the scope and
duration of the Yellow River discharge on the LZB ecosystem to a certain
extent.

In summary, the abnormal phytoplankton blooms observed between
October 2021 and February 2022 (Figs. 2 and 6) were predominantly
attributed to the elevated discharge of the Yellow River in autumn 2021,
which aligns with earlier research, highlighting the significant, long-
lasting impact of Yellow River input on chlorophyll-a levels in the
Bohai Sea (Ding et al., 2020).

4.5. Adaptability of phytoplankton blooms to ambient changes

Various factors influence the phytoplankton blooms, and different
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species have individual adaptability to specific conditions (Zhu et al.,
2009). High nutrient concentrations and a high DIN/DIP ratio are more
likely to trigger phytoplankton blooms, particularly by diatoms, while
reducing biodiversity (Zhang et al., 2020; Jiang et al., 2022). Therefore,
the increased nutrient flux carried by the Yellow River during autumn
2021 played a critical role in the anomalous phytoplankton blooms
observed in the LZB.

Temperature plays an important role in phytoplankton blooms by
influencing enzyme activity in phytoplankton cells (Thomas et al.,
2012). An increase in SST can stimulate the occurrence of phytoplankton
blooms (Dai et al., 2023). A slight rise in SST was observed in winter
2021 in the LZB compared with that in the previous period (Fig. 4f). The
satellite data showed that the mean SST in December was approximately
2.0 °C higher in 2021 than the climatological value in the LZB
(Table S5). The SST also increased by > 0.5 °C in January and February
2022 compared with the climatological value. Therefore, the obvious
increase in SST in winter 2021 may have contributed to the phyto-
plankton blooms at this time. Despite a decrease in water temperature in
the southern bay in October 2021, compared with that in the previous
two years (Fig. 4c, Table S5), high levels of phytoplankton abundance
were still observed during this period (Fig. 2c). The finding suggests that
the inhibitory effect of decreasing temperature on phytoplankton
blooms may have been overshadowed by the positive effect of nutrient
supplementation and the thinning mixed layer due to the Yellow River
discharge. In addition, changes in other meteorological factors in LZB,
such as light, wind speed, and precipitation, may have minimal impact
on the abnormal phytoplankton blooms in autumn/winter 2021 (see
Text S4 for details).

Diatoms possess strong adaptability to changes in environmental
factors (Sun et al., 2017). This is consistent with our observations of the
absolute dominance of C. pelagica during the autumn/winter of 2021
(Table S1, Fig. 6f). Before 2021, no winter phytoplankton blooms had
ever been recorded in the Bohai Sea (Song et al., 2016). The extensive
blooms of C. pelagica observed during winter 2021 in the LZB could
indicate an important adaptation of phytoplankton to the extreme
rainfall events in the river basin. However, a clear explanation for why
C. pelagica, a warm-water coastal diatom (Carstensen et al., 2015), es-
tablishes absolute dominance in winter algal competition remains
elusive. The specific physiological response of different algal species to
complex environmental factors continues to challenge current algal
research (Glibert et al., 2018).

The occurrence of abnormal phytoplankton blooms in LZB resulting
from extreme rainfall is intricately linked to local regional factors (see
Text S5 for details). A comparison of abnormal phytoplankton blooms
worldwide was also conducted to enhance our understanding of such
blooms in coastal waters (Text S5).

4.6. Implications for environmental management

Many rivers worldwide have been equipped with hydraulic engi-
neering structures such as large reservoirs, which significantly affect the
ecosystem in river basins and coastal waters (Humborg et al., 1997; Roy
et al., 2013). The Water Sediment Regulation Scheme on the Yellow
River shifted the seasonal variation of chlorophyll-a concentration in the
Bohai Sea by altering the temporal rhythm of river flow into the sea
(Ding et al., 2020). In this study, extreme rainfall in the Yellow River
Basin led to a remarkable surge in water discharge. This could poten-
tially disrupt the existing storage and discharge plans of reservoirs
within the basin, potentially resulting in abnormal effects on the per-
formance of these hydraulic projects and the coastal ecosystem. Evi-
dence indicates that global warming will increase the frequency of
extreme rainfall events on land (Seneviratne et al., 2021; Gu et al.,
2022). These abnormal events could occur at any time, causing signifi-
cant responses in land hydrological characteristics and coastal ecosys-
tems. These findings support the recommendation that water authorities
proactively assess the impact of extreme rainfall within river basins.
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These authorities should adjust reservoir plans based on weather con-
ditions to enhance project efficiency and prevent marine disasters. In
addition, the rapid influx of nutrients from rivers into the sea could
easily trigger harmful algal blooms as discussed above, which may
emerge as one of the most pressing ecological risks currently faced by
coastal waters. Therefore, marine management authorities should pay
more attention to extreme weather events in river basins flowing into
the sea to promptly formulate response measures.

5. Conclusions

This study consisted of six field surveys conducted in autumn/winter
from 2019 to 2021 and continuous monthly observations in the key area
from July 2021 to February 2022 in LZB. Phytoplankton cell abundance
increased severely in the autumn/winter of 2021, especially by more
than tenfold in the southern bay compared to the findings in the pre-
vious two years. Phytoplankton blooms were observed for the first time
in winter in the Bohai Sea. The abnormal blooms were characterized by
a decrease in phytoplankton diversity and evenness. C. pelagica was the
dominant algae, approximately >90 % of total phytoplankton cell
abundance from November 2021 to January 2022. The largest flood of
the Yellow River in recent decades occurred in autumn 2021. This flood
led to the influx of freshwater and nutrients into the sea and was
responsible for the abnormal phytoplankton blooms in the LZB. A three-
dimensional hydrodynamic model was used to assess the impact of the
increasing Yellow River discharge on the LZB ecosystem. The simulation
results showed that the high Yellow River discharge in autumn could
affect the entire bay ecosystem for at least half a year. The present
findings will deepen our understanding of the abnormal blooms of
phytoplankton in coastal waters and provide valuable insights for
environmental management in river basins and coastal waters.
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