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Climate change and anthropogenic pressures have significantly affected coastal
environments. This study obtained historical data on harmful algal blooms (HABS)
and nutrient patterns over a 30-year period to explore responses to long-term
climate change and anthropogenic pressure indicators. Although the surrounding
area has achieved great economic success over the past 30 years, the Zhanjiang
Bay (ZJB) has been seriously affected by various pollutants and is threatened
by increasing eutrophication and HABs due to climate change and anthropogenic
pressures. In the ZJB, HABs rarely occurred before the 1980s but have occurred
periodically and frequently since the 2000s. The largest HAB covered a cumulative
area of 310 km? in 2005. Most of the HABs occurred during spring. Additionally,
the dominant phytoplankton species were Skeletonema costatum and Phaeocystis
globosa, accounting for 37.50 and 43.75% of the HABs observed, respectively.
Anthropogenic pressures have caused the nutrient regime to significantly increased
in the ZJB over the past three decades (P < 0.05). Specifically, the concentration
of dissolved inorganic nitrogen (DIN) increased threefold from the beginning of the
1990 to 2019 period, while the dissolved inorganic phosphorus (DIP) concentration
increased 21-fold. Unsynchronized variation in nutrient patterns has led to changes
in the composition of nutrients, and the ZJB ecosystem has shifted from a P-limited
oligotrophic state before the 2000s to an N-limited eutrophic state. Anthropogenic
pressure indicators showed a significant linear correlation with nutrients (P < 0.05),
but climate change indicators did not play a direct role in the eutrophication problem
in the ZJB during this period (P > 0.05). Therefore, integrated land-ocean environment
management should be introduced to reduce land-based pollution sources, mitigate
eutrophication, and curb the blooms of harmful algae in the ZJB.

Keywords: long-term trends, harmful algal blooms, nutrient regimes, climate change, anthropogenic pressures,
coastal water
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INTRODUCTION

Blooms of toxic or harmful microalgae are commonly called
“harmful algal blooms” (HABs) and occur in many forms,
ranging from massive accumulations of cells that discolor water
to dilute, inconspicuous, but highly toxic populations (Anderson
etal., 2000). HABs cannot only change the structure and function
of marine ecosystems and destroy fishery resources and marine
environments (Mohamed and Al-Shehri, 2012; Yu et al., 2017),
but can also result in toxic seafood and toxicity to human health
(Song et al., 2018; Svircev et al., 2019; Chen et al., 2021). In
recent decades throughout the world, the increasing occurrence
of HABs suggests an unsettling trend that has become a serious
ecological issue (Zhou et al., 2001; Anderson et al., 2012; Liu et al.,
2013; Mohamed, 2018).

Although determining the causative factors for HAB events
are complex (Davidson et al., 2014), there is no doubt that the
changes in climate and anthropogenic nutrient inputs contribute
to global eutrophication and expanding global footprint of
HABs (Glibert, 2020). Eutrophication, which results from the
increased input of nutrients to marine waters (Wang, 2006;
Liang et al., 2015), is now recognized as an important factor
contributing to the geographical and temporal expansion of
several HAB species (Smayda, 1990; Anderson et al., 2002). Shifts
in species composition have often been attributed to changes in
the nutrient supply ratios (Anderson et al., 2002). To govern the
biogeography and formation of HABs, it is generally accepted
that the availability of dissolved inorganic nutrients likely
mediates phytoplankton growth in most coastal waters (Howarth
and Marino, 2006). However, the mode of delivery of inorganic
nutrients (especially nitrogen) is not restricted to aquatic sources;
atmospheric input is also important (Glibert et al, 2005).
In many estuarine and coastal waters, the atmosphere may
contribute up to 40% of the total inorganic and organic nitrogen
inputs (Howarth et al., 2002; Glibert et al., 2005). Climate effects
on hydrology impart high variability to properties controlling
water quality, including nutrient loadings, concentrations, and
phytoplankton biomass in estuarine and coastal ecosystems
(Harding et al., 2016). Anticipated future changes in climatic
conditions are likely to increase the threats of HABs. Among
these climatic threats are increases in the intensity and duration
of hurricanes and El Nifo periods (Emanuel, 2005; Webster
et al., 2005; Fasullo et al., 2018). The increase in high rainfall and
winds associated with hurricanes and El Nifio results in enhanced
nutrient loads which drive HABs (Mallin and Corbett, 2006;
Miller et al., 2006; Dybas, 2018; Gomez et al., 2019; Phlips et al,,
2020). Furthermore, the pollution of coastal waters by nutrients
is a result of anthropogenic pressures (population growth,
food production, and energy production and consumption)
and is considered one of the largest global pollution problems
(Howarth et al, 2002). Anthropogenic pressures severely
impact aquatic ecosystems, which are also increasingly affected
by global change, urban development, industrialization,
and the unsustainable exploitation of aquatic resources.
Increasing coastal human populations, industrialization, and the
intensification of agriculture have elevated the supply of nitrogen
(N) and phosphorus (P) to coastal waters (Ferreira et al., 2011).

Importantly, there is consensus that HABs are complex events,
typically not caused by a single environmental driver but
rather by multiple factors occurring simultaneously (Heisler
et al., 2008). For example, the agricultural fertilizer utilization,
industrial development, and human activities associated nutrient
discharge were the key drivers of HAB events in the Beibu Gulf,
Yangze River estuary, Atlantic coast of Europe, and Tampa Bay,
Florida (Greening et al., 2014; Yu et al., 2017; Desmit et al., 2018;
Xuetal, 2019). In addition, recent study has found that terrestrial
input of herbicides plays a significant role on phytoplankton
and bacterioplankton communities in coastal waters (Yang et al.,
2021). Furthermore, the climate change also impacted on the
HABs development in the magnitude and frequency of these
events (O’Neil et al., 2012; Phlips et al., 2020). It is important
to clarify the combined effects of eutrophication and climate
change. Therefore, recent reviews on HABs, eutrophication
and climate have focused on the complex nature of this nexus
(Glibert, 2020).

The Zhanjiang Bay (Z]B) is a semi-enclosed bay in China, with
a total area of 193 km? and an average depth of 18 m (Chen and
Yan, 2006). It is connected to the South China Sea through the
Z)JB mouth (Figure 1). There are several seasonal rivers, including
three major rivers (the Suixi, Nanliu, and Lvtang rivers) that flow
into its coastal waters. In recent decades, with the rapid expansion
of industry, agriculture, and mariculture, nutrient fluxes from
rivers, atmospheric deposition, and wastewater discharge have
increased substantially (Zhang et al., 2019). Eutrophication—a
result of human-induced nutrient enrichment—has become a
concern in the Z]JB (Shi et al., 2015). Over the past several decades,
many industrial facilities have been built along the coast and
tons of industrial wastewater and agricultural or aquacultural
pollutants have been discharged into the bay, which has led to
eutrophication (Zhang et al., 2019). In 2016, HABs occurred in
the aquacultural area of the ZJB, which caused a large number
of deaths of farmed fish and serious economic losses (Yu and
Chen, 2019). However, the combined effect and possible synergies
can be difficult to distinguish and require comprehensive studies
of the entire ecosystem on long time scales (Frigstad et al,
2013). Time-series data for several ecosystems reveal high
spatiotemporal variability superimposed on secular trends that
are traceable to nutrient over-enrichment (Harding et al., 2019).
Long-term nutrient variations have potential ecological impacts
on the frequencies, affected areas, and diversity of dominant
species of these local HABs (Wang et al, 2018). However,
historical data for the earlier periods in the ZJB, which were less
affected by anthropogenic eutrophication, are not included. To
date, the patterns of the long-term variation in the nutrients in
the ZJB remain unclear.

Therefore, there is an urgent need to clarify the mechanism
of HABs in the ZJB and their relationship with nutrient patterns
influenced by climate change and anthropogenic pressures. In
this study, we performed a retrospective analysis of the long-term
variations in HABs and nutrient patterns in the ZJB based on
historical data. The objectives of this study is to (1) clarify the
long-term HABs in the Z]B coastal waters, (2) identify the long-
term nutrient patterns in the ZJB coastal waters, and (3) discuss
the impacts of climate change and anthropogenic pressures. By
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FIGURE 1 | Geographic location and seawater monitoring stations of 2019 in the Zhanjiang Bay.
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highlighting the long-term HABs and nutrients patterns affected
by climate change and anthropogenic pressures in the ZJB,
we hope to reveal the characteristics of HABs and provide a
framework for integrated land-ocean environment management
and water quality improvement in the ZJB in the future.

MATERIALS AND METHODS

Study Areas

According to its geographical location, the ZJB is located
in the southernmost part of the Chinese mainland—
Guangdong Province. The ZJB is a semi-enclosed bay with poor
hydrodynamic conditions and is surrounded by the Leizhou
Peninsula, Donghai Island, Nansan Island, and South China
Sea. Due to land reclamation within the ZJB, and the decreasing
water-exchange ability corresponds to an increasing average
residence time over the past decades, which had influenced the
hydrodynamic conditions and pollutants transport (Li X. B.
et al.,, 2012; Zhang et al., 2020a). It has a length of 54 km from
south to north and a width of 24 km, covering an area of 193 km?
(Zhang J. et al,, 2021). The deep channel (>10 m) is 40 km
long, and the mouth is about 2 km wide (Shi et al., 2015).
With the rapid development of the economy and the increasing
population in Zhanjiang, modern industrial facilities, marine
aquaculture functional areas, and agricultural functional areas
were built in the bay by the government. In recent years, rivers
flowing through urban areas along the coastline contribute to the
load input of various land-based pollution sources (Figure 1).
This situation causes serious marine ecological environmental

problems, such as water quality deterioration and HABs (Zhang
etal,, 2019, 2020a,b).

Data Sources and Treatment

The data on the frequency, area, and phytoplankton species
composition of HABs for 1980-2004 were from Li and Lv (2009),
for the period from 2005 to 2011 the data were from the
Guangdong Oceanic and Fishery Bureau (2005-2012), and for
the period from 2012-2020 the data were from the Department
of Natural Resources of Guangdong Province (2013-2020).
Dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorous (DIP) are the indicators of Chinese national
seawater quality standards (GB3097- 1997) (AQSIQ, 1997).
In GB3097- 1997, the grade IV seawater quality standard is
applicable to the seawater of marine port or marine exploitation
operation areas. The DIN and DIP concentration of the grade
IV seawater quality standard was 35.71 and 1.45 pmol/L,
respectively (AQSIQ, 1997). The yearly averaged data of nutrients
(DIN and DIP) were used to represent the long-term nutrient
variations. The nutrient data for 1990 were obtained from the
Compiling Committee of Records of China Bays (1999). The
nutrient data for the period from 1998 to 2001 were from
Lv et al. (2002), for the period from 2006 to 2010 the data
were from the Zhanjiang Oceanic and Fishery Bureau (2007-
2011), and for the period 2011-2015 the data were from Yuan
et al. (2016). The mean nutrient data for 2019 were obtained
from the field monitoring data in this study. The data on
anthropogenic pressures, such as gross domestic product (GDP),
population, fertilizer use, industrial wastewater discharge, and the
total output of marine products during this investigation period,

Frontiers in Marine Science | www.frontiersin.org

3 April 2022 | Volume 9 | Article 849819


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Long-Term Harmful Algal Blooms and Nutrients Patterns

were from the Zhanjiang Municipal Statistics Bureau (2007-
2011). The annual precipitation and air temperature data for
the ZJB were obtained from the Guangdong Municipal Statistics
Bureau (2019) (Table 1). To concentrate on long-term HABs and
nutrients patterns affected by climate change and anthropogenic
pressures, the annual mean data values, based on pooled samples,
were determined in the analysis (McQuatters-Gollop et al., 2007;
Zhang et al., 2017). In addition, to avoid long-term data sources
of error in the method of monitoring HABs and nutrients
patterns, climate change and anthropogenic pressures indicators,
the analyses were in accordance with the investigation criteria of
China and aimed to ensure the consistency of methods as far
as possible (Zhang et al., 2017). Furthermore, for the accuracy
of the datasets of all long-term indicators, we cited government
administration reports and references that had confirmed the
comparability of the long-term data (Yuan et al.,, 2016; Zhang
et al, 2017). Thus, the information regarding the long-term
annual mean data obtained in the ZJB were deemed relatively
accurate and reliable.

Statistical Method

The geographic information system ArcGIS (10.2) (Esri
Corporation, New York, NY, United States) was used to map the
monitoring stations of the ZJB coastal waters and land-based
pollution sources. The maps of HABs, DIN, and DIP, and climate
and anthropogenic pressures in the ZJB were drawn using
Origin 9.0 software (Origin Lab Corporation, Northampton,
MA, United States). The linear regression analysis described the
linear relationship between HABs, nutrients, and the climate
and anthropogenic pressures indicators and determined how
much of the variation can be explained by the linear relationship
with indicators and how much of this variation remains
unexplained (Zhang et al., 2017). The linear regression analysis
between variables was determined among the HABs, nutrients,
climate change, and anthropogenic pressures indicators using

TABLE 1 | Meteorological and physico-chemical data references
used in this studly.

Time period Variables Data sources
1980-2019 Frequency and duration of Li and Lv, 2009; Department of
HABs and the phytoplankton Natural Resources of
species composition of HABs Guangdong Province,
2013-2020
1990 DIN and DIP Compiling Committee of
Records of China Bays, 1999
1998-2001 DIN and DIP Lv et al., 2002
2006-2010 DIN and DIP Zhanjiang Oceanic and Fishery
Bureau, 2007-2011
2011-2015 DIN and DIP Yuan et al., 2016
2019 DIN and DIP This study
1980-2019 Fertilizer use, gross domestic Zhanjiang Oceanic and Fishery
product, population, industrial Bureau, 2000-2020
wastewater discharge, and the
total output of marine products
1980-2019 Precipitation and air Guangdong Municipal Statistics

temperature Bureau, 2019

Change data sources.
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FIGURE 2 | Number of HAB events and their extension (km?2) from 1980 to
2020 in Zhanjiang Bay, China.

Origin 9.0 software (Origin Lab Corporation, Northampton,
MA, United States). A probability level of 0.05 was used to
determine significance.

RESULTS

Long-Term Harmful Algal Blooms

Variation in the Zhanjiang Bay Coastal
Water

Long-Term Harmful Algal Blooms Variation of
Frequency and Areas in the Zhanjiang Bay

During the period 1980-2019, HABs occurred 15 times in the
Z)B (Figure 2). However, there was no significant change in the
frequency of HABs in the ZJB; they occurred at a frequency of
once or twice in the outbreaking year. Before the 2000s, HAB
events were not typically observed, occurring only once in 1980.
From 2001 to 2004, no HAB events were registered. Afterward,
the frequency of HABs reached twice per year in 2005, during
which the largest area of HABs were observed with an extent
of more than 300 km?. From 2006 to 2008 only one HAB was
registered per year, and the extent of these events also showed
a decreasing trend. The frequency of HABs in 2010 decreased
to one event with an area of 4.8 km?, which was the smallest
area observed during this period. In 2012, the frequency of HABs
increased to two events per year, and again decreased in the
following years, with no HAB events in 2015 and 2016. However,
the area of HABs increased in 2017, with the second largest
observed area of 275 km? during these years, and the frequency
of HABs increased up to twice per year. With the decrease in the
area o HABs, the frequency decreased once in 2018.

Long-Term Harmful Algal Blooms Variation of
Phytoplankton Species Composition in the Zhanjiang
Bay

Five phytoplankton species bloomed in the ZJB during the three
decades of the investigation period (Figure 3). It was evident
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FIGURE 3 | Phytoplankton species that formed HABs in the Zhanjiang Bay,
China from 1980 to 2020.

that Skeletonema costatum had the highest bloom frequency,
accounting for 43.75%. Following by Phaeocystis globosa with
a frequency of 37.50%. Leptocylinderus sp., Pseudonitzschia
delicatissima, and Prorocentrum lima had the same bloom
frequencies, accounting for 6.25%. The bloom frequency of
Phaeocystis globosa doubled in 2005 and 2017. Moreover,
Skeletonema costatum occurred twice in 2012 and 2013. In
2013, two phytoplankton species, Skeletonema costatum and
Pseudoitzschia delicatissima, occurred in the ZJB. During the
investigation period, the dominant phytoplankton species of the
HABs were Skeletonema costatum and Phaeocystis globosa.

Long-Term Harmful Algal Blooms Seasonal
Occurrence in the Zhanjiang Bay

To determine long-term seasonal variation of HABs in ZJB,
four seasons of 12 months each were defined as spring (March,
April, May), summer (June, July, August), autumn (September,
October, November), winter (December, January, February). The
seasons and durations of the HABs in different years varied
(Figure 4). The month with the highest record of bloom events
was March. There were six occurrences of HABs in March,
accounting for 30.00% of the total frequency. Following April and
March that accounted for 15.00% of the total frequency during
these decades. The period of the HABs occurred in August in
2012 and 2013. Additionally, the period of the HABs occurred in
March and April in 2017 and 2018. However, HABs did not occur
in November or December. The longest duration of HABs lasted
4 months in 2005. Overall, HABs became more frequent after the
1990s. Moreover, HAB events were focused in spring, including
the months of March, April, and May, accounting for 53.30% of
the total percentage of occurrences.

Long-Term Nutrients Variation in the
Zhanjiang Bay Coastal Water

In the last three decades, nutrients in the coastal seawater of the
Z)B have experienced a significant change (P < 0.01). The annual
mean DIN concentration in the ZJB seawater increased threefold

—

FIGURE 4 | Long-term HABSs period and duration.

during this period, from 9.87 to 40.06 wmol/L. The concentration
of DIN increased slowly at the beginning of the 1990s and then
decreased slowly from the mid-1990s to the mid-2000s. Then,
it increased rapidly, achieving a value of 58.43 pmol/L in 2009.
Thereafter, it maintained a high level of fluctuation and showed
a fluctuating downward trend (Figure 5). The annual mean DIP
concentration increased by 21-fold and ranged from 0.13 to 3.74
pwmol/L. Changed from lower concentration in the early1990s to
higher concentrations in the mid-2000s. Subsequently, the DIP
concentration maintained high-level fluctuations and exhibited
an increase in the early 2010s. The highest DIP concentration
was 3.74 pmol/L in 2015. Before 2008, the concentrations of
DIN and DIP did not exceed the grade IV seawater quality
standard. The concentration of DIN exceeded the standard in
2009, 2010, 2013, 2014, and 2019, respectively. From 2009 to
2015 and 2019, the concentrations of DIP exceeded the grade
IV seawater quality standard. Conversely, it seems that the value
of DIN/DIP exhibited a drastic decrease during these decades.
Compared to 2019, the value of DIN/DIP in 1990 decreased
fourfold. A significant decrease of 74.10-18.00 was observed from
the early to the end of the 1990s. In the early 2000s, the value of
DIN/DIP seemed to remain stable but still maintained a slowly
fluctuating decline with a minimum value of 9.00 in 2015. The
value of DIN/DIP exceeded 16:1 (Redfield Ratio) in most of the
years, except in 2008, 2012, 2015, and 2019. The nutrient regime
in the ZJB shifted from an oligotrophic state with P-limitation to
a eutrophic state with N-limitation.

Long-Term Variation of the Climate
Change in the Zhanjiang Bay

During the investigation period, the annual average air
temperature ranged from 224 to 24.5°C. The phases of
temperature variation presented an uneven “M” shape from 1995
to 2005 and presented an uneven “W” shape from 2005 to
2015 (Figure 6). Precipitation exhibited an irregularly changing
trend and maintained high-level fluctuations during these years.
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FIGURE 5 | Long-term nutrients’ concentration (A) and composition (B)
variation in the Zhanjiang Bay coastal water.

The highest value of precipitation was 2411.3 mm in 1985, and
the lowest value was 1068.5 mm in 2004. Precipitation had a
significant decreasing trend from the early 2000s to the mid-
2000s and increased slowly in the following years.

Long-Term Variation of the

Anthropogenic Pressures in the

Zhanjiang Bay

During the investigation period, the population, industrial
facilities, and agricultural intensity grew rapidly with the rapid
development of the economy and society in Zhanjiang (Figure 7).
According to the statistics, the gross domestic product (GDP)
and population grew at a steadily increasing rate. Simultaneously,
fertilizer use in Zhanjiang reached 445,720 tons in 2018.
Although this was lower than in 2017, it was a 10-fold increase

compared to the early 1980s. There were drastic changes in
the amount of industrial wastewater discharge. The volume also
increased from the early 1980s to 1990 and showed a fluctuating
decrease during the 1990s and 2000s. At the beginning of the
2010s, it increased rapidly and then decreased slowly over the
next few years. Overall, industrial wastewater discharge was
4.98 x 107 tons in 2018, which was 17% lower than that in 1980.
In contrast, Zhanjiang is also a major marine aquaculture city.
The number of marine products increased steadily during this
period and was 8.8 times more than that in 1980.

DISCUSSION

Causes of Harmful Algal Blooms Events
in Zhanjiang Bay Coastal Water

HABs damage ecosystems and threaten human health worldwide
(Corcoran and Hunt, 2021). To strengthen the prediction and
mitigation of HABs, further studies on the role of nutrients
in HAB expressions are critical (Heisler et al., 2008). There
are numerous clear examples of the relationship between
HAB frequency and increased total nutrient loading in the
coastal waters of China (Glibert et al., 2005). Previous research
has found that the intracellular and extracellular balance of
nutrients is central to phytoplankton growth and competition
(Tilman, 1977). Using the recorded data, the link between
nutrient concentrations and HAB characteristics, including the
occurrence area, frequency, and bloom timing, was analyzed
for the ZJB. During this long-term investigation, the frequency
and area of HAB events in the ZJB increased after the 1990s
and reached an explosive trend, with the largest total area
of HABs (310 km?) occurring in 2005. However, due to the
insufficient data, the frequency and area of HABs in the ZJB are
not linearly correlated with the inorganic nutrient concentration
of seawater (P > 0.05) (Figure 8). Therefore, eutrophication
(inorganic) may not have a direct relationship with HABs in
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FIGURE 6 | Long-term annual precipitation and temperature in the Zhanjiang Bay coastal water.
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the ZJB from a long-term perspective, which is similar to
conditions in the Pear] River Estuary (Anderson et al., 2002). The
Pearl River estuary discharges a significant volume of polluted
waters into South China Sea, including the western waters of
Hong Kong, yet the occurrence of HABs is low compared
to the conditions in Victoria Harbor and areas to the east
(Anderson et al.,, 2002). It was that low nutrient values may
occur due to phytoplankton uptaking during HABs events. While
most studies have focused on the inorganic nutrients, they
are not the only the nutrient source for many HABs. Major
pools of dissolved organic matter, such as dissolved organic
nitrogen (DON) and dissolved organic phosphorus (DOP),
originate from both allochthonous and autochthonous sources
(Antia et al., 1991; Glibert et al., 2005; Davidson et al., 2007,
2014; Pete et al,, 2010). Organic nutrients play an important
role in the development of blooms of various HAB species,
and the importance of this phenomenon has been globally
documented (Glibert et al., 2001, 2005). Many HAB species rely
strictly on photosynthesis for their energy and use inorganic
nutrients. At the same time, the appreciation of the importance
of mixotrophy of HABs species also affects which nutrient
forms should be considered in water management strategies
(Burkholder et al., 2008; Flynn et al., 2018). In addition, the
dissolved or particulate organic nutrients for several or all of
their nutrient demands can be also available for the HAB species
during photosynthesis process or mixotrophy (Granéli et al,
1999; Stoecker, 1999; Glibert et al., 2005; Burkholder et al.,
2008). Additionally, five phytoplankton species of HABs were
identified in the ZJB. Among all the bloom frequencies of the
phytoplankton species, Skeletonema costatum and Phaeocystis
globosa accounted for 37.50 and 43.75% of the total, respectively.
Simultaneously, Skeletonema costatum and Phaeocystis globosa
bloomed during the 2000s and 2010s. However, Skeletonema
costatum was the dominant phytoplankton species observed in
the 2000s and Phaeocystis globosa is the dominant phytoplankton
species observed in 2010s. Laboratory research results showed
that phosphate and nitrate were the main limiting factors for
the growth of Phaeocystis globosa strains, and their tolerance
to phosphate ranged from 0 to 180 pwmol/L. In the lower N/P
range (5.9-19.6), the growth rate of Phaeocystis globosa is higher
(Guo et al., 2007; Shen et al., 2018). Therefore, this may be
why the dominant phytoplankton species of the HABs in the
Z)B changed from Skeletonema costatum to Phaeocystis globosa
during the 2000-2010s. March, April, and May, which were
spring in the ZJB, were the months with the highest frequencies of
HABs. The temperature initially increases in spring. The suitable
temperature of Phaeocystis globosa ranged from 15 to 27°C
(He et al., 2019). Comparatively, the most growth temperature
of Skeletonema costatum was 24-28°C (Huo et al, 2001).
Temperature variations may affect the habitat for HABs and the
community of organisms within which the harmful algal species
may live (Anderson, 2000; Wells et al., 2015; Glibert, 2020). For
example, climate warming leads to longer growing seasons of two
harmful algal species (Prorocentrum minimum and Karlodinium
veneficum) in eutrophic Chesapeake Bay, but may suppress
bloom habitat (Li et al., 2020). In future, for better understanding
climate change-driven by temperature variations, the dynamic
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mathematical model and field experimental observation should
be conducted in the ZJB (Lin et al., 2018).

Nutrients Change and the Eutrophication
Trend in Zhanjiang Bay

In recent decades, anthropogenic activities have substantially
increased the nutrient inputs to waters and changed the nutrient
composition. Eutrophication is the over-enrichment of nutrients
in a water body, causing an advanced production of organic
matter, particularly algae (Wang et al., 2018). The reasons for the
occurrence of HAB events in the ZJB may be complex. Through
the analysis of the long-term nutrient variation in the ZJB and
previous studies, it was found that the water quality of the ZJB has
seriously exceeded the standard, and the nutrient concentration
in most of the sea areas also exceeded the grade IV national
seawater quality standard (Lv et al., 2002; Zhang et al., 2009, 2019;
Shi et al,, 2015; Yuan et al., 2016). Excessive accumulation of
nutrients had led to the eutrophication issue in the Z]B. In marine
systems, the concept of the “Redfield Ratio” has been central to
the debate surrounding resource competition (Davidson et al.,
1992). Redfield demonstrated that the chemical composition
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of plankton tends toward an average atomic C:N:P ratio of deemed the “limiting” nutrient. Therefore, an important problem
106:16:1. The nutrient in least supply relative to the requirements  related to HABs is the role of nutrient ratios in governing
for growth (determined by their biochemical composition) is bloom formation (Davidson et al., 1992, 2014). Based on the

Frontiers in Marine Science | www.frontiersin.org 8 April 2022 | Volume 9 | Article 849819


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Long-Term Harmful Algal Blooms and Nutrients Patterns

long-term analysis of DIN/DIP, the N/P ratio exceeds the normal
range of the Redfield Ratio. With the asymmetric increasing
of DIN and DIP in these decades, the rate of DIP increase
is much faster than DIN in Z]JB. The results showed that the
concentration of DIN increased threefold from the beginning of
the 1990 to 2019 period, while the DIP concentration increased
21-fold. On one hand, the decline of DIN/DIP may be caused
by phosphorus fertilizer in the biggest Suixi river watershed. In
the watershed, the non-point source of phosphorus fertilizer was
widely used in copland and finally entered adjacent coastal water
due to the heavy rainfall influence in summer (Zhang P. et al,,
2021). On the other hand, the surrounding factories, including
fertilizer manufacturing, and large amount of wastewater with
high concentrations of phosphorus was also discharged into the
rivers entering coastal water (Zhang et al., 2019). The severe
imbalance between the N/P ratio caused the nutrient regime
in the ZJB to shift from P-limitation to N-limitation, which
had great impact on the growth of phytoplankton. Continued
nutrient enrichment and the decline of N:P ratio have increased
the risk of nutrient-enhanced algal bloom (Chen et al., 2013).
Both N and P are of concern in eutrophication, but N has received
more attention because it is used to limit primary production
in estuaries and coastal waters (Glibert et al., 2005). Under the
environment of increasingly serious nitrogen pollution in the sea,
sufficient nitrogen sources have become an important reason for
the frequent occurrence of coastal HABs in China in recent years
(Liang, 2010). Additionally, compared to inorganic nutrients,
the organic nutrients (such as urea) in the seawater of the ZJB
may have a more signification relationship with HABs. Urea,
which has been identified as a source of organic nitrogen, has
been used as a nitrogen fertilizer and feed additive, increasing
in use by more than 50% over the past decade (Glibert et al.,
2005, 2006). Since the 1970s, when the escalation in the use
of chemical fertilizer began in China, the number of HABs has
increased by 20 times, with blooms that are now of greater
geographic extent, more toxic, and more prolonged (Anderson
et al., 2002). A previous study has found that urea, originating
from land-based input, in the ZJB may have a bioavailable DON
source (Zhang et al., 2020a). Thus, organic nutrients in the ZJB
could have a significant effect on the HAB events. However,
according to other coastal regions (Davidson et al., 2014), it
was shown that an anthropogenic nutrient-HABs link is a
typical, with insufficient evidence to draw definitive conclusions.
Nutrient enrichment has been strongly linked to the stimulation
of several harmful species, but for others it has not been an
apparent contributing factor (Anderson et al., 2002). Although
nutrient pollution is the primary driver of eutrophication, many
studies have recognized that the relationship between nutrient
pollution and HABs is more complex than previously thought
(Glibert et al., 2005; Heisler et al., 2008): not all nutrient loads
result in HABs, and not all nutrient effects that result in HABs
cause other eutrophication impacts (Glibert and Burford, 2017).
The mode of delivery of both inorganic and organic nutrients,
especially nitrogen, is not restricted to aquatic sources, while the
atmospheric input is also important (Glibert et al., 2005). In,
Howarth et al. (2002) found that the atmosphere may contribute
up to 40% of the total inorganic and organic nitrogen inputs in

many estuarine and coastal waters. Analyzes of the data related
to nutrients and climate indicators in the ZJB showed that there
were no significant linear relationships between the long-term
climate change indicators and nutrient concentration in seawater
(P> 0.05) (Figure 9). Previous field studies showed that the land-
based nutrients flux input was much greater than atmospheric
wet deposition in the ZJB (Chen et al., 2017; Zhang et al., 2019).
Therefore, in comparison with land-based nutrient sources input,
atmospheric wet deposition may not have a remarkable effect
on the nutrient concentration change in the ZJB. Thus, the
eutrophication problems in the ZJB may be induced by land-
based sources. However, the short-term extreme climate events,
such as hydrological change driven by tropical typhoon, cannot
be neglected in the contribution of nutrients load from land-
based and atmospheric sources input in the tropical coastal
eutrophication (O’Neil et al., 2012; Chen et al., 2017; Phlips et al.,
2020; Zhang et al., 2020c).

Land-Based Sources of Pollutant Input
Affecting the Water Quality

Eutrophication originates from the significant increase in the
utilization of chemical fertilizers that began in the 1950s and is
projected to continue to escalate in the coming decades (Smil,
2001; Glibert et al., 2005). Eutrophication in the ZJB ecosystem
may result from a combined influence and change in the
relative importance, of several factors, including external nutrient
input cycles (primarily the anthropogenic pressures). With the
development of Zhanjiang’s social economy in recent years, the
government has promoted an industry-oriented development
strategy, which allowed the industry to develop rapidly (Shi
et al., 2015). Imported projects within the heavy industry have
brought tremendous pressure upon the ecological environment
of the ZJB (Shi et al., 2015). An environment of estuaries and
coastal areas, such as the ZJB, is always influenced by the
anthropogenic activity indicators and river runoff (agriculture,
industrial wastewater input, etc.) (Zhang J. et al., 2021). Through
the correlation analysis of these factors and the nutrients, it
was found that these influencing factors had significant impacts
on the nutrient concentration in the ZJB coastal seawater,
except for industrial wastewater discharge (Figure 10). With
the treatment of domestic and industrial wastewater according
to the national standard of wastewater discharge in Zhanjiang
in recent years, the nutrients discharge load from wastewater
has gradually decreased, but the concentration of nutrients still
shows an increasing trend in ZJB coastal water. Therefore, the
point source (industrial wastewater) is not the predominant
influencing factor in the nutrient enrichment of the ZJB.
However, the most complex nutrient sources for understanding
and regulation are non-point source inputs, such as agricultural
runoff, groundwater, and atmospheric deposition (Heisler et al.,
2008). Non-point sources are the major sources of the ZJB
coastal waters. Land-based source inputs, especially agricultural
fertilizer runoff, might be the major means of non-point sources
pollution in the ZJB. This situation is caused by the rapid
development of the society and the economy around the ZJB,
which has led to a continuous increase in nitrogen pollutant
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emissions and water quality deterioration (Zhang et al., 2019).
Similarly, marine aquaculture has accelerated the development
of phytoplankton communities (Chen et al., 2001). Zhanjiang
has large-scale aquaculture industries, including freshwater and
seawater (Zhang et al., 2020a). A previous study has shown that
aquaculture pollution in the ZJB seriously threatens the health
of the bay’s ecosystem (Li Z. Y. et al,, 2012). Simultaneously,
the evaluation results revealed that the value of the pollutant
treatment function in the ZJB is very limited, and reducing the
discharge of land-based pollutants into the bay is the key to the
construction of an ecological bay city in Zhanjiang (Li Z. Y.
et al., 2012). As the higher rate of DIP increased, governments
need to pay more attention on policy about the limiting of the
use of P in domestic and agricultural application. Protection of
estuarine—coastal ecosystems from the eutrophication syndrome
has proven to be a difficult policy challenge, partly because of the
diverse sources of nutrients delivered to the coastal waters from
urban and agricultural runoff, atmospheric deposition, and point
sources such as municipal wastewater treatment plants.

Integrated Land-Ocean Environment
Management in the Zhanjiang Bay

The long-term relationships between eutrophication and
anthropogenic pressure indicators in the ZJB suggest that
anthropogenic pressures have become a serious threat leading
to eutrophication in the ZJB. Rapid increases in population,

economic growth, and aquaculture development in the ZJB have
resulted in the massive mobilization of bioactive nutrients, such
as DIN and DIP, in recent decades. If the effective measures
were not taken in coastal water quality protection, the increasing
trends are not expected to cease in the next years. Future shared
socioeconomic pathways show that high N/P ratios are likely to
persist for decades to come, even worsening in a future oriented
toward sustainability, and indicate that HABs may be a persistent
problem in China’s coastal waters (Wang et al., 2021). Liu et al.
(2012) also predicted future trends in water pollution by nitrogen
and phosphorus in major rivers worldwide. These results indicate
that the ZJB is likely to encounter severe DIN and DIP discharge
problems with considerable increases in agricultural activity
over the next two decades compared to other major rivers
worldwide (Li et al., 2014). The annual discharge of pollutants
into the ZJB from the land-based source inputs has greatly
exceeded its environmental capacity requirements (Li X. B. et al.,
2012). Additionally, based on the numerical modeling systems,
a previous study has calculated the environmental capacity of
the inner ZJB and proposed land-based source pollution control
measures to improve water quality (Shi et al., 2021). Strategies
to limit sewage and agricultural and industrial discharges
to coastal waters are being implemented in many countries
by N and P removal from waste and the control of fertilizer
application (Davidson et al., 2014). Therefore, both point and
non-point sources in the coastal water environment should be
further reduced. Additionally, the land-based pollutants load
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reduction mismatched the coastal water quality indicator and
environmental capacity in Z]JB at present (Zhang et al.,, 2019,
2020a). For example, the nutrients criteria of total nitrogen and
phosphorus could be developed for efficiently nutrients load
management (Yang et al., 2019). Furthermore, to identify and
quantify the critical pollutants source areas and load in the
surrounding watersheds, the integrated land-ocean environment
management based on environmental capacity of pollutants
should be introduced to reduce land-based pollution sources,
mitigate eutrophication, and curb the HABs in the ZJB.

CONCLUSION

Based on a long-term survey in ZJB, carried out over the last
three decades, the problems of HABs and eutrophication have
been highlighted. HABs rarely occurred before the 1990s but
have occurred periodically and frequently since the 2000s. The
frequency of HABs was once or twice per year in the ZJB, and
the largest area of HABs observed during the study period was
310 km? in 2005. Most HAB events occur in spring. Additionally,
the dominant phytoplankton species were Skeletonema costatum
and Phaeocystis globosa, which accounted for 37.50 and 43.75%
of the total, respectively. During these years, the concentration
of DIN increased by approximately 9.87-58.43 pmol/L, while
the concentration of DIP increased by 0.13-3.74 pmol/L. After
2008, the concentrations of DIN and DIP both exceeded the grade
IV seawater quality standard. However, the N/P ratio showed
decreasing trend from 74.31 to 9.00. This situation caused the ZJB
ecosystem to shift from a P-limited oligotrophic state before the
1990s to an N-limited eutrophic state. The significant changes in
the composition of the nutrients in the seawater are likely to play
an important role in the future development and construction
near the ZJB. With the rapid development of society and the
economy in Zhanjiang, anthropogenic pressures may be driving
the changes in water quality. Integrated land—ocean environment
management in the ZJB should be introduced to curb the HABs
and improve water quality. In addition, given HAB occurrence
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