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Phytoplankton is an important primary producer of the estuarine ecosystem,
which is essential for the biogeochemical cycle of water elements and nutrient
transfer. The Pearl River estuary (PRE) is a dynamically complex estuary, and the
environment of PRE is significantly impacted by anthropogenic activities,
variation of phytoplankton community structure in the PRE are complex. This
review aims to compare phytoplankton species, species diversity, and abundance
variation characteristics from the 1980s and 2020s, evaluate the overall trend of
phytoplankton in the PRE, and discuss the main environmental factors affecting
phytoplankton growth in the PRE. The data from the past 40 years in PRE showed
that the number of phytoplankton species significantly decreased (p < 0.05).
There was no significant difference in the abundance of phytoplankton at the 10-
year scale, however, the fluctuation range of the abundance has increased. Under
the conditions of a decreasing species number and no significant difference in
abundance, the species diversity of phytoplankton showed a downward trend. In
addition, the dominant phytoplankton species in the nearshore waters were
relatively homogenous, and the abundance of phytoplankton in the nearshore
waters was higher than that in the open waters, which suggested that human
activities have a great influence. This review can form the basis for facilitating
health management in the PRE ecosystem. Further, relevant guidelines can be
developed and implemented for promoting the ecological health of the
Guangdong-Hong Kong-Macao Greater Bay Area and ensuring its sustainable
development.
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1 Introduction

Figure 1 phytoplankton account for 1% of the photosynthetic biomass on Earth, and it is an
important primary producer in aquatic ecosystems. Meanwhile, phytoplankton are the base of
aquatic food webs and of global importance for ecosystem functioning and services (Winder
and Sommer, 2012). Therefore, it plays a vital role in the biogeochemical processes of water
elements and the process of nutrient transfer. Phytoplankton have important applications in the
assessment of water quality and ecosystem health (Villegas and Giner, 1973; Guo et al., 2020).
For example, the balance between phytoplankton, the environment, and the quality of water
health can be evaluated using phytoplankton diversity and biological integrity index (Tan et al.,
2017; Liu et al., 2020).
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The eutrophic conditions lead to phytoplankton blooms,
Phytoplankton proliferate and cover the water surface in eutrophic
water, blocking the transmission of light to the bottom, inhibiting the
growth and proliferation of aquatic plants at the bottom, and reducing
the release of oxygen. In addition, when the nutrients are exhausted, a
large area of phytoplankton death will occur, and a large amount of
oxygen will be consumed when they are decomposed by bacterial
communities. The result of both actions is a decrease in the
concentration of dissolved oxygen in the water (Anderson et al.,
2002). Reduced concentrations of dissolved oxygen can cause the
death of aquatic animals, especially fish. Some algae give off a fishy
odor, which makes the water smell bad. The final development of
eutrophication will reduce the water storage capacity due to organic
residue deposition, destroy the ecological structure of water, break the
biological chain, species tend to be single, and water function
degradation (Anderson et al., 2002; Qi and Liu, 2004; Salk et al., 2022).

The Pearl River is the third longest river in China, with an annual
runoff more than 349.2 billion cubic meters, which size is second only
to that of the Yangtze River in China (Qiu et al., 2010). It comprises
eight outlets and three main tributaries of the Pearl River—the North
River, the East River, and the West River, which empty into the Pearl
River Estuary (PRE) (Luo et al., 2007; Zhang, et al., 2009). The PRE in
southern China is characterized by a typical subtropical climate, rich
in natural resources, and themain water source for Zhuhai andMacao,
therefore, it is recognized as the central development hub of the
Guangdong-Hong Kong-Macao Greater Bay Area with salient natural
geographical advantages. However, the PRE has faced substantial
environmental pressure under the influence of frequent human
activities and intensified global climate change in recent decades.
The water developed from a mesotrophic system to undergoing local
eutrophication since the 1900s, and this trend is currently being
exacerbated (Jia et al., 2002; Zhang et al., 2009; Niu et al., 2020).
Jia et al. (2002) revealed the increasing trend of eutrophication in the
PRE over the past century through the sedimentary column. The
sedimentary budget of organic carbon, biogenic silica and total
nitrogen, which are related to the primary productivity of aquatic
ecosystems, basically maintained in a relatively low and stable range
before the early 20th century, whereas the sedimentary budget of each
component showed an obvious increasing trend after 1920.
Furthermore, Guo et al. (2022) showed that the overall water
quality of the coastal waters of Zhuhai city was extremely poor in
November 2017 and March 2018. The input of nutrients, especially
nitrogen, has resulted in aquatic eutrophication in this estuary (Huang
et al., 2003; Zhu et al., 2018).

Huge environmental pressure causes frequent occurrences of red
tides in the PRE. Such tides severely affect the water supply security
and threaten the sustainable utilization of natural resources in the
Guangdong-Hong Kong-Macao Greater Bay Area. Thus, it is essential
to study the phytoplankton population ecology to understand the
health of the PRE ecosystem and its underlying drivers. Estuarine
habitats are unique, while phytoplankton composition and
distribution patterns are both complex. However, there is no
review previously published about phytoplankton in the PRE, the
existing ecological surveys and published data in the PRE are not
continuous. Therefore, the phytoplankton status and change trend in
the PRE are both poorly understood. New techniques for
phytoplankton monitoring and evaluation, such as remote sensing
inversions, may close this gap; however, they require substantial data
support (Peng, 2021).

This review focuses on the species composition, dominant species,
spatiotemporal distribution, and species diversity trends of
phytoplankton in the PRE and summarizes the main findings on
the phytoplankton community in the region. Our summary can
facilitate health management in the PRE ecosystem and provide
relevant guidelines for promoting the ecological health and
sustainable development of the Guangdong-Hong Kong-Macao
Greater Bay Area.

2 Materials and methods

This manuscript refers only to published data, the graph and
significance difference analysis (Student t test) of phytoplankton
species and abundance in different periods were performed by R
package ggplot2, RColorBrewer, ggsignif and stats. The graphical
abstract was drawn with CorelDraw X8.

3 Results and discussion

3.1 Phytoplankton species composition and
dominant species

Estuaries are transitional zones between rivers and oceans, where
brackish and fresh water interact and the evolution mechanism of
biogeochemical processes is complex, thus forming a unique complex
ecological environment (Lu and Gan, 2015; Niu et al., 2020). Estuarine
phytoplankton groups, such as saltwater, freshwater, and semi-saline
water species, are also unique. Eight phytoplankton taxa, namely
Diatom, Dinoflagellate, Chlorophyta, Cyanobacteria, Chrysophyta,
Cryptophyta, and Xanthophyta, have been reported in the PRE
since the 1980s (Huang et al., 2004; Li et al., 2014). Similar to the
phytoplankton community structure in the 1980s, diatom was
determined as the dominant group (especially in the dry season),
followed by Chlorophyta (Song, 1991; Xu et al., 2022). During the
upstream period of saltwater intrusion, the dominant taxa in the PRE
significantly changed, whereas diatoms predominated in the upper
estuary, and dinoflagellates predominated in the lower estuary (Li
et al., 2010). According to the published data (Figure 2), the data from
the past 40 years in PRE showed that the number of phytoplankton
species significantly decreased (p < 0.05). Previous studies identified
~300 species of phytoplankton in the PRE in the early 1980s, mainly
represented by the widespread and warm-water species (Liu, 2008).
Compared with the 1980s, the overall number of phytoplankton
species in the PRE exhibited a downward trend because only
84 phytoplankton species were identified during two voyage
surveys in the PRE during 2010–2011 (Song, 1991). Moreover, in
2020, only 50 species of phytoplankton were identified at 14 survey
stations in the PRE in the summer and winter (Xu S. et al., 2022).
During the saltwater intrusion period, less than 80 species were
detected (Xiong and Liu, 2018). The number of species in the PRE
varies between seasons; an upward trend exists from spring to
summer, where the number of species peaks in the summer and
decreases as autumn approaches (Zhou et al., 2016).

As mentioned, the dominant species in the PRE and adjacent
waters are mainly represented by diatoms, which are affected by the
interleaving of two heterogeneous water masses, tidal current, and
runoff, thereby causing severe water disturbance and distinct seasonal

Frontiers in Environmental Science frontiersin.org02

Chen et al. 10.3389/fenvs.2023.1084888

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1084888


succession of dominant species in the PRE (Li et al., 2007). In the wet
season, the dominant species are represented by Aulacoseira granulata
and Aulacoseira granulata var. angustissima. Meanwhile, A. granulata
is a common dominant species in the upper reaches of the PRE (Wang
et al., 2012; 2013). Skeletonema costatum is arguably the dominant
species in the PRE during the dry season, especially during the
upstream salt-tide period. Skeletonema costatum, characterized by
ectothermic and halotolerant organisms, is also the dominant
species in the PRE, with a relative abundance of > 80%. Moreover,
in some years, Skeletonema costatum was reported as the dominant
species during wet seasons (Huang et al., 2004; Feng et al., 2012). In
addition, the species of Cerochaete and Rhombic were also reported to
be more abundant in the dry season. Similarly, Nitzschia pungens,
Nitzschia delicatissima, Thalassiosira sp., Chaetoceros affinis etc., were
found to be dominant species in the dry season (Dai et al., 2004; Wang
et al., 2013). Compared with that in the wet season, the number of red
tide species in estuaries increased in the dry season, and dinoflagellates
were the species that increased the most (Dong et al., 2009). The
statistics from the 2000–2014 period revealed that the the dominant
red tide algae in the PRE were Cochlodinium polykrikoides,
Cochlodinium geminatum, Gyrodinium instriatum, and Akashiwo
sanguinea (Liu, 2008; Wei et al., 2012; Huan et al., 2016).

3.2 Distribution characteristics of abundance
and diversity trends in phytoplankton

The abundance distribution of phytoplankton in the PRE exhibits
distinct spatiotemporal variability. More specifically, the interactions
between multiple environmental factors complicates the distribution
of phytoplankton in the PRE. Consequently, the abundance of
phytoplankton is higher in summer than in winter and higher in
the wet season than in the dry season (Si, 2018; Xiong and Liu, 2018;

Wang et al., 2021). The abundance of phytoplankton in the PRE has
been mainly reported downstream in the wet season. Given the high
dilution intensity in the upper estuary, a large amount of suspended
matter is formed, thereby limiting the access of phytoplankton to
nutrients and light. Consequently, phytoplankton growth is also
hindered. By contrast, the downstream of the river water is largely
devoid of suspended matter, the dilution intensity is small, and
phytoplankton bloom, so the abundance is relatively high (Yin
et al., 2004; Feng et al., 2012). The high value of phytoplankton
abundance in the dry season was clustered in the middle of the estuary;
previous studies also showed that the spatial distribution of
chlorophyll a in the dry season was characterized by low variability
due to the strong mixing of water bodies (Lu and Gan, 2015). Ma and
Zhao (2021) determined that the spatial distribution of phytoplankton
in the PRE was irregular in the summer. Li et al. (2010) analyzed the
phytoplankton community in the PRE during brackish tides and
found that phytoplankton exhibited a decreasing trend from the
upper to the lower parts of the estuary during both high and low
tides. Furthermore, historical data indicated that the abundance of
phytoplankton in the PRE increased at small scale. The abundance of
phytoplankton in the wet season was significantly higher during
2010–2019 than that in the 1980s, while there was no significant
difference in the abundance of phytoplankton at the 10-year scale
(Figure 3), however, the fluctuation range of the abundance has
increased, and the inter-annual variation range of phytoplankton in
the dry season was somewhat narrow (Song, 1991; Liu, 2008; Xu et al.,
2017; Niu et al., 2020).

The diversity of phytoplankton species in the PRE is greatly
affected by anthropogenic activities. Indicatively, Wang et al.
(2012) examined the phytoplankton in the Pearl River Delta River
network and reported that the diversity of dominant species was low in
the survey stations near Guangzhou. However, the authors found that
the diversity of dominant species that were spatially distant from

FIGURE 1
Graphical Abstract (Guo and Shen, 2003, Harrison et al., 2008, Huang et al., 2021).
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Guangzhou was high in the survey stations, while the frequent human
activities in Guangzhou weakened the diversity of phytoplankton.
Generally, the diversity of phytoplankton species in the PRE peaked in
summer, was low in the estuary, and gradually increased outside the
estuary. Overall, it has been shown that the greater the distance from
the shore, the higher the salinity, and the higher the diversity (Dai
et al., 2004). The diversity of phytoplankton species was found to be
higher offshore than inshore because the abundance of phytoplankton
is high near the PRE. However, the species distribution is uneven in
the region, and the dominant species is concentrated and
homogenous, thereby inducing weak diversity near the PRE (Feng
et al., 2012). From the late 1990s to the early 2000s, phytoplankton
diversity in the PRE was found to be slightly average (Liu, 2008).
Zhang et al. (2015) focused on the PRE and its adjacent waters from
2006 to 2007. They clearly identified the dominant phytoplankton
species in the PRE, while also showing that the overall diversity was
low; unlike in the previous period, it exhibited a downward trend.
Compared with that 20 years ago, the diversity of phytoplankton in the

PRE has significantly decreased in recent years (Xu et al., 2022).
Because it is associated with the diversity of phytoplankton species in
the PRE, the diversity of phytoplankton species in the upper estuary is
also highly important. Therefore, Cui (2019) investigated the Pearl
River Basin and found that compared with that in the 1980s, the
phytoplankton diversity in the Dongjiang and Beijing rivers exhibited
downward trends in the 1990, with the exception of Xijiang River. The
phytoplankton diversity input from the upper reaches of the Pearl
River to the estuary was weak.

3.3 Main influencing factors of phytoplankton
in the PRE

3.3.1 Nutrients
Estuaries are affected by the interaction between freshwater

discharge and brackish water invasion, while the environmental
factors controlling phytoplankton growth are highly complex. The

FIGURE 2
Variation characteristics of phytoplankton species number in the Pearl River Estuary during the flood seasons from the 1980s–2020s. Asterisks indicate
significant differences (*p < 0.05, **p < 0.01) (Song, 1991; Dai et al., 2004; Huang et al., 2004; Liu, 2008; Dong et al., 2009; Li et al., 2010; Feng et al., 2012;
Wang et al., 2013; Zhou et al., 2016; Xu et al., 2017; Xiong and Liu, 2018; Xu et al., 2022).
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main nutrients are nitrogen, phosphorus, and silicon (Yin et al., 2000;
Xu S. et al., 2022). The concentration of phosphorus in the PRE is low,
and the contribution of runoff to PO4-P formation is not significant;
PO4-P mainly originates from the decomposition of sediment organic
matter and the release of sediment, which is exacerbated by the
incomplete treatment of domestic sewage discharge and excessive
use of nitrogen fertilizers. Therefore, the PRE is characterized by high
nitrogen and low phosphorus content. Spatially, nitrogen and
phosphorus pollution trends are more prominent in the east but
inconspicuous in the west. Dissolved inorganic nitrogen (DIN) in the
PRE indicated that upstream of the mouth is dominated by NH4-N,
and the concentration of NO3-N was the highest at the mouth,
accounting for 51.2%–80.4% (Niu et al., 2020b; Li et al., 2022).
Generally, the level of nitrogen and phosphorus nutrients is one of
the key drivers of red tides in the PRE. Huang et al. (2016) determined
that there was a highly significant positive correlation between NO3-N
and the accumulated red tide area in the PRE. In this context, Li et al.
(2022) argued that the large increase in PO4-P may be the cause of the
large increase in the abundance of Skeletonema costatum, and the
transformation of dominant species was mainly associated with the

decrease in the concentration of PO4-P. Previously, Yin and Harrison
(2008) had suggested that the excessive nitrogen enrichment in the
PRE does not induce the high biomass of phytoplankton, and that
limited phosphorus is one of the main drivers of this phenomenon.
The surface distribution of nutrients in the PRE is mainly affected by
terrestrial input and biological consumption. Given the influence of
estuarine diluted water in the summer, the dilution of phosphorus in
the PRE basin surface waters outside the estuary waters because of the
water level change prevents the upper nutrient exchange between
water and bottom water, which lead to the surface of phosphorus are
exhausted, and phytoplankton growth is limited by phosphorus (Yin
et al., 2011; Li et al., 2017). Additionally, phosphorus limitation has
predetermined the miniaturization of phytoplankton in the PRE (Dai
et al., 2008). Li et al. (2007) examined the characteristics of
phytoplankton community structure in the PRE and found that,
compared with the surrounding waters, the PRE was dominated by
small phytoplankton. Si (2018) investigated the PRE in 2017 and
found that the biomass of picophytoplankton was notably dominant,
among which Prochlorococcus and Synechococcus contributed the
most. A previous study demonstrated that phytoplankton

FIGURE 3
Variation characteristics of phytoplankton abundance in the Pearl River Estuary during the flood and dry seasons from the 1980s–2020s (Lin et al., 1994;
Huang andWang, 1997; Huang et al., 2004; Liu, 2008; Li et al., 2010; Feng et al., 2012;Wang et al., 2012; Li et al., 2022; Zhang et al., 2015; Li et al., 2019; Li et al.,
2022; Xu et al., 2022).
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communities with large particle sizes are dominant in nutrient rich
environmentsand are more susceptible to phosphorus limitation
(Litchman et al., 2007). However, other studies showed that ultra-
micro phytoplankton with small particle sizes have a higher specific
surface area. Thus, they can adapt to the poor nutrient niche and
reproduce rapidly, thereby manifesting advantages in the water
(Moutin et al., 2002; Zhou et al., 2016). In the winter, given the
strong vertical mixing and low bioavailability, the phosphorus in the
bottom sediment is replenished in the surface water, thereby elevating
all the forms of phosphorus above the levels recorded in the summer.
This increase alleviates the phosphorus restriction in phytoplankton
growth, thereby causing more frequent winter blooms (Li et al., 2017;
Ye et al., 2020).

Notably, the N/P ratio is crucial for phytoplankton growth, while
the Redfield ratio (N: p = 16:1) can be used as a quantitative indicator
to evaluate water eutrophication (Sañudo-Wilhelmy et al., 2004). Niu
et al. (2020) elucidated the driving factors of the phytoplankton
environment in the PRE from 1974 to 2017 and found that DIN
and PO4-P both increased. Given the influence of the non-point
source inputs from the PRE, the N/P at most survey stations in the
PRE was substantially higher than the ratio optimal for phytoplankton
growth. The increase in N/P is mainly driven by the enhanced use of
nitrogen compared with that of phosphorus, where nitrogen has
higher mobility and more dispersed sources than phosphorus
(Peñuelas et al., 2012; Yu and Gan, 2022).

The estuarine biogeochemistry process is generally complex, while
the main factors limiting phytoplankton growth differ depending on
the season. Some studies have shown that Portland considerably limits
phytoplankton growth in spring and summer. Phytoplankton quickly
multiply in spring and summer as silicates, which are closely
associated with the growth in most dominant species and
represents one of the important conditions, showing the advantages
of diatoms (Yin and Harrison, 2007; Dai et al., 2008). However, when
silicate and phosphate contents are both very low, a dinoflagellate red
tide can easily occur.

3.3.2 Salinity
Brackish and freshwater species normally coexist in an estuary;

therefore, salinity plays a decisive role in phytoplankton types in the
PRE. In recent years, the inter-annual variability of salinity in the PRE
has not been significant in the dry season. Despite the insignificance,
the frequency, intensity, duration, and range of salt-tide invasion have
all exhibited upward trends; salinity in the wet season also showed an
upward trend (Zhang et al., 2017). Given the dilution effect of diluting
water from the Pearl River in the summer, the salinity of the PRE was
found to be higher in dry season than in wet season (Niu et al., 2020).
Moreover, the spatial gradient of salinity is negatively correlated with
the phytoplankton community in the PRE; as the salinity increases, the
number of phytoplankton species decreases (Xiong and Liu, 2018).
During the period of upstream saltwater intrusion, the salinity of the
upper part of the estuary increases. Some species show weak
adaptability to salinity, evident by the decrease in Chlorophyta
species, which accounts for a high proportion in the estuary, and
the dominant species change from freshwater and brackish water
species to marine brackish water species (Wang et al., 2013; Zhang
et al., 2017). Spatially, the salinity in the PRE is high in the south and
east and low in the north and west. Zhang et al. (2015) showed that the
vertical distribution of salinity in the PRE exhibited an increasing
trend from the surface layer to the bottom layer and is stratified in the

water column. The occurrence of haloclines in the summer hindered
the exchange of nutrients between the bottom layer and the surface
water, while the phytoplankton had limited access to nutrients,
especially phosphate, thereby exacerbating the phosphorus
limitations in the PRE.

3.3.3 Hydrodynamic forces
Hydrodynamic conditions represent another important factor for

phytoplankton explosion in estuaries (Zhang et al., 2009). Streamflow
and tides both affect phytoplankton growth by altering salinity, salt,
and light in the PRE (Lu and Gan, 2015; Niu et al., 2020). Because it is
exposed to a monsoon climate, the water dynamics of the PRE exhibit
clear seasonality. Ma and Zhao (2021) argued that runoff was the main
driver of phytoplankton spatial distribution in the PRE. In particular,
during the wet season, the river runoff is large and the water column is
stratified, thereby forming the thermohalocline. The vertical exchange
of nutrients is hindered, limiting the growth of phytoplankton in the
PRE. Niu et al. (2020b) showed that the annual average sediment load
in the PRE was mainly carried by runoff during 1974–2016. Moreover,
they found that a large amount of suspended matter affected the
growth of phytoplankton by influencing their photosynthesis.
Furthermore, the runoff decreased during the dry season, while the
strong vertical mixing of water created a large amount of suspended
matter, thereby potentially inducing limited light conditions for
phytoplankton.

4 Existing deficiencies

Phytoplankton is an important factor to consider in environmental
water quality assessment. Specifically, by monitoring the dynamic changes
in phytoplankton, the optimal conditions of the PRE water ecological
system and how these conditions are related to other estuarine ecosystems
can be elucidated. Thus far, this interaction is more complex, fragile, and
less understood because anthropogenic activities affecting aquatic systems
have caused the eutrophication of the PRE. Furthermore, the lack of
continuous phytoplankton monitoring in the PRE heightens both the
complexity and poor understanding of these processes. Numerous
scholars have previously used chlorophyll-a instead of phytoplankton
monitoring, especially to study phytoplankton community composition.
However, such an approach is not conducive for in-depth analysis of the
water ecological health status of the PRE. Moreover, the sampling time of
the phytoplankton community in the PRE was somewhat arbitrary in
previous studies, causing a divergence in survey results. Consequently, there
is no holistic study which summarizes, elucidates, and discusses the existing
research results, while interpreting the ecological characteristics of the PRE.

A remote sensing approach to phytoplankton analysis is more
beneficial compared to traditional methods for determining the
distribution and dynamics of phytoplankton. Although such studies
are becoming increasingly popular, remote sensing of phytoplankton
has some limitations. In particular, for efficient inversion using remote
sensing observations, the empirical model must be optimized and a
large number of monitoring data must be provided. In other words,
the monitoring of phytoplankton in the PRE should be considerably
strengthened.

Moreover, the ongoing miniaturization of phytoplankton in the
PRE should be further analyzed. In practice, the function of
phytoplankton is closely related to its morphology. Phytoplankton,
a key primary producer of estuarine ecosystems, plays an important

Frontiers in Environmental Science frontiersin.org06

Chen et al. 10.3389/fenvs.2023.1084888

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1084888


role in the estuarine food chain. Overall, the existing literature
demonstrated that phytoplankton in the PRE tend to be
miniaturized. However, it is poorly understood whether the change
in phytoplankton body size yields a change or loss in the functional
needs, thereby prompting further studies on this topic. Finally, the
environmental implications of phytoplankton miniaturization in the
PRE and the physiological and functional changes in phytoplankton
should be elucidated in detail in future studies.

5 Conclusion

In conclusion, the PRE data from the past 40 years showed that the
number of phytoplankton species significantly decreased (p < 0.05).
The dominant phytoplankton species in the nearshore waters were
relatively homogenous, and the abundance of phytoplankton in the
nearshore waters was higher than that in the open waters. There was
no significant difference in the abundance of phytoplankton at the 10-
year scale, however, the fluctuation range of the abundance has
increased. Under the conditions of a decreasing species number
and no significant difference in abundance, the species diversity of
phytoplankton showed a downward trend.
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