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Simple Summary: The Pearl River Estuary (PRE) in China, a highly urbanized coastal area, presents
a unique opportunity to study the effects of environmental changes on the phytoplankton com-
munity. In September 2018, a field study was conducted to examine how the photosynthetic status
and spatial distribution of these organisms varied from freshwater to oceanic waters. Dinophyta
and Haptophyta were prevalent in seawater, while Chlorophyta and Cryptophyta dominated from
freshwater to estuarine water. Bacillariophyta were found across all regions. Phytoplankton in the
mixing zone showed signs of stress due to fluctuating environmental conditions, whereas those
in freshwater and oceanic areas appeared more photosynthetically active. Human activities have
in-creased nutrient levels in the estuary, leading to higher chlorophyll concentrations and more
diverse phytoplankton communities upstream. Understanding these patterns helps us assess the
health of coastal ecosystems, which is crucial for managing the impacts of climate change and human
development on marine environments.

Abstract: The Pearl River Estuary (PRE) is one of the world’s most urbanized subtropical coastal
systems. It presents a typical environmental gradient suitable for studying estuarine phytoplankton
communities’ dynamics and photosynthetic physiology. In September 2018, the maximum photo-
chemical quantum yield (Fv/Fm) of phytoplankton in different salinity habitats of PRE (oceanic,
estuarine, and freshwater zones) was studied, revealing a complex correlation with the environment.
Fv/Fm of phytoplankton ranged from 0.16 to 0.45, with taxa in the upper Lingdingyang found to be
more stressed. Community composition and structure were analyzed using 18S rRNA, accompanied
by a pigment analysis utilized as a supplementary method. Nonmetric multidimensional scaling
analysis indicated differences in the phytoplankton spatial distribution along the estuarine gradients.
Specificity-occupancy plots identified different specialist taxa for each salinity habitat. Dinophyta
and Haptophyta were the predominant taxa in oceanic areas, while Chlorophyta and Cryptophyta
dominated freshwater. Bacillariophyta prevailed across all salinity gradients. Canonical correlation
analysis and Mantel tests revealed that temperature, salinity, and elevated nutrient levels (i.e., NO3

−-
N, PO4

3−-P, and SiO3
2−-Si) associated with anthropogenic activities significantly influenced the

heterogeneity of community structure. The spatial distribution of phytoplankton, along with in situ
photosynthetic characteristics, serves as a foundational basis to access estuarine primary productivity,
as well as community function and ecosystem health.

Keywords: estuary; phytoplankton; 18S rRNA; environmental factors; photosynthesis

Biology 2024, 13, 550. https://doi.org/10.3390/biology13070550 https://www.mdpi.com/journal/biology

https://doi.org/10.3390/biology13070550
https://doi.org/10.3390/biology13070550
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biology
https://www.mdpi.com
https://orcid.org/0000-0001-5331-380X
https://doi.org/10.3390/biology13070550
https://www.mdpi.com/journal/biology
https://www.mdpi.com/article/10.3390/biology13070550?type=check_update&version=1


Biology 2024, 13, 550 2 of 18

1. Introduction

Estuaries serve as transitional zones connecting freshwater and marine environ-
ments [1–4], where complex hydrodynamics create various physical and chemical habitats,
thus shaping the diversity of freshwater and saltwater organisms. A typical feature of
estuaries is the salinity gradient formed by the mixing of two distinct water masses, which
strongly influences community composition and diversity [1–3,5–7]. The physiochemical
properties in estuaries, such as light availability, salinity, and nutrient availability, dynami-
cally regulate the photosynthetic carbon fixation, biomass, and community composition
of phytoplankton, resulting in spatial–temporal heterogeneity in phytoplankton distribu-
tion [5,8–11]. In addition, site-specific disturbance, climatology, and nutrient enrichment
account for large-scale patterns of phytoplankton variability [12]. In recent decades, as
estuaries accumulate both natural and excessive anthropogenic inputs of nutrients, there
has been a trend of eutrophication, leading to an increase in phytoplankton biomass and
the occurrence of harmful algal blooms [13,14]. As the primary producers in aquatic
ecosystems, phytoplankton play a pivotal role not only in shaping the food webs but also
in regulating the biogeochemical cycles. Indeed, a comprehensive understanding of the
relationship between environmental conditions and phytoplankton composition is critical
for the carbon cycles in the estuaries [15].

Phytoplankton photosynthesis accounts for most aquatic primary production, regu-
lating phytoplankton growth, population dynamics, community composition, and succes-
sion [16,17]. Estuarine environmental gradients affect phytoplankton photosynthesis and
metabolism, leading to variations in carbon assimilation and primary production [10,18–20].
Active variable chlorophyll fluorescence is a highly sensitive and rapid measurement of
phytoplankton photosynthetic activity, indicating the impact of environmental stress, such
as nutrient limitation and light inhibition [19,21,22]. The maximal photochemical effi-
ciency (Fv/Fm) is a well-recognized indicator for assessing photosynthetic performance,
directly reflecting the efficiency of photons that are converted into electrons by phyto-
plankton [16,19,23]. The Fv/Fm ratios typically show substantial variability across different
marine environments, with increases from stressful to favorable conditions [16,17,19,24].
Specifically, Fv/Fm values can reach up to 0.65 in nutrient-rich areas and decrease below
0.3 in oligotrophic regions [24,25]. Overall, chlorophyll fluorescence contributes signifi-
cantly to aquatic ecosystem studies, providing significant insights into the photochemical
mechanisms of phytoplankton [10,16,17].

The Pearl River is China’s third longest river with the second largest discharge, form-
ing complex branches over its watershed and entering the South China Sea through eight
outlets [26,27]. The Pearl River Estuary (PRE) is influenced by both the river discharge
and the South China coastal current, contributing to its complex estuarine dynamics [26].
The Pearl River Delta urban agglomeration is one of the three major city clusters in China,
with a high concentration of industries and an urbanization rate of 85.3% in 2018, resulting
in a significant increase in urban land use [28,29]. Over the past 20 years, its population
has increased by 1.8 times, reaching 78.01 million in 2020 [30]. These changes have con-
tributed to the large nutrient loading into the PRE [31,32]. The average dissolved inorganic
nitrogen (DIN) increased from 2.05 × 10−5 t/a in 1985–1995 to 3.91 × 10−5 t/a in 2014–
2021 [32]. Dissolved inorganic phosphate (DIP) has also gradually increased over the
past 20 years [31]. Consequently, eutrophication has caused frequent algal blooms [33].
The hydrology, physical transport, and biogeochemical processes of this region have been
extensively investigated [27,34,35], along with records and descriptions of the spatial and
temporal distribution of phytoplankton [7,8,36]. However, there is a lack of studies on the
spatial patterns of the photosynthetic physiology of phytoplankton in this estuary and its
connections with the environment and community. Understanding the spatial patterns of
phytoplankton community structure in the PRE, along with the distribution characteristics
of photosynthetic physiology related to primary productivity under environmental gra-
dients and human impacts, is crucial for comprehending the responses of estuarine and
coastal ecosystems to global climate change. The integration of active chlorophyll fluores-
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cence with multiple analytical methods can facilitate a comprehensive understanding of
phytoplankton physiology and community composition [37–39]. The application of 18S
ribosomal RNA genes analysis provides a novel approach for gaining insights into the
composition of eukaryotic unicellular phytoplankton communities [39,40]. Additionally,
chemotaxonomy based on photosynthetic pigments is often used to characterize phyto-
plankton biomass and taxonomic groups [41–43]. This study employs high-throughput
sequencing complemented by photosynthetic pigment analysis to access the spatial patterns
of phytoplankton in the PRE. Concurrently, Fv/Fm is used as an indicator of the photosyn-
thetic characteristics, providing a comprehensive investigation of the health status of the
phytoplankton community under natural and anthropogenic stressors. This study aims to
investigate the changes in the population structure and function of primary producers in
a typical subtropical eutrophic estuary, providing baseline data for the response of local
or similar highly urbanized estuarine ecosystems to climate change and offering factual
evidence for coastal management policies.

2. Methods and Materials
2.1. Study Sites and Sample Collection

A comprehensive biological survey was conducted in the PRE on R.V. Haiyang-
Dizhi 10 during 27–28 September 2018 (Figure 1). Water samples were collected using an
underway system that consisted of a pump mounted at a depth of approximately 4 m. Based
on phytoplankton biomass, 150–250 mL of water samples was filtered through each GF/F
filter (25 mm, Whatman, UK) using a low-pressure vacuum pump. At least 3 filter samples
were collected at each station, and the filters were stored in sterile bags and preserved at
−80 ◦C in the dark until subsequent high-performance liquid chromatography (HPLC) and
high-throughput sequencing. The filtrate water was stored in clean polyethylene bottles at
−20 ◦C for nutrient analysis.
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2.2. Determination of Environmental Parameters

The water properties of temperature and salinity were measured using a thermos-
alinograph (SBE45, Sea-Bird Inc., Bellevue, WA, USA). Nitrate (NO3−-N) and silicate
(SiO3

2−-Si) were determined using a SEAL Analytical AQ400 autoanalyzer (Seal Analyti-
cal, Mequon, WI, USA). Ammonium (NH4

+-N) was measured by hypobromite oxidation
spectrophotometry at 540 nm, and phosphate (PO4

3−-P) was determined by molybdenum
blue spectrophotometry at 882 nm [44]. The composition of photosynthetic pigments was
analyzed by high-performance liquid chromatography (Dionex UltiMate 3000, Thermo
Fisher Scientific, Waltham, MA, USA), according to the method of Van Heukelem and
Thomas [45].

Stations were divided according to salinity: oceanic water (salinity ≥ 30; S1~S4), estu-
arine water (salinity 5~30; S5~S13 in the Lingdingyang area), and freshwater (salinity < 5;
S14~S19).

2.3. Measurement of In Situ Photosynthetic Activity

Water samples were stored in brown bottles immediately after collection for 15 min
dark adaption. Subsequently, the maximum photochemical quantum yield (Fv/Fm) of
photosystem II (PS II) was measured using a Phyto-PAM II (Heinz Walz, Effeltrich, Ger-
many). The minimal fluorescence level (F0) was first measured under minimum light
(~0 µmol/(s·m2), and then a saturating pulse (SP) was applied to obtain the maximal
fluorescence level (Fm). The Fv/Fm ratio was calculated using Equation (1) [46]:

Fν/Fm =
Fm − F0

Fm
(1)

2.4. DNA Extraction, PCR Amplification, and Sequencing

The collected filters were used for high-throughput sequencing. Total genomic DNA
was extracted using the CTAB method according to the manufacturer’s instructions, and
stored at −20 ◦C for further analysis. The quality and concentration of the extracted DNA
were assessed using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and agarose gel electrophoresis. Polymerase chain reaction (PCR) was
subsequently performed on the DNA samples.

The 18S rRNA genes V4 region was amplified through polymerase chain reaction
(PCR) with forward primer 547F (5′-CCAGCASCYGCGGTAATTCC-3′) and reverse primer
V4R (5′-ACTTTCGTTCTTGATYRA-3′) [47]. The 25 µL PCR components contained 5 µL of
buffer (5×), 0.25 µL of FastPfu DNA Polymerase (5U/µL), 2 µL (2.5 mM) of dNTPs, 1 µL
(10 µM) of each forward and reverse primer, 1 µL of DNA template, and 14.75 µL of ddH2O.
The PCR amplification protocol featured an initial denaturation at 98 ◦C for 3 min, followed
by 33 cycles at 98 ◦C for 30 s, 46 ◦C for 30 s, and 72 ◦C for 45 s, with a final extension at
72 ◦C for 5 min. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads
(Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, USA). Amplicons were pooled in equal amounts. DNA samples
were processed by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China), and
paired-end 2 × 250 bp sequencing was performed using the Illlumina NovaSeq platform
(San Diego, CA, USA) with the NovaSeq 6000 SP Reagent Kit (500 cycles).

2.5. Sequencing Data Processing

The obtained 18S rRNA sequencing data were processed using Quantitative Insights
Into Microbial Ecology (QIIME2, version 2019.4) [48]. The demux plugin was utilized for
demultiplexing the sequencing libraries, and the cutadapt plugin was employed to remove
primers [49]. Sequence quality filtering, denoising, merging, and chimera removal were
conducted using DADA2 [50]. The resulting Amplicon Sequence Variants (ASVs) table
had singleton ASVs removed. Taxonomic classification of the ASVs was performed against
the National Center for Biotechnology Information (NCBI) database (https://www.ncbi.

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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nlm.nih.gov/, accessed in August 2019) using the classify-sklearn Naive Bayes taxonomy
classifier within the feature-classifier plugin [51]. ASVs represented by protozoa, fungi,
and macroalgae were removed before rarefaction. The raw sequencing data were uploaded
to NCBI, with the accession number PRJNA1101256.

2.6. Statistical Analysis and Visualization

MATLAB (2023b, Natick, MA, USA) and Ocean Data View (version 5.6.7, https://
odv.awi.de, accessed on 25 October 2023) [52] were used for map visualization. Statistics
and visualization were performed in R Studio (version 4.2.2). The “rstatix” and “FSA”
packages were used to perform Kruskal–Wallis tests and Dunn’s multiple comparisons test
on environmental factors.

Alpha diversity indices (Chao1, Simpson, Shannon, Pielou’s evenness, Faith’s PD,
and observed species richness) were calculated using GenesCloud tools (https://ww
w.genescloud.cn, accessed on 28 February 2024) and subjected to Kruskal–Wallis tests and
Dunn’s multiple comparisons test. The “vegan” package (version 2.6-4) was employed
to plot rarefaction curves to assess sequencing saturation. The relative abundances at the
phylum and genus levels of phytoplankton were calculated using the “plyr” and “reshape2”
packages, and visualized using the “ggplot2” and “circlize” packages [53]. Differences
in phytoplankton community structure among salinity habitats were evaluated using
non-metric multidimensional scaling (NMDS) based on Bray–Curtis distance with the
environmental fitting test analysis (envfit) method, followed by an analysis of similarities
(ANOSIM). Specificity–occupancy (SPEC–OCCU) plots were drawn following the method
described by Gweon et al. [54] to identify potential key species of phytoplankton. To
compare the correlation between environmental factors, major phytoplankton phyla, and
photosynthetic physiological parameters along the salinity gradient, the “psych” package
was used for Spearman correlation analysis. To evaluate the relationship between overall
community structure and environmental factors, detrended correspondence analysis (DCA)
was performed on species data transformed via Hellinger transformation, and canonical
correlation analysis (CCA) was employed due to the length of the first axis being greater
than 4. During CCA analysis, the explained variance was calculated after correcting for
R2, and all constrained axes were tested for significance using permutation tests. After
that, Monte Carlo permutation tests were used to assess the significance of environmental
factors on community impact. Mantel tests were performed using the “ggcor” package.

CHEMTAX [55] was used to calculate the relative abundances of phytoplankton at the
phylum level based on HPLC analysis, using a matrix adapted from Wang, et al. [53] in
their study of the South China Sea in R studio.

3. Results
3.1. Physical and Chemical Property Along the PRE

Investigations on environmental factors were conducted along the PRE (Figure 2).
Results revealed significant differences (p < 0.05) in the distributions of temperature, salinity,
and nutrients from the lower to the upper estuary, displaying a distinct gradient trend
(Figure 2). Concentrations of PO4

3−-P and SiO3
2−-Si, associated with temperatures, de-

creased significantly from the upper estuary to the lower estuary (p < 0.05). Significant
differences in environmental factors, except for NH4

+-N, were observed between oceanic
and freshwater zones (p < 0.05). NO3

−-N and NH4
+-N concentrations were generally

higher in the upper estuary, and the nitrogen levels in estuarine water were significantly
higher than those in oceanic water (p < 0.05).

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://odv.awi.de
https://odv.awi.de
https://ww
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Figure 2. Variation in environmental factors across different regions of the Pearl River Estuary based
on salinity levels. “*” denotes statistically significant differences at p < 0.05.

3.2. Distribution of Phytoplankton Photosynthetic Parameters

The spatial distribution of the Fv/Fm of the phytoplankton community in the PRE
(Figure 3) exhibits a “U-shaped” trend along the salinity gradient. The Fv/Fm values
ranged from 0.16 to 0.45, with higher photosynthetic activity in the oceanic zone (average
0.38) and the upper estuary (average 0.35) compared to the tidal mixing water of the lower
estuary (average 0.27) (Figure 3).
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3.3. Spatial Variation in the Taxonomic Composition of the Phytoplankton Community

Rarefaction curves for different samples (Figure S1) showed a plateau at a reads num-
ber of 20,000, indicating that the sequencing depth was representative of the majority of
species. The 18S rRNA sequencing results exhibited the composition of phytoplankton
at the phylum level, which varied regionally across the PRE (Figure 4), including Dino-
phyta (average relative abundance 37.06%), Chlorophyta (19.61%), Cryptophyta (17.60%),
Bacillariophyta (12.14%), and Haptophyta (2.65%). Dinophyta (an average relative abun-
dance of 76.36%) was the predominant group in oceanic areas (Figure 4B), followed by
Bacillariophyta (11.81%) and Haptophyta (6.92%). The abundance of Dinophyta decreased
with reducing salinity, from 35.88% in estuarine areas to 12.42% in freshwater areas. Sim-
ilarly, Haptophyta followed this trend (Figure 4). Conversely, the relative abundance of
Cryptophyta and Chlorophyta significantly increased in the upper estuary, (Figure 4),
becoming the dominant group in estuarine and freshwater areas. The relative abundance
of Bacillariophyta showed minor variations across different salinity habitats.
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At the genus level, the representative taxonomy of each salinity habitat exhibited
significant differences (Table S1). Gyrodinium, Chaetoceros, and Chrysochromulina are the
primary representative groups in oceanic areas. Chlorella, Cyclotella, and Ostreococcus are
abundant in mixed areas. In freshwater areas, Cryptomonas, Cyclotella, and Chlamydomonas
were the dominant species, with Cryptomonas particularly accounting for 25.81%.

The community composition, derived from pigment analysis, in the PRE (Figure 5),
showed that Cyanobacteria were only present at stations S1, S3, S8, and S14 (Figure 5A),
with higher abundances noted in high salinity areas (Figure 5B). Both methods showed that
Dinophyta and Haptophyta predominantly inhabited polyhaline and euhaline zones, and
Bacillariophyta were widely distributed along the salinity gradient, while Cryptophyta
tended to inhabit mesohaline and oligohaline zones.
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3.4. Spatial Patterns of Phytoplankton Community Diversity

Table 1 displays the alpha diversity indices of different salinity habitats, including
Chao1, Simpson, Shannon, Pielou’s evenness, Faith’s PD, and observed species richness.
The freshwater-oligohaline zone had the highest average values for all diversity indices,
without significant differences among the three habitats (p > 0.05).

Table 1. Alpha diversity indices of phytoplankton based on 18S rRNA in the Pearl River Estuary.

Group Chao1 Faith’s PD Observed
Species

Pielou’s
Evenness Shannon Simpson

Oceanic
water

670.766
± 242.410

66.662
± 40.004

661.150
± 229.598

0.717
± 0.0252

6.690
± 0.602

0.956
± 0.005

Estuarine
water

703.047
± 170.311

104.138
±32.528

644.200
± 133.957

0.6733
± 0.065

6.280
± 0.803

0.945
± 0.045

Freshwater 1129.983
± 87.660

122.425
± 15.439

987.100
± 87.167

0.757
± 0.035

7.530
± 0.426

0.977
± 0.008

NMDS based on Bray–Curtis distance revealed that the stress value was less than
0.05, and samples from different salinity habitats clustered well together, clearly separating
into three distinct clusters with good interpretability (Figure 6A). Results from ANOSIM
also indicated significant differences in phytoplankton community composition between
oceanic, estuarine, and freshwater zones, with clear distinctions (p < 0.05) (Figure 6A).
To reveal the environmental gradient and the relationship between the photosynthetic
physiological activity of phytoplankton (Fv/Fm) and community structure, the envfit
method was performed (Figure 6A). Nutrient levels were negatively correlated with salinity,
which significantly affected phytoplankton communities in freshwater areas. Fv/Fm was
negatively correlated with the estuarine population, indicating that the photosynthetic
activity of the phytoplankton community in the mixed zone was lower, which may be
related to phytoplankton cellular stress caused by the drastic change in salinity.
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Figure 6. (A) NMDS (Non-metric multidimensional scaling) with envfit method of phytoplankton
communities across different salinities; R and p values were calculated by an analysis of similarities
(ANOSIM). (B) Venn diagram illustrating phytoplankton distribution across different salinity levels.

Venn diagrams showing the overlap of phytoplankton taxonomic groups among
different salinity habitats are presented in Figure 6B. The freshwater zone had the highest
number of ASVs, totaling 2335, while the oceanic zone had the fewest. There were 14 ASVs
common across the three salinity zones. The freshwater and estuarine zones shared more
ASVs, totaling 233; however, the overlap with the oceanic zone was the least, with only
16 shared ASVs.

3.5. Differences in Phytoplankton Community Composition across Different Salinity Habitats

The SPEC–OCCU plots illustrate the distribution and relative abundance of the top
500 most abundant ASVs across various habitats in the PRE, encompassing taxa such as
Dinophyta, Chlorophyta, Cryptophyta, Bacillariophyta, Haptophyta, and other Ochrophyta
(Figure 7). ASVs in each habitat showed a degree of variation in the occupancy (x-axis),
with fewer species found in all stations (Figure 7A). Specialists, defined by both specificity
and occupancy rates of ≥0.7, were identified in each habitat (Figure 7B). The number of
specialist ASVs varied significantly across the salinity gradient, with 37 in oceanic areas,
108 in estuarine areas, and 117 in freshwater areas, representing diverse taxonomic groups.
ASVs representing Dinophyta, Bacillariophyta, and Chlorophyta were present as specialists
in all salinity habitats, though their proportions varied (Figure 7B). Among specialists,
Dinophyta tended to dominate in higher salinity environments and were less prevalent
in low salinity areas. Haptophyta accounted for 10.8% of the specialists in oceanic areas
and 6.5% in estuarine areas but were not specialists in freshwater areas. In estuarine and
freshwater areas, Chlorophyta and Cryptophyta constituted the majority of specialists, but
their specificity was low in oceanic areas.



Biology 2024, 13, 550 10 of 18

Biology 2024, 13, x FOR PEER REVIEW 10 of 18 
 

 

Ochrophyta (Figure 7). ASVs in each habitat showed a degree of variation in the occu-
pancy (x-axis), with fewer species found in all stations (Figure 7A). Specialists, defined 
by both specificity and occupancy rates of ≥0.7, were identified in each habitat (Figure 7B). 
The number of specialist ASVs varied significantly across the salinity gradient, with 37 in 
oceanic areas, 108 in estuarine areas, and 117 in freshwater areas, representing diverse 
taxonomic groups. ASVs representing Dinophyta, Bacillariophyta, and Chlorophyta were 
present as specialists in all salinity habitats, though their proportions varied (Figure 7B). 
Among specialists, Dinophyta tended to dominate in higher salinity environments and 
were less prevalent in low salinity areas. Haptophyta accounted for 10.8% of the special-
ists in oceanic areas and 6.5% in estuarine areas but were not specialists in freshwater 
areas. In estuarine and freshwater areas, Chlorophyta and Cryptophyta constituted the 
majority of specialists, but their specificity was low in oceanic areas. 

 
Figure 7. (A) SPEC–OCCU plots presenting the distribution of the top 500 ASVs across different 
salinity habitats in the Pearl River Estuary. Occupancy (x-axis) indicates the distribution of an ASV 
across all samples in salinity habitats, while specificity (y-axis) indicates whether it also present in 
other habitats. The dotted line includes phytoplankton with occupancy and specificity ≥0.7. Scatter 
colors and sizes represent different phylum (class) and relative abundances, respectively. (B) Pie 
charts depict the percentage of specialist ASVs in each salinity habitat. 

3.6. Correlations between Phytoplankton Community, Photosynthetic Physiology, and 
Environmental Factors 

Figure 8A shows the Spearman correlations between the major phytoplankton 
groups, diversity indices, and environmental factors in the PRE. Among the main groups, 
Bacillariophyta and Chlorophyta showed no significant correlations with environmental 
factors (p > 0.05). Cryptophyta was significantly positively correlated with all nutrients 
except NH4+-N but was negatively correlated with salinity (p < 0.05). Dinophyta was sig-
nificantly positively correlated with salinity but was negatively correlated with SiO32--Si 
and temperature (p <0.05). Diversity indices were significantly influenced by temperature 
and salinity as well as nutrient levels. Overall, the diversity indices were positively corre-
lated with nutrient levels and temperature, but negatively correlated with salinity. 

Furthermore, CCA was used to explore the overall regulation of environmental fac-
tors (excluding photosynthetic activity) on the community structure of phytoplankton in 
the PRE (Figure 8B; Table S2), which is consistent with NMDS and envfit. Compared to 
NMDS with envfit, CCA provides the explanation rate of the variation in the community 

Figure 7. (A) SPEC–OCCU plots presenting the distribution of the top 500 ASVs across different
salinity habitats in the Pearl River Estuary. Occupancy (x-axis) indicates the distribution of an ASV
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other habitats. The dotted line includes phytoplankton with occupancy and specificity ≥0.7. Scatter
colors and sizes represent different phylum (class) and relative abundances, respectively. (B) Pie
charts depict the percentage of specialist ASVs in each salinity habitat.

3.6. Correlations between Phytoplankton Community, Photosynthetic Physiology, and
Environmental Factors

Figure 8A shows the Spearman correlations between the major phytoplankton groups,
diversity indices, and environmental factors in the PRE. Among the main groups, Bacillar-
iophyta and Chlorophyta showed no significant correlations with environmental factors
(p > 0.05). Cryptophyta was significantly positively correlated with all nutrients except
NH4

+-N but was negatively correlated with salinity (p < 0.05). Dinophyta was significantly
positively correlated with salinity but was negatively correlated with SiO3

2−-Si and temper-
ature (p <0.05). Diversity indices were significantly influenced by temperature and salinity
as well as nutrient levels. Overall, the diversity indices were positively correlated with
nutrient levels and temperature, but negatively correlated with salinity.

Furthermore, CCA was used to explore the overall regulation of environmental factors
(excluding photosynthetic activity) on the community structure of phytoplankton in the
PRE (Figure 8B; Table S2), which is consistent with NMDS and envfit. Compared to NMDS
with envfit, CCA provides the explanation rate of the variation in the community structure.
The eigenvalues of axes CCA 1 and CCA 2 together explained 17.7% of the variation in the
phytoplankton community structure. According to permutation test results, environmen-
tal factors significantly influenced the variation in phytoplankton community structure
(p < 0.05). Temperature, salinity, NO3

−-N, PO4
3−-P, and SiO3

2−-Si had significant impacts
on the phytoplankton community structure (R2 = 0.7381~0.9261, p < 0.05). Phytoplankton
in oceanic areas were positively correlated with salinity but negatively correlated with
temperature, NO3

−-N, PO4
3−-P, and SiO3

2−-Si. The correlations for the phytoplankton in
freshwater were the exact opposite. Nutrient levels significantly influenced phytoplankton
in the upper estuary with high Chl a content.
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Figure 8. (A) Spearman correlation analysis between environmental factors and the relative abun-
dance of major phytoplankton taxa and alpha biodiversity in the Pearl River Estuary. Cyanobacteria
richness was determined based on pigment analysis, while the richness of other algae was deter-
mined based on 18S rRNA. Bubble size indicates the absolute value of the Spearman rank correlation
coefficient. “*” denotes statistically significant differences at p < 0.05. (B) Canonical correlation
analysis (CCA) of environmental factors and phytoplankton communities.

Mantel tests provide correlations of phytoplankton communities across the estuary
with environmental changes and photosynthetic responses of Fv/Fm (Figure 9, Table S3).
Under broad gradients in estuaries, phytoplankton communities are strongly shaped by
temperature, salinity, and nutrient levels (p < 0.05). Meanwhile, there is a certain correlation
between environmental factors, which will directly or indirectly affect the changes in
phytoplankton communities.
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Figure 9. Pairwise comparisons between 18S rRNA-based phytoplankton communities and envi-
ronmental factors in the Pearl River Estuary by Mantel tests. The upper triangle is the Spearman
correlation between the environmental factor, Chl a, and Fv/Fm. The “*” denotes statistically signifi-
cant differences at p < 0.05, and the color represents Spearman’s r. The line width represents Mantel’s
r between each factor and the phytoplankton community, and the color represents Mantel’s p-value.
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4. Discussion
4.1. Community Composition of Phytoplankton in the Pearl River Estuary during Autumn

Combining molecular biology and chemotaxonomy provides detailed insights into
the plankton community composition [39,56,57]. The PRE is an ideal experimental area,
presenting the typical spatial and temporal differentiation of phytoplankton, and facilitating
comparisons between different methods [39]. Both approaches in this study indicate that
Dinophyta, Chlorophyta, Cryptophyta, Bacillariophyta, and Haptophyta are the dominant
phytoplankton phyla in the estuary, consistent with previous research [26,39,58,59]. The
taxonomy of phytoplankton at the genus level is also similar to Ding, et al. [58]. According
to 18S rRNA sequencing results, in late summer and early fall, Dinophyta appeared at
all stations, particularly dominating in the high and medium salinity areas (Figure 4).
Similar observations of increased Dinophyta abundance during autumn, accompanied
by massive blooms of Cochlodinium geminatum, were reported by Dong, et al. [33] and
Ke, et al. [60]. Guo, et al. [61] also observed dinoflagellate blooms in the PRE in summer.
Higher temperatures and salinity during this season were one of the main reasons for
the enrichment of dinoflagellate, which is consistent with previous observations [33,60].
Additionally, both methods detected significant presences of Bacillariophyta at all stations
(Figures 4 and 5), which are important freshwater and brackish species in the estuary [36].
Due to the suitable water temperature and turbidity, diatoms prevail in both wet and dry
seasons in the PRE [26]. The hydrological dynamics of the estuary, strongly influenced by
seasonal variations, drive temporal shifts in phytoplankton composition [7,8,11,26,36].

Generally, the abundance of 18S rRNA genes was well consistent with pigment content
in phytoplankton [39,56,62], representing the major algae along the PRE (Figures 4B and 5B).
Relative to CHEMTAX results, the 18S rRNA results showed a higher average relative abun-
dance of Dinophyta, while Haptophyta appeared to be underestimated (Figures 4 and 5),
similar to observations from a 2020 cruise in the PRE by Xu, et al. [39]. The relative abun-
dance of Chlorophyta was also higher in the pigment analysis. The underestimation of
Haptophyta in the 18S dataset could be due to a single base mismatch on the 3′ end of
the V4R primer in Prymnesiales (Haptophyta), leading to possible underestimation [59].
Developing primers with better specificity could help avoid the widespread underesti-
mation of this significant marine group [63]. Furthermore, the variability in 18S rRNA
gene copies among different eukaryotic species can lead to discrepancies between PCR-
based and pigment-based methods [64,65], which could also explain the discrepancy in
the content of other algae in the two methods in this study. Compared to other algae,
Dinophyta, possessing considerably more rRNA gene copies, is more readily detected in
sequencing studies [64]. Dinophyta’s unique nutritional strategies might also contribute
to such inconsistencies. Most dinophytes are not strictly autotrophic and can achieve
mixotrophy through predatory strategies or even incorporating phototrophy through the
acquisition of chloroplasts from other algae [66,67]. This phenomenon can result in the
potential underreporting of mixotrophic Dinophyta in chemotaxonomic analyses based on
pigment contents. In summary, combining multiple approaches helps to comprehensively
understand the composition of marine phytoplankton.

4.2. Spatial Heterogeneity of Photosynthetic Characteristics in Phytoplankton of the Pearl
River Estuary

Fv/Fm, recognized as a sensitive in situ indicator of stressors for phytoplankton [16,17,19],
effectively reflects the status of photosynthetic physiology of phytoplankton along the
environmental gradient of the PRE (Figures 3 and 6A). Li, et al. [19] categorized estuar-
ine phytoplankton based on Fv/Fm values into stress (low, <0.3), transitional (moderate,
0.3–0.5), and blooming conditions (high, >0.5). In this study, phytoplankton in the upper
estuary (dominant by Dinophyta, Bacillariophyta, and Haptophyta) and lower estuary
with high nutrient levels (dominant by Cryptophyta, Chlorophyta, and Bacillariophyta)
appeared healthier and more active, whereas communities in the midstream were more
stressed (Figures 3 and 6A).
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The salinity gradient of estuaries is well-known as one of the most significant and
fundamental causes of phytoplankton stress, resulting in slowed growth, reduced pho-
tosynthesis, and increased respiration. These factors contribute to the spatial succession
of estuarine phytoplankton communities [68,69]. Our results demonstrate a complex cor-
relation between photosynthetic activity in phytoplankton of the PRE and variations in
salinity (Figure 3). Different species exhibit varying adaptations to salinity [68,69]. After
river water flows into the upper Lingdingyang, osmotic stress caused by the shift inhibits
stenohaline species originating from freshwater environments [68], leading to decreased
algal photosynthetic activity [10]. As the environment transitions to higher salinity marine
conditions, the community becomes dominated by euryhaline species such as Dinophyta
and Bacillariophyta [70].

Light availability is always a primary factor limiting the photosynthetic physiology of
phytoplankton. Within brackish water environments, in contrast to freshwater and seawater,
phytoplankton cells are often more sensitive to changes in ultraviolet (UV) radiation,
resulting in significant inhibition of photosynthesis [10]. Reduced light availability due to
high turbidity in estuaries also contributes to the limitation of phytoplankton physiology
and growth [19,26], despite higher nutrient levels in the middle sections of the estuary
(Figure 2). The Estuarine Turbidity Maxima (ETM) zone, observed in many estuaries
worldwide [71], exerts a substantial influence on the distribution of marine microbes [72,73].
Shi, et al. [27] found that the ETM zone in the PRE is located on the western side of the
middle channel of the PRE during the dry season, with high bacterial abundance but low
phytoplankton abundance. Therefore, the decline in photosynthetic activity within the
mid-channel (an area characterized by moderate salinity) of the PRE may be caused by
the cumulative influence of turbidity-induced alterations in light availability and dramatic
changes in salinity. In contrast, nutrient levels were also higher upstream, but lower
turbidity resulted in higher Fv/Fm in the phytoplankton community.

4.3. Environmental Factors Shaping Spatial Distribution of Phytoplankton

The significant environmental gradient in the PRE (Figure 2) leads to heterogeneity
within the phytoplankton community, thereby instigating shifts in both structure and abun-
dance (Figures 4–7). Salinity strongly governs the spatial succession of the phytoplankton
community in the estuary [7,11,58,74], dividing it into three distinct groups: the estuarine
community, the mixing waters community, and the coastal community [36]. SPEC–OCCU
plots provide detailed insights into species specialization (Figure 7). Along the salinity
gradient, unique species primarily belonging to Chlorophyta and Cryptophyta, adapted
to oligohaline and mesohaline conditions, transition into species like Dinophyta and Hap-
tophyta, which thrive in polyhaline and euhaline conditions. Meanwhile, Bacillariophyta
species dominate across all salinity habitats (Figures 4 and 5). This succession pattern
is similar to that observed in other estuaries [10,70]. Generally, freshwater species are
confined to the upper reaches of the river, with only a few extending into saline areas,
whereas marine species can extend into oligohaline and even freshwater regions, although
with reduced diversity [6].

Nutrient levels regulate the composition, abundance, diversity, and primary produc-
tivity of estuarine phytoplankton [8,19,34,75]. Due to strong terrestrial influences, the
upper and middle estuaries are nutrient-rich, leading to significant increases in Chl a
(Figure 5). As the river widens downstream, nutrients are quickly diluted, resulting in
decreased Chl a content. CCA analysis and NMDS with envfit indicate that the low-salinity
community is positively correlated with nutrient concentrations (Figure 8B), highlighting
the stimulatory effect of nutrients. Elevated nutrient levels also significantly enhance diver-
sity (Figures 6A and 8A). Studies have shown that SiO3

2−-Si concentration significantly
affects the growth of phytoplankton in the PRE [11,36], and this study likewise confirms
the positive role of silicate on the major phytoplankton groups and diversity (Figure 8A).
Additionally, the enrichment of phytoplankton in the estuary is controlled by residence
time/turnover rate, closely related to seasonality and flow rates [76]. Compared to the
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Mississippi River and Yangtze River, the residence time of PRE is relatively short, ranging
from a couple of weeks in the dry season to a few days in the wet season [77,78], resulting
in complex temporal and spatial dynamics of phytoplankton. Higher nutrient levels and
the stability of the water column during autumn contribute to phytoplankton enrichment
in the middle to upper parts of the estuary as well as higher photosynthetic activity.

With the fast development in the Pearl River Delta area, research on a 40-year PRE
data set suggested that there was a significant decrease in the number of phytoplankton
species [79], accompanied by an increase in harmful algal bloom events [80]. Although
Chaetoceros sp. is still one of the dominant diatoms, Cyclotella adapted and bloomed in the
estuary prompted by the anthropogenic dissolved organic phosphorus (DOP) [81]. The
low light availability and high nutrients have favored the blooms of pico-level brackish
Chlorophyta (e.g., Ostreococcus tauri) [58], while the continuous supply of DIN with an
enrichment of DOP supported the recurrent harmful algal blooms of Gyrodinium in the
lower estuary [82]. In the upper river, mixotrophic Chlorella and Chlamydomonas also
bloom [83,84]. All of these species are present in our sample at the genus level. The ongoing
anthropogenic influences on the PRE have shaped the dynamics of the phytoplankton
community [34,75,85], and assessing the function and health of coastal ecosystems aids in
developing long-term management strategies.

5. Conclusions

The 18S rRNA and pigment analysis showed that environmental gradients in the PRE
play a dominant role in shaping the differentiation of phytoplankton communities into
oceanic, estuarine, and freshwater communities. The relative abundance of Dinophyta
and Haptophyta decreased from the coast to the upper estuary, while Chlorophyta and
Cryptophyta became increasingly dominant. Bacillariophyta was identified as an important
species present in both saline and freshwater environments. The in situ photosynthetic
characteristic of phytoplankton along the PRE indicated complex correlations with envi-
ronmental factors. Due to a wide variety of environmental gradients and the adaptability
of phytoplankton, communities in the mixed zone were observed to be under obvious
stress, while those in freshwater and oceanic regions appeared relatively active and healthy.
The combination of environmental factors revealed that, in addition to the temperature
and salinity gradients of the PRE, the increase in nutrient levels related to anthropogenic
influence also had significant effects on the concentration of Chl a and the phytoplankton
community in the upper estuary. Focusing on the photosynthetic characteristics and com-
munity structure of coastal phytoplankton contributes to understanding the functioning
and health of coastal ecosystems.
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