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ABSTRACT

The Dongjiang River, a major tributary of the Pearl River system that supplies water to more than 40 million
people in Guangdong Province and neighboring regions of China, harbors rich biodiversity, including many
endemic and endangered species. However, human activities such as urbanization, agriculture, and industrial-
ization have posed serious threats to its water quality and biodiversity. To assess the status and drivers of
phytoplankton diversity, which is a key indicator of aquatic ecosystem health, this study used Environmental
DNA (eDNA) metabarcoding combined with machine learning methods to explore spatial variations in the
composition and structure of phytoplankton communities along the Dongjiang River, including its estuary. The
results showed that phytoplankton diversity exhibited spatial distribution patterns, with higher community
structure similarity and lower network complexity in the upstream than in the downstream regions. Environ-
mental selection was the main mechanism shaping phytoplankton community composition, with natural factors
driving the dominance of Pyrrophyta, Ochrophyta, and Cryptophyta in the upstream regions and estuaries. In
contrast, the downstream regions was influenced by high concentrations of pollutants, resulting in increased
abundance of Cryptophyta. The random forest model identified temperature, dissolved oxygen, chlorophyll a,
NO3, and NHj as the main factors influencing the primary phytoplankton communities and could be used to
predict changes during wet periods. This study provides valuable insights into the factors influencing phyto-
plankton diversity and community composition in the Dongjiang River, and demonstrates the application value
of eDNA metabarcoding technique in large-scale, long-distance river biodiversity monitoring.

1. Introduction

2019). This method overcomes the limitations of traditional methods,
and can achieve comprehensive, fast, and non-invasive assessment of

Phytoplankton are important primary producers and the base of the
food web in aquatic ecosystems. Their diversity and community
composition directly affect water quality and biological resources
(Zhang et al., 2022, 2023b). Traditional phytoplankton monitoring
methods rely mainly on morphological identification, which requires
high levels of technical expertise, is time-consuming and
labor-intensive, and prone to sample loss and identification errors
(Pawlowski et al., 2018). In recent years, environmental DNA (eDNA)
metabarcoding has emerged as a new method for biodiversity moni-
toring, which extracts and detects phytoplankton DNA directly from
environmental samples (Djurhuus et al., 2020; Ji et al., 2021; Zhang,

phytoplankton diversity in aquatic ecosystems (Cordier et al., 2021;
Jarman et al., 2018; Van Driessche et al., 2023). eDNA metabarcoding
has been rapidly developed and widely applied in recent years, espe-
cially in aquatic ecology, showing great potential and advantages
(Barnes et al., 2014; Clark et al., 2020). Previous research has been
conducted on phytoplankton diversity assessment using the eDNA
metabarcoding technique (Diao et al., 2022; Lambert et al., 2019; Xue
et al., 2018), mainly focusing on lake reservoirs, portions of rivers, or
specific tributaries, with limited research at the spatial scale of the entire
river. Additionally, current research still faces challenges discerning
species distributions and biodiversity patterns in complex aquatic
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environments (Datry et al., 2016; Zou et al., 2020).

In recent years, river ecosystems have been affected by human ac-
tivities and global climate change, resulting in habitat degradation and
biodiversity loss (Sun et al., 2023). Correspondingly, river aquatic or-
ganisms exhibit specific assembly patterns in response to environmental
changes. Two important and complementary mechanisms are generally
considered for community assembly, namely niche-based and neutral
theories (Chase, 2010; Rosindell et al., 2011). Niche theory assumes that
the formation of community structure is determined by deterministic
processes, including biotic and abiotic factors. Species rely on their
niches to acquire resources, avoid predators, and survive in various
adverse environmental conditions (Chase and Myers, 2011). Neutral
theory assumes that community structure is formed by random pro-
cesses such as birth, death, immigration, speciation, and limited
dispersal (Chen et al., 2019b; Qian et al., 2023). Environmental selection
and passive dispersal are two major ecological processes that determine
the community assembly of aquatic ecosystems (Hanson et al., 2012).
Understanding the potential mechanisms underlying the phytoplankton
community assembly can help improve the management of aquatic
ecosystem functions, but this is not well understood in large-scale river
ecosystems.

The Dongjiang River supplies water to Guangdong Province, China,
but its water quality and biodiversity are under threat from human ac-
tivities (Lv et al., 2022). Additionally, the Dongjiang River has complex
geographical and climatic features, resulting in obvious heterogeneity of
its aquatic environment. This environmental heterogeneity may have
important impacts on phytoplankton community assembly, but there is a
lack of systematic and in-depth research on this topic. Therefore, this
study used eDNA metabarcoding combined with machine learning
methods to investigate the spatial variation in phytoplankton commu-
nity composition and structure along the Dongjiang River, including its
estuary. Our research objectives are: (1) to reveal the spatial distribution
patterns and trends of phytoplankton diversity in the Dongjiang River;
(2) to explore the main environmental factors and mechanisms affecting
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phytoplankton community composition and structure; (3) to assess the
degree and direction of environmental selection on phytoplankton
community assembly; (4) to establish a random forest model to predict
the effects of different environmental factors on phytoplankton domi-
nant groups. This study has important implications for understanding
and protecting the aquatic ecology of the Dongjiang River system, as
well as providing new methods and perspectives for studying phyto-
plankton community assembly and environmental selection in other
aquatic environments, and improving management strategies in these
systems.

2. Materials and methods
2.1. Study area, sample collection and analysis

The Dongjiang River is a critical water source for the Guangdong-
Hong Kong-Macao Greater Bay Area, one of the most densely popu-
lated and economically developed regions in China. The river’s land use
changes from natural vegetation in the upstream to urban areas in the
downstream, where various industrial activities exert pressure on river
ecosystems and planktonic diversity (Lv et al., 2022; Zhang et al., 2023a,
2023b; Zou et al., 2021). Dongjiang River is approximately 435 km long
in Guangdong Province, and we sampled 19 sites along its length, with
distances ranging from 8 to 27 km between locations. These locations
were chosen to be representative of the different sections of the river,
including upstream (UR) (S1-S4), midstream (MR) (S5-S11), and
downstream regions (DR) (S12-S17), as well as the Pearl River Estuary
(PRE) (S18-S19) (Fig. 1). We sampled two locations in the PRE, one in
the northern part of the estuary and one in the southern part. They have
different environmental conditions and may influence the composition
and structure of phytoplankton communities. It should be noted that our
findings may not be fully representative of the entire PRE, and further
research is needed to fully understand the phytoplankton communities
in this region. Detailed information about each sampling site is shown in

Fig. 1. Distribution of sampling sites.
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Table S1, including the site name, location coordinates, location city and
river section. Water samples were collected from 19 sites in August
2022.

Water temperature (Temp), pH, and dissolved oxygen (DO) were
measured onsite using a YSI multiparameter water quality analyzer (YSI
Incorporated, USA). A 2-L water sample was collected at each site and
the pH of each water sample was adjusted to 3.0 with 4 M H,SO4 before
being stored at 4 °C. The concentrations of total nitrogen (TN), total
phosphorus (TP), ammonia nitrogen (NHZ-N), nitrate nitrogen (NO3),
nitrite nitrogen (NO3z), chlorophyll-a (Chl-a), total organic carbon
(TOC), chemical oxygen demand (COD), biochemical oxygen demand
(BOD5), chloride ion (Cl ™), and sulfate ion (SO%’) were measured within
48 h according to the Chinese national standard method (SEPA, 2002).

2.2. eDNA collection and analysis

Three duplicate 1-L surface water samples were collected at each site
from a depth of <1.5 m using sterile bottles. After collection, the water
samples were kept in a low-temperature cooler and transported to the
laboratory within 24 h. The samples were vacuum filtered through a 47-
mm, 0.22-pm sterile microporous mixed cellulose membrane within 6 h
and packed into 2-mL centrifuge tubes, which were then immediately
stored at —80 °C until DNA extraction. The DNA samples were then sent
to Shanghai BIOZERON Co., Ltd (Shanghai, China) for high-throughput
sequencing on the Illumina MiSeq platform, and the sequencing depth
for this study was 500,000 reads per sample.

2.3. DNA extraction, polymerase chain reaction (PCR) amplification,
sequencing and bioinformatics

eDNA was extracted from the samples using the E. Z.N.A.® Soil DNA
Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer’s
protocols. The V4 region of the 18S ribosomal RNA gene was amplified
by PCR (95 °C for 4 min, followed by 35 cycles at 94 °C for 30 s, 55 °C for
30, and 72 °C for 60 s, with a final extension at 72 °C for 10 min) using
the primers TAReuk454FWD1-TAReukREV3 (TAReuk454FWD1: 5-
CCAGCASCYGCGGTAATTCC-3, TAReukREV3: 5-ACTTTCGTTGA-
TYRA-3'). PCR reactions were performed in triplicate using a 20-pL
mixture containing 4 pL of 5 x FastPfu Buffer, 2 pL of 2.5 mM deoxy-
ribonucleotide triphosphate, 0.8 pL of each primer (5 pM), 0.4 pL of
FastPfu Polymerase, and 10 pL of template DNA. The paired-end reads
obtained from sequencing were assembled based on their overlap re-
lationships, while sequence quality control and filtering were per-
formed. DADA2 was used to generate feature sequences for QIIME2 and
the Amplicon Sequence Variants (ASVs) concept was used to construct
the feature table. Taxonomic annotations were performed using the
SILVA database (Salmaso et al., 2022).

2.4. Statistical analysis

R software (v.4.0.2) was employed for statistical analysis and visu-
alization. The vegan package (v.2.6.2) in R was utilized to calculate the
alpha diversity index (Dixon, 2003), which includes various indices such
as observed species, Chaol, ACE, Shannon, Simpson, and Pielou’s
evenness. Notably, Chaol and ACE were both used to predict the
number of operational taxonomic units in the sample, with higher values
indicating greater species richness. The ACE calculation formula is as
follows:

Srare Fl 2

+

ACE = S,pun :
abund + Co Caceche

where S,pund refers to the number of abundant species (with an abun-
dance threshold > n), S;are refers to the number of rare species (with an
abundance threshold < n), F; refers to the number of species with just
one individual, and y2_, is the estimated variance coefficient of the rare
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species.

The Shannon and Simpson indices were both employed to estimate
microbial community diversity, with higher Shannon values indicating
greater community diversity and higher Simpson values indicating
lower community diversity. The Pielou’s evenness describes the actual
Shannon index value for a community relative to the maximum Shannon
index value that can be attained in a community with the same species
richness. The Pielou’s evenness calculation formula is as follows:

_H
Hmux B lngS

’
Pielousevenness =

where H refers to the Shannon index, Hy,x refers to the maximum
Shannon index that can be achieved for a given community richness, S
refers to the community richness index, and x is the base number, such
as 2 ore.

The calculation methods for the other indices are provided by Zeng
et al. (2021). Additionally, the VennDiagram package (v.1.7.1) in R
enabled Venn analysis. The multcomp package (v.1.4-18) was used to
perform Tukey’s HSD test for significant differences, while the vegan
package was utilized to generate Bray-Curtis distance and carry out the
analysis of Non-metric Multidimensional Scaling (NMDS), Anosim, and
redundancy analysis (RDA). To visualize community composition dif-
ferences among sampling areas, a principal coordinates analysis (PCoA)
was performed (Paradis et al., 2004) using the ape package (v.5.6-1) in
R. Furthermore, the gbm package (v.2.1.8) was used to carry out
Aggregated Boosted Tree (ABT) analysis, which evaluates the contri-
butions of environmental factors to community diversity (Ge et al.,
2008), while the randomForest package (v.4.6-14) in R was employed to
determine the relative importance of predictive factors in the model
using Random Forest (RF) analysis. Distance decay analysis conducts
linear regression of sample geographic distance or environmental sim-
ilarity against community composition similarity, and was carried out
using the Im function in R. Spearman’s correlation was analyzed using
the linkET package (v.0.0.2.2) in R, while the figures were visualized
using ggplot2 (v.3.3.5) in R. To further explore microbial interactions, a
co-occurrence network was designed for the ASVs with top 30% abun-
dance and appearing in samples above 75%. Spearman’s coefficient was
used for calculation of correlations, with a threshold value of 0.60 set for
retention as a network node, and edges with p-values greater than 0.05
were removed. Visualization of the network and the modular analysis
was performed using Cytoscape (v.3.8.0) (Deng et al., 2016). Due to the
insufficient number of PRE samples (less than 8), it was not suitable to
construct a robust co-occurrence network. Therefore, this study con-
ducted network analysis on UR, MR and DR. A neutral community model
was used to predict the relationship between ASV detection frequency
and their relative abundance across the wider metacommunity. Calcu-
lation of 95% confidence intervals around all fitting statistics was done
by bootstrapping with 1000 bootstrap replicates (Chen et al., 2019b).

3. Results
3.1. Spatial patterns of phytoplankton community diversity

The eDNA samples of phytoplankton communities in the Dongjiang
River were sequenced. The species accumulation curves show the rela-
tionship between the number of samples and the number of detected
species. The curves tend to flatten when the sampling reaches saturation,
suggesting that the sampling was sufficient to reflect the phytoplankton
diversity in the Dongjiang River in this study (Fig. S1(a)). After clus-
tering using the ASVs analysis pipeline, the eDNA sequencing data
formed 4061 ASVs, annotated to 5 phyla, 15 families, 38 genera, and 89
species. The annotation rate of phytoplankton genera accounted for
82.91% of the total detected genera and 36.73% of the ASVs were an-
notated to the phytoplankton species level (Fig. S1(b)). The Venn dia-
gram indicated that the number of unique phytoplankton species
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increased from the upstream to the downstream regions, although the
estuary had the fewest unique species (Fig. 2(a)). The upstream regions
had a significantly lower relative abundance of shared species than that
of the midstream and downstream regions (p < 0.05, Fig. 2(b)). In the
alpha diversity analysis, both Chaol and ACE indices for the phyto-
plankton community in the Dongjiang River were significantly higher in
the downstream regions than in the upstream and midstream regions (p
< 0.05) (Fig. 2(c)). In contrast, the Pielou’s evenness exhibited the
opposite pattern (p < 0.05), with a significantly lower value in the
downstream than in the upstream regions. However, no spatial differ-
ences in the Shannon or Simpson indices were observed within the basin
(p > 0.05, Fig. 52).

3.2. Spatial heterogeneity of the phytoplankton community structure

The PCoA analysis revealed that the phytoplankton community
structure was similar among the upstream, midstream, and downstream
regions of the Dongjiang River, but distinctly different from the estuary
regions (p < 0.05, Fig. 3(a)). Likewise, the NMDS analysis also showed
that the phytoplankton composition of S19 in the estuary area and S12
in the downstream region of the Dongjiang River differed significantly
from other sites in the basin (stress <0.2, Fig. 3(b)). The Bray-Curtis
distance analysis indicated that there was a significant difference in
the composition structure of phytoplankton along the river (p < 0.05,
Fig. 3(c)), with small distances in the phytoplankton community within
each site of the midstream and upstream regions, but significantly
higher than those in the downstream regions. The species composition
distance in the estuary area was also significantly different from those in
the upstream regions.

Pyrrophyta, Cryptophyta, and Ochrophyta were dominant phyto-
plankton in the Dongjiang River (Fig. 4(a)). The upstream and
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downstream regions of the Dongjiang River were dominated by Pyrro-
phyta and Cryptophyta, respectively, with their relative abundance ac-
counting for more than 50% of the study area, while the dominant
phytoplankton in the midstream regions and estuary area were more
evenly distributed, indicating a steady state structure. The Wilcoxon
rank sum test was applied to identify species with significant abundance
differences among groups (Fig. 4(b)). Pyrrophyta was the phylum in the
upstream region that differed most significantly from the midstream and
downstream regions (p < 0.01), while Bacillariophyta also had signifi-
cant abundance differences between the upstream and downstream re-
gions (p < 0.05).

Using the random forest algorithm to further explore phytoplankton
genera (Fig. 4(c)), six phytoplankton genera were identified as predic-
tive of the phytoplankton community, including Colpodella, Chromera,
and Perkinsidae of Pyrrophyta, Chroomonas, Hemiselmis, Kathablephar-
idae of Cryptophyta. These genera were consistent with the above
stacked bar plot results, i.e., Pyrrophyta and Cryptophyta were the key
dominant phytoplankton in specific river regions. The random forest
model based on phytoplankton genus predicted a sample classification
accuracy for the Dongjiang River and estuary of 69.09% (Fig. S3),
confirming the reliability of the random forest model.

The co-occurrence network diagram (Fig. 4(d)) shows that the
network complexity of the phytoplankton community in the Dongjiang
River increased from upstream to downstream regions, with the up-
stream regions having the lowest network modularity index of 6 and the
downstream regions having the highest network modularity index of 14.

3.3. Response of keystone species of phytoplankton to anthropogenic
disturbance

RDA analysis revealed that temperature, Chl-a, and DO were

Fig. 2. Alpha diversity and composition of phytoplankton in the Dongjiang River. (a) Venn diagram of unique and shared ASVs in different regions. (b) Relative
abundance of shared species. (c) Alpha diversity indices among regions. Different letters indicate significant differences at p < 0.05. UR: upstream regions, MR:

midstream regions, DR: downstream regions, PRE: Pearl River Estuary.
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Fig. 3. Beta diversity analysis of the phytoplankton community in the Dongjiang River. (a) and (b) show principal coordinate analysis (PCoA) and non-metric
multidimensional scaling (NMDS) ordination based on Bray-Curtis dissimilarity of phytoplankton, respectively. Ellipses represent 95% confidence intervals. (c)
Group distance based on Bray-Curtis dissimilarity. Different letters indicate significant differences at p < 0.05. UR: upstream regions, MR: midstream regions, DR:

downstream regions, PRE: Pearl River Estuary.

important environmental driving factors affecting the phytoplankton
community structure in the upstream Dongjiang River, the downstream
regions were mainly constrained by high concentrations of nutrients
NHZ, TP, TN, and BODs, while CI~ and SO%’ are important environ-
mental factors affecting phytoplankton distribution in the estuary (Fig. 5
(a)). Among the species, Chroomonas of Cryptophyta was positively
correlated with NHZ, Syndiniales. Group.I of Pyrrophyta and Hemiselmis
of Cryptophyta were positively correlated with CI~ and SO5~, while
Colpodella and Gymnodiniphycidae of Pyrrophyta were positively corre-
lated with temperature, Chl-a, and DO. The ABT model was used to
evaluated the contributions of environmental factors to community di-
versity (Fig. 5(b)). CI” was the primary factor affecting community
composition, followed by NHJ and SO%’. Temp, Chl-a, DO, and COD
together accounted for 72.03% of the explanation ratio for spatial dif-
ferences in community diversity.

The explanatory proportion and importance of environmental factors
on the variation of keystone species were analyzed by the random forest
method (Fig. 5(c)). The results indicated that temperature had a sig-
nificant negative correlation with Kathablepharidae of Cryptophyta, and
accounted for more than 85% of its variation in abundance. For Colpo-
della of Pyrrophyta and Chroomonas of Cryptophyta, the potential key
factors affecting their abundance were temperature, DO, Chl-a, and
NO3, and DO and NHJ, respectively. These environmental factors
accounted for >75% of the variations in abundance of these phyto-
plankton. They are important environmental factors determining the
key phytoplankton and were the characteristic parameters used by the
random forest algorithm to predict and evaluate differences in the
phytoplankton communities. DO exhibited a highly significant positive

correlation with Colpodella and a highly significant negative correlation
with Chroomonas.

3.4. Mechanisms of phytoplankton community assembly

Linear regression analysis of environmental heterogeneity and
geographic distance among samples with phytoplankton community
similarity (Fig. 6(a)) showed that similarities among phytoplankton
communities decreased with increasing geographic distance (R? =
0.112, p < 0.0001) and increased with increasing environmental simi-
larity (R? = 0.336, p < 0.0001). The explanatory percentages in the
neutral community model for the studied regions ranged from 0 to
25.6% (Fig. 6(b)). Even from the perspective of the entire river basin,
only 34.3% could be explained by the neutral model. There was no
significant difference in the niche breadth of the phytoplankton com-
munities among the different research regions (p > 0.05, Fig. 6(c)).

4. Discussion

4.1. The ecological significance of phytoplankton community structure
along river gradient changes

Phytoplankton are highly sensitive to environmental changes (Chang
et al.,, 2022; Huo et al., 2022; Zhang et al., 2022) and often serve as
important indicators of aquatic ecological changes induced by external
disturbances (Zhang et al., 2023b). This study systematically analyzed
the phytoplankton community structure and environmental factors in
different regions of the Dongjiang River, and revealed the spatial
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Fig. 4. Dominant and keystone phytoplankton and co-occurrence network of ASVs in the Dongjiang River. (a) Relative abundance of phytoplankton at the phylum
level; (b) Phytoplankton with significant differences in abundance among regions at the phylum level. Left: average relative abundance; right: variation in abun-
dance. Rightmost values are p values for Wilcoxon rank-sum test. (c) Importance of key phytoplankton genera based on random forest model. Left: importance for
grouping and prediction; right: relative abundance. (d) Co-occurrence network of ASVs. Connections represent strong (Spearman’s coefficient |r| > 0.6) and sig-
nificant (p < 0.05) correlations. Node size is proportional to number of connections. Nodes are colored by modularity. UR: upstream regions, MR: midstream regions,

DR: downstream regions, PRE: Pearl River Estuary.

heterogeneity of the phytoplankton community, as well as its relation-
ship with environmental gradients. The phytoplankton community
structure showed a trend of increasing abundance, diversity, and
complexity from upstream to downstream, reflecting the adaptation and
response of phytoplankton to environmental conditions. The phyto-
plankton community structure was mainly influenced by different
environmental factors in different regions. The upstream region was
mainly constrained by natural factors (such as temperature, Chl-a, DO),
while the downstream region was mainly driven by anthropogenic fac-
tors (such as nutrient input and pollution discharge) (Liu et al., 2021;
Tao et al., 2022). Excessive nutrients have previously been identified as
important variables for phytoplankton mass reproduction (Baek et al.,
2022). The estuary area is characterized by complex water flow ex-
change caused by salt tide backflow (Li et al., 2023; Monteiro et al.,
2022). Thus, Cl~ and SO3 are important environmental factors
affecting phytoplankton distribution in this area. In fact, the terrain in
the upstream region of the Dongjiang River is mountainous and hilly,
with rapid river flow, which is not conducive to mass reproduction of
phytoplankton. Similarly, the water flow in the estuary confluence re-
gion is turbulent (Li et al., 2023), and a large number of suspended solids

and sediments reduces the transparency and also affects the distribution
of phytoplankton (Golubkov and Golubkov, 2022). Therefore, there are
few unique phytoplankton species in these regions. The downstream
region is also subject to high intensity of human activity disturbance,
which results in large inputs of nutrient elements entrained by the river
runoff (Liu et al., 2021; Lv et al., 2022). The water flow speed in this
region is relatively low, compared to the upstream and estuary areas.
Consequently, multiple factors favor the proliferation of phytoplankton
in the downstream segment, generating more phytoplankton species
that are endemic to this area.

The co-occurrence network complexity of the phytoplankton com-
munity in the Dongjiang River increased from upstream to downstream
regions, indicating a higher niche differentiation degree within the
community and stronger network structure compactness and commu-
nity connectivity (Shuwang et al., 2023). Studies have shown that in
polluted river sections, the phytoplankton symbiotic network will pre-
sent a more closely associated state (Geng et al., 2022), as higher di-
versity is conducive to community adaptation to a frequently disturbed
environment and faster recovery (Chen et al., 2019a). Higher environ-
mental heterogeneity also produces greater network complexity and
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Fig. 5. Correlation analysis between phytoplankton and environmental factors. (a) Redundancy analysis (RDA) of phytoplankton genera, sampling regions, and
environmental variables. (b) Aggregated Boosted Tree (ABT) bar chart of environmental factor importance. (c) Correlation coefficients between phytoplankton
genera and environmental factors. Results with p < 0.05 are shown as color blocks. Circles indicate potential key factors; circle size represents factor importance. The
bar chart on the right shows the explanatory ratio of environmental factors to changes in the abundance of key genera. UR: upstream regions, MR: midstream regions,

DR: downstream regions, PRE: Pearl River Estuary.

connectivity (Mougi and Kondoh, 2012).

Machine learning has great potential for uncovering nonlinear in-
teractions between multiple variables, it can be used to investigate the
impact of complex environmental factors on community distributions,
as well as to identify dominant species (Ekundayo et al., 2023; Fan et al.,
2020). Using the random forest algorithm to further explore phyto-
plankton genera, there were some key species with important ecological
functions and positions in the phytoplankton community, such as Col-
podella, Chromera, Perkinsidae, Chroomonas, Hemiselmis, Kathablephar-
idae. They showed significant correlations with specific environmental
factors and were mainly controlled by these environmental factors.

The above results demonstrate how phytoplankton can adapt to
different hydrological and geographical conditions, and how they can
serve as indicators for water environmental quality and function. The
study reveal the ecological significance of phytoplankton community
structure along the river gradient in the Dongjiang River, which has not
been reported before.

4.2. Environmental selection shaped the phytoplankton assemblage in the
Dongjiang River

The ecological processes that shape phytoplankton communities are
a long-standing question in aquatic ecology; environmental and spatial
factors are two main drivers influencing community aggregation in
natural environments (Chen et al., 2019a; Wu et al., 2023). The simi-
larity of phytoplankton community was negatively correlated with
geographic distance and positively correlated with environmental sim-
ilarity, indicating that both spatial and environmental factors had an
impact on the phytoplankton community composition. However, the
environmental heterogeneity was higher in the downstream and estuary
area, resulting in a significant distance decay pattern of phytoplankton
community similarity and a more spatially heterogeneous community
composition. Numerous studies have shown that coastal areas are

influenced by both marine and terrestrial factors, have many complex
sources, transformation processes, and contaminant profiles, and are the
largest ecological transition zones in the world. Urban areas and popu-
lation density can cause various degrees of disturbance that affect the
aquatic ecosystem (Maure et al., 2021; Xie et al., 2021). Dongjiang River
has similar environmental characteristics. Its upstream areas are fresh-
water, while its downstream and estuary areas are affected by tides and
seawater backflow. These hydrodynamic conditions make its aquatic
environment more complex in downstream regions than in its upstream
freshwater regions (Zhang et al., 2023a). The correlation coefficients of
the distances also suggest that the phytoplankton community assembly
was more influenced by environmental variables alone than by spatial
variables.

Neutral models can further distinguish the relative roles of stochastic
dispersal and environmental selection (Alonso et al., 2006; Lu et al.,
2023). In addition, niche breadth was used to explore metabolic adap-
tation and environmental selection for species in the studied commu-
nities (Pandit et al., 2009). The neutral model explained a low
percentage of the variation in phytoplankton community structure, and
there were differences among different regions, indicating that sto-
chastic processes played only a minor or local role in the assembly of
phytoplankton community. The niche width did not show significant
differences among different regions, indicating that the species in the
phytoplankton community had similar metabolic adaptability and
environmental selectivity.

In summary, we can infer that deterministic processes, namely
environmental filtering, were the dominant mechanisms for the as-
sembly of phytoplankton community in the Dongjiang River, while
stochastic processes, namely dispersal and drift, were secondary or
auxiliary mechanisms. This conclusion is consistent with previous
studies that found that environmental variables can explain the com-
munity variation in stable and isolated ecosystems or aquatic ecosystems
with strong environmental gradients (Little et al., 2019; Wu et al., 2023;
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Fig. 6. Assembly mechanisms of the phytoplankton community in the Dongjiang River. (a) Distance dependence curve for phytoplankton community similarity and
geographical and environmental similarity. Slope of the fitting curve indicates distance-dependent similarity. (b) Diagram of the phytoplankton neutral community
model. Each dot represents an ASV; black, blue, and red dots indicate ASVs that conform, exceed, or fall below the neutral model, respectively. Blue solid line
represents the optimal fit of the neutral model; blue dashed lines represent the 95% confidence interval. R? represents the goodness of fit of the neutral model. (c) The
niche breadth of the phytoplankton community. Different letters indicate significant differences at p < 0.05. UR: upstream regions, MR: midstream regions, DR:

downstream regions, PRE: Pearl River Estuary.

Zhang et al., 2023b). However, our study also differs from previous
studies in several aspects. First, we used eDNA metabarcoding tech-
nique, which has higher sensitivity and resolution than traditional
methods, to detect the phytoplankton diversity and composition. Sec-
ond, we covered a large spatial scale and a fine spatial resolution, which
enabled us to capture the spatial patterns and variations of phyto-
plankton communities along the river gradient. However, we only
sampled during the dry season, which may not reflect the temporal
changes and dynamics of phytoplankton communities. Therefore, our
study provides a novel and comprehensive perspective on the phyto-
plankton diversity and assembly in the Dongjiang River, but also calls
for further research on the temporal and seasonal effects.

5. Conclusion

This research investigated the spatial heterogeneity, environmental
driving factors, and community assembly mechanisms of the phyto-
plankton community distribution in the Dongjiang River and estuary
area based on eDNA sequencing data. The results revealed that envi-
ronmental selection largely shaped the structure of phytoplankton
communities in the aquatic ecosystem of the Dongjiang River. The up-
stream regions and estuary area were mainly influenced by natural
environmental factors, with temperature, Chl-a, DO, and Cl~, SO3 as
the main environmental constraints, respectively. The downstream re-
gions were largely influenced by human activities, with nutrients as the

key environmental driving factors. Therefore, it is essential to take
measures to reduce the input of anthropogenic pollutants in the down-
stream regions for maintaining the diversity, health, and stability of
phytoplankton and the aquatic ecosystem. The results of this study
provide scientific support for aquatic ecological environmental health
and sustainable development of the Dongjiang River. However, the
findings in this research may not fully represent the long-term dynamics
of phytoplankton communities, further research is needed to fully un-
derstand the seasonal and interannual variations in these communities.
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