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Introduction: Coastal marine ecosystems are among the most ecologically and
socio-economically dynamic regions on Earth, and the study of eukaryotic
planktonic communities is an important aspect of aquatic ecology. It is essential
to monitor plankton biodiversity and identify influencing factors in order to measure
human effects on coastal waters and help contribute to ecosystem preservation.
Environmental DNA (eDNA) metabarcoding analysis is an advanced toolfor detecting
the presence of aquatic organisms, which has revolutionary significance for
biodiversity monitoring and real-time detection of wild environments.

Methods: In this study, eDNA metabarcoding was used to study seasonal
changes in eukaryotic plankton communities in subtropical coastal waters of
the northern South China Sea, to explore how various trophic groups affect the
complexity and stability of the species network.

Results: The results showed that the summer interaction network is looser and
had has reduce biodiversitycompared to the spring interaction network. As an
important part of the planktonic community, the abundance and diversity of
algae reflect the interactions between different species and the influence of
environmental factors on the dominant species, particularly temperature and
nutrients. In addition, producer diversity set the basis for species network
complexity and indirectly affected network stability, while consumer diversity
and its flexible predation strategies may directly lead to differences in network
stability across seasons. There were close correlations among species
interaction, environmental factors and species diversity.
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Discussion: This study can help us understand the ecosystem functions throughout
the year and the complex interactions of planktonic communities from a multiple
trophic level perspective, and provide effective methods for sustainable resource
utilization and ecological environmental protection in the future.

KEYWORDS

environmental DNA, plankton community, subtropical marine ecologcial system, co-
occurrence network, multitrophic levels, seasonal changes

1 Introduction

Plankton are found in almost all habitats on earth and cover a
wide spectrum of cell sizes, shapes and taxonomic classifications.
Plankton are natural inhabitants that coexist in aquatic ecosystem,
playing a crucial role in maintaining biodiversity and food webs,
and establishing intricate networks of ecological interactions in
aquatic environments (Duffy et al., 2007; Malfatti and
Francesca, 2007).

Biological community ecology has long been interested in
studying the mechanisms involved in their assembly and how
they respond to their environment to understanding the
ecological processes determining the community assembly of
plankton community (Li and Hu, 2021c). The ocean remains the
least sampled habitat in a variety of natural environments, which
presents difficulties in understanding the drivers of its biodiversity
(Fonseca et al., 2014). Therefore, the exploration of marine
environments that maintaining a large number of geographical
differences will provide stronger evidence to resolve the debate over
the distribution of plankton on earth (Faurby and Funch, 2011). In
addition, due to the large amount of undescribed diversity, it is
difficult to understand the diversity of microeukaryotes through
traditional morphological methods alone (Bika et al.,, 2012). At
present, traditional methods such as morphological identification
are still commonly used for routine monitoring of coastal plankton
communities. However, the effectiveness of these methods in
providing comprehensive information on plankton diversity has
been called into question. This is primarily due to the challenges
posed by the small size of microeukaryotes and the identification of
concealed immature stages, which necessitate specialized advanced
classification techniques. Therefore, a fast, simple, and sensitive
method is needed to monitor eukaryotic plankton in coastal
ecosystems (Uusitalo et al., 2013; Thomsen and Willerslev, 2015;
Thalinger et al., 2019; Castafieda et al.,, 2020; Yang et al., 2021;
Zhang et al., 2023a).

As for the planktonic community, it may exhibit unique and
distinct phenological features driven by seasonal changes in the
environment, biological signatures, and biological interactions, with
implications for temporal changes in biogeochemistry and
ecosystem function. The causal relationship among environmental
factors, species diversity and ecosystem function has always been
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the focus of ecological research (Chapin et al., 2000; Snelgrove et al.,
20145 Dee et al, 2017). The interaction between them is always
complex and highly dependent on the external environment
(Chang et al., 2022). Environmental factors affect the composition
and productivity of plankton, thus strongly influencing plankton
diversity (Negrete-Garcia et al., 2022; Loschi et al., 2023).

Besides, the complex relationship between species diversity and
ecosystem stability has always been one of the key concerns in the
field of ecology (Naeem and Li, 1997). The general conclusion of the
existing studies is that the reduction of species diversity is likely to
weaken the stability of the ecosystem, while in the context of global
climate and environment change, the fluctuations of environmental
factors are likely to have an important impact on the structure and
process of the ecosystem and change the species diversity, and then
change the function and stability of the ecosystem (Hooper et al.,
2012; Zhou-Yuan et al, 2021). While functional redundancy
(multiple species per functional group) is meaningful to maintain
the stability of community function, and the conservation of
biodiversity can provide enough functional redundancy for the
ecosystem to maintain the long-term stability of ecosystem
function (Naeem and Li, 1997). Meanwhile, complexity has also
considered as an important factor affecting stability, and new
research has also shown that highly diverse ecosystems maintain
their own stability by reducing complexity when it exceeds a certain
threshold (Yonatan et al., 2021).

Eukaryotic plankton communities, which are composed of algae,
fungi, protozoa, and metazoans through complex interactions, are
important players in marine ecosystems, serving as primary
producers, predators, decomposers, and parasites (Sherr et al.,
2007; Zubkov and Tarran, 2008). The interactions of mass and
energy transport between these multiple trophic levels determine
complex ecosystem processes, while the previous community studies
focused on monitoring a single trophic level, ignoring the interactions
between multiple trophic groups and their respective ecological
functions (Brose, 2008; Zhou-Yuan et al, 2021). In recent years,
network analysis has been increasingly used to study potential
biological interactions and reflect ecological stability among
members of microbial communities based on network topological
properties, which is now an effective tool for ecological community
studies. The patterns and topological features of co-occurring
networks (i.e., degree, intermediacy, clustering coefficient, short
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path length, and modular structure) may provide new insights into
interspecies interactions and ecological issues (Kara et al, 2013).
Species co-occurrence networks exhibit non-random associations
and modular structures, suggesting that complex interactions
between different species may play an important role in controlling
community aggregation and maintaining community stability
(Chaffron et al., 2010). Complex interactions were recorded among
members of plankton through a network of graded ecosystems along
estuaries (Konopka et al., 2015). Thus, it may be a challenge to figure
out the relative importance of the various controlling forces that
shape plankton communities (Wu et al., 2023).

In this study, an eDNA metabarcoding method based on 18S
rRNA gene was used to investigate the seasonal dynamic and
interaction mechanism of eukaryotic plankton communities in
subtropical waters. Consequently, we conducted a one-year eDNA
survey in Nan’ao Island (NAO) area, a typical subtropical sea in
China. This one-year survey was conducted to reflect the seasonal
time changes in the sea area. Our work aimed to address the
following issues: (1) Investigating the correlation between
variations in the eukaryotic plankton community and its network
in subtropical coastal regions, as well as their dependence on
environmental factors. (2) Examining the distinct impacts of
various tropical groups on biological communities. (3) Exploring
the interrelationship and impact among species interaction,
environmental factors and species diversity.

2 Materials and Methods
2.1 Sites and sampling
Our study area is located in eastern Guangdong Province, China,

and is offshore waters near NAO (Figure 1). The NAO in South
China Sea is a hotspot for biodiversity research (Xie et al.,, 2017),

10.3389/fmars.2024.1416359

including Nanpeng Islands National Marine Reserve. Meanwhile,
they are also the bays that are seriously affected by human activities
and have the highest degree of eutrophication in east Guangdong Sea
(Gu et al., 2008). We collected samples from 34 sites among above
NAO (23.032-23.726°N, 116.740-117.468°E), including two summer
upwelling zones, a breeding zone, an estuary zone, a critical zone of
national reserve and a natural sea area, in winter (January), spring
(April), summer (August) and autumn (November) of 2021. In this
study, 91 surface water samples were collected from the waters near
NAO. Environmental parameters, including water temperature (°C),
salinity, dissolved oxygen (DO, %), chlorophyll estimated from
fluorescence (Chl a, ug LY, density (g cm™), soluble reactive
phosphorus (SRP, pmol L’l), dissolved inorganic nitrogen (DIN,
umol L), dissolved silicon (DSi, umol L) were measured at the
same time when samples collected.

2.2 DNA extraction, PCR amplification,
sequencing, and bioinformatics analyses

Environmental DNA extraction kit (MT058, Nanjing Yijinuo
Environmental Protection Technology Co., LTD.) was used to
extract eDNA enriched on the filter membrane. The extracted
DNA was quantified and checked for purity by Qubit™ 4
Fluorometer (Q33226) and A260/280 nm and A260/230 nm
in ND5000.

PCR with 18SV9 primers (F: CCTTCYGCAGGTTCACCTAG;
R: TTGTACACACCGCCC) was performed on DNA respectively.
Among them, 18S were amplified by Taq polymerase using a 30 UL
reaction system. The reaction system was as follows: 15UL 2*Taq
Mix, 1.5uL of 10uM upstream primer, 1.5 UL of 10uM downstream
primer, 1L DNA, 11uL ddH,O. The amplification reaction was
performed in a gene amplification apparatus (TC-96/G/H (b)B)
under the following conditions: hot cap at 105°C, initial
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FIGURE 1
Sampling station map of this study.
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denaturation at 95°C for 3 min, denatured at 95°C for 15 s, annealed
at 62°C for 30 s, extended at 72°C for 15 s, 28 cycles, it was extended
at 72°C for 5 min and stored at 4°C.

To reduce a single PCR error, three PCR reactions were
performed on each sample. PCR products were examined by 2%
(w/v) agar-gel electrophoresis and Gel Doc EZ (735BR00194) gel
images to check band size and specificity, and the PCR products
were mixed equimolar using a fully automatic DNA pipette
workstation. The PCR mixed products were purified using
VAHTS DNA Clean Beads (N411-02) kit. The purified mixture
was quantified using QubitTM 4 Fluorometer (Q33226). Purified
PCR mixed products were used for subsequent sequencing.
Libraries were constructed using the VAHTS® Universal DNA
Library Prep Kit for Ion Torrent V2 (ND702) kit, which could
convert purified mixed PCR products into dedicated libraries for
Ion Torrent high-throughput sequencing platforms. Prior to
second-generation sequencing, the length and concentration of all
DNA products were tested using gel electrophoresis and Qubit' ™ 4
Fluorometer. Adjust the final concentration of the sample to 100
pM. The sequencing templates were prepared and enriched with lon
OneTouch 2TM and Lon OneTouch ES and sequenced in Proton
Semiconductor Sequencer by lon PITM Chip Kit V3 chip.

The data analysis of high-throughput sequencing was all based on
the ubuntul4.04 EcoView2.0 software. Crop, sorted, and
distinguished by unique sample labels (12bp barcodes with a
maximum number of mismatches set to 2) (Caporaso et al., 2010).
The UPARSE (Edgar, 2013) pipeline clustered all sequences into
operational taxa (OTUs) with a similarity threshold of 97%, and the
18S annotation databases were the Greengenes (DeSantis et al., 2006)
and Silva databases (Pruesse et al., 2007).

2.3 Determination of environmental factors

The conductivity temperature-depth sensor (CTD) fitted with
the research vessel was used to determine the vertical Temperature,
Salinity, dissolved oxygen (DO), chlorophyll a (Chl a) and Density
(amount of mass per unit volume, which related to temperature,
salinity and pressure) at each sampling point.

In this study, soluble active phosphorus (SRP), dissolved silicate
(DSi) and dissolved inorganic nitrogen (DIN) were determined.
DIN, where soluble inorganic nitrogen is estimated by the sum of
nitrate, nitrite and ammoniacal nitrogen concentrations. The
measured samples were collected and put into acid-washed
polyethylene bottles and frozen at -20°C for analysis. AA3
automatic nutrition analyzer spectrophotometer method was used
for the determination. The inorganic nutrient data in this study are
shared data from the Marine Chemistry Group on the voyage.

2.4 Statistical analyses
Alpha-diversity indices, including Shannon (measure the

evenness of species in a community) and Simpson (the probability
that the number of individuals obtained from two successive samples
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of a community species belong to the same species) were calculated
using relative abundance in R package “vegan”. Alpha-diversity (the
number of species in a community and the number and distribution
of each species) directly shows the changes in the number of species
in a community, while beta-diversity (in the form of matrix data, the
differences in the number and distribution of each species in the two
communities were compared one by one) can reflect the driving
process of community change (Chen et al., 2015). Beta-diversity was
calculated by non-metric multidimensional scaling (NMDS) analysis
based on Bray-Curtis distance using the R (ver. 4.1.3) package
“vegan” and “ggplot2” to study differences in eukaryote
composition among four seasons. Analysis of similarity test
(ANOSIM) was used to test for differences between community
structures and sampling seasons in R package “vegan” (Yang et al.,
2023). Redundancy analysis (RDA, based on the Bray-Curtis
distance) were performed to analyze the correlation between
environmental factors and the community of eukaryotic plankton
in R package “vegan”.

Co-occurrence networks in NAO were constructed by using
eukaryotic plankton combined to family level (this level can
basically make a clear distinction between the feeding habits of
species). R package “ggCLusterNet” was used to build this network
using SparCC method and calculated the network indices including
complexity, Robustness and Vulnerability (Kurtz et al., 2015; Wen
et al., 2022). Only robust and significant correlations (|r|>0.6,
p< 0.05) were incorporated into the networks (Ren et al., 2022)
and the networks were visualized using the interactive Gephi 0.10.1
platform. To analyze the direct and indirect effects of environmental
factors on community structure and find out the driving factors, we
used a Structural equation model (SEM) to determine the paths
among environmental change and network stability. Furthermore,
there were four main parts in this model including environmental
factors (climate: including temperature, Chl a, density, sality, DO &
nutrient: including DIN, SRP and DSi), biodiversity (producers:
phytoplankton and certain autotrophic protists, primary
consumers: phytophagous and detritophagous plankton, predator:
carnivorous zooplankton). The SEM model was constructed using R
package “piecewiseSEM” (v 2.3.0).

3 Results

3.1 Seasonal fluctuations in species
diversity of plankton communities

A total of 10 206 857 operational taxonomic units (OTUs) were
obtained by 18S RNA sequencing, and a total of 485 eukaryotic
plankton were detected in the sequencing data set. The alpha-
diversity index, including Shannon and Simpson indices, exhibited
seasonal variation within the plankton composition across the four
seasons. The summer exhibited the lowest Shannon index, which
demonstrated a large divergence from the spring community. The
Simpson index exhibited its lowest values throughout the spring
and summer, with no discernible disparity between the two.
Meanwhile, the alpha-diversity of winter and fall exhibited a
comparable pattern in the Simpson index.
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The NMDS analysis of the eukaryotic plankton community
revealed that the communities in the four seasons exhibited some
degree of overlap. Specifically, the winter, spring, and autumn
communities showed a higher level of overlap, while the summer
community only partially overlapped with the spring community.
The ANOSIM analysis revealed a significant difference in the
community groups throughout the four seasons (R=0.58, p-value
<0.001). While the species composition remained steady during
autumn and winter, it underwent significant changes during spring
and summer (Figure 2). In summer, there was a substantial decline in
the population of Cryptophyta, which was one of the dominant
species belonging to algae. Conversely, there was a big increase in the
population of Bacillariophyta. The population of Ciliophora, one kind
of protozoa, showed a noticeable decrease throughout the summer
season. The primary constituents in order level included Arthropoda,
Bacillariophyta, Dinophyta, Chlorophyta, Cryptophyta, and
Ciliophora. The top five phylum species collectively represented
more than 80% of each season (Figure 3).

3.2 Environmental factors driving
biological networks

There were obvious seasonal changes in environmental factors
(Supplementary Table S1). Seasonal variations of average salinity,
temperature and fluorescence chlorophyll showed that the highest
average salinity occurred in summer, while the lowest was in winter.
The values of nutrient salts were low in spring and summer while
high in winter and spring.

The impact of environmental factors on the eukaryotic
plankton community was not consistent. The RDA analysis
revealed that the impact of nutrient salts (such as DIN, SRP, DSI)
and physicochemical parameters (such as temperature, salinity,
dissolved oxygen, chlorophyll, density) on the eukaryotic
plankton communities displayed contrasting trends. RDAI
accounted for 31.7% of the explanation, while RDA2 accounted
for 18.47% (Figure 2). The winter community saw significant
impacts mostly due to nutrient salts, whereas the autumn
community was primarily influenced by the physical and
chemical qualities of water. In summer, when temperature
fluctuations were greatest, plankton communities showed the
most diverse composition.

Network analysis is increasingly being used to study potential
interactions between members of biomes and ecological stability
based on network topological properties. The patterns and
topological features of co-occurrence networks (i.e., degree,
intermediacy, clustering coefficient, short path length, and
modular structure) may provide new insights into interspecies
interactions and ecological issues (Kara et al., 2013). Seasonal
environmental changes had significant effects on plankton
network structure. In summary, topological feature parameters
indicated that the eukaryotic plankton community network was
more complex and compact in spring and simplest in summer
(Figure 4). Network properties showed that the index related to
network complexity was lowest in summer and peaks in spring.
Spring networks exhibited a high degree of modularity, complexity,
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and functional redundancy, while summer networks exhibited the
opposite (Figure 5).

3.3 Changes in plankton communities
result from complex drives

Combining environmental factors, biodiversity of different
groups and ecological network attributes, the following models are
constructed in SEM to explore the factors of plankton community
diversity change and its influence on community structure. Our result
of SEM showed that in the eukaryotic plankton community, the
factors influencing the characteristics of the species co-occurrence
network may result from changes in the diversity of various trophic
groups brought about by the external environment (Figure 6). Species
diversity of different trophic levels showed obvious seasonal changes
(Figure 7), which were related to environmental factors (climate:
including temperature, Chl a, density, sality, DO & nutrient:
including DIN, SRP and DSi) and network stability to a certain
extent. The study found that distinct trophic groups (like predator
and producer) exhibited varying or even opposite effects on the
network’s stability and complexity, while the two categories of
environmental factors—nutrient salts and climatic conditions—had
opposing effects on the properties of the trophic group and the
network. The complexity of the network was the most significantly
impacted by the diversity of producers (phytoplankton and certain
autotrophic protists) (path coefficient = 0.35, which measures the
strength and direction of the relationship between variables). In
contrast, the stability of the network was primarily determined by
the diversity of consumers, and its vulnerability was primarily
determined by the diversity of primary consumers (phytophagous
and detritophagous plankton) (path coefficient = -0.25). The diversity
of primary and secondary consumers (carnivorous zooplankton) had
a major impact on robustness. In addition, network complexity had a
greater impact on network vulnerability (path coefficient = 0.87).
Different environmental factors had opposing impacts on the same
factor and primarily impacted trophic group diversity as opposed to
directly affecting network stability. Among them, primary consumers
were mostly affected by the two types of environmental factors.

4 Discussion

Coastal marine ecosystems are the most ecologically and socio-
economically vital zones on the planet (Harley et al., 2006), and the
study of eukaryotic plankton communities is an important part of
aquatic ecology research (Sprong et al., 2020). Monitoring
eukaryotic plankton biodiversity is essential in measuring
anthropogenic influence on coastal waters, which also
helps ecosystem protection (Fiser et al., 2018). Now eDNA
metabarcoding, as a rapidly developing technology, can overcome
the limitations of conventional methods to rapidly and accurately
identify microeukaryotes (Deiner et al., 2017). Besides, seasonal
data of plankton communities could also provide valuable
information on the occurrences, movements, and distributions of
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aquatic species (Sigsgaard et al., 2017), which is helpful to better
understand the internal structural changes of biomes and the
driving factors.

4.1 Bottom-up environmental regulation
dominates the seasonal changes of
plankton communities

As for the planktonic community, it may exhibit unique and
distinct phenological features driven by seasonal changes in the
environment, biological signatures, and biological interactions, with
implications for temporal changes in biogeochemistry and
ecosystem function.
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Our results also proved that plankton communities had
different successional patterns in different seasons, and this
succession pattern was largely the result of seasonal changes in
physical and chemical properties of water. In our results, the
resilience and vulnerability of species networks also showed
similar results to network complexity. In addition, the proportion
of negative correlations reflecting prey-predator associations in the
plankton network was lowest in summer and highest in winter
(Kise et al,, 2021), suggesting that summer may be mostly bottom-
up regulated with less top-down regulation. In this subtropical sea
area, summer temperature was the highest throughout the
year, followed by spring, while these two seasons showed
completely different community structure patterns (Figure 2),
with the resembled nutrient salt. This may be one of the reasons
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Comparison of species diversity among different trophic groups (A) alpha-diversity of producer; (B) alpha-diversity of primary consumer; (C) alpha-
diversity of predator; the * means p < 0.01, ** means p < 0.005 and *** means p < 0.001.

for the seasonal variation of phytoplankton dominant species.
Phytoplankton, as the main producers in marine ecosystems, is
sensitive to subtle environmental disturbances in aquatic
ecosystems, and its community characteristics and dynamic
changes are usually the result of spatiotemporal integration of
multiple environmental factors (Jiang et al., 2014; Lin et al., 2023).

Among them, fluctuation of temperature is likely to cause large
differences in the network between spring and summer in our result,
which also be confirmed in previous study that water temperature is
considered to be the strongest environmental parameter (Forster
etal, 2021). Temperature has been proved to play an important role
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in the composition of phytoplankton and the replacement of
dominant species. As an important ecological factor, water
temperature can directly or indirectly affect the growth of algae
by influencing the enzymatic reaction of algae. Different
phytoplankton have different temperature adaptation ranges, or
have different competitiveness in different temperature ranges
(Zhang et al., 2012). Tt is generally believed that Bacillariophyta
and Chlorophyta belong to the high-temperature tolerant type of
algae (Poste et al., 2013), while Cryptophytes belong to the cold-
water type of algae, and their abundance is often negatively
correlated with temperature (Chen, 2014; Xiao et al, 2019; Lin
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et al., 2023), which also conformed the result of this study and the
abundance of Cryptophytes was the lowest of the whole year.
Studies had shown that in aquatic systems with mixed algae,
Bacillariophyta was dominate at 20°C and Chlorophyta was
dominate at 30°C (Xu et al., 2014). In addition, the existence of
summer upwelling in the study area was more conducive to the
growth of Bacillariophyta while it doesn’t conform to the grow
condition of Chlorophyta (Chen, 2014; Morais et al., 2018), which
also made Bacillariophyta the significantly dominated species of
phytoplankton in summer. In the case of phytoplankton
communities, the decline in species diversity is likely to be caused
by the dominance of a particular species (Srichandan et al., 2019).

Temperature is a limiting factor for most aquatic organisms and
determines important ecological processes in communities, such as
primary productivity respiration and carbon cycle (Zhang et al,
2023b), which is also suggests a negative relationship between
climate condition and diversity of producer in our result (Figure 6).
Thus, we need to pay more attention to the negative impacts on
plankton communities caused by global climate warming, which are
considered a major threat to aquatic ecosystems (Mei et al., 2022).
Meanwhile, due to the decrease of nutrient concentration in summer,
the interspecific competition of phytoplankton is likely to increase,
and the species diversity was likely to decrease due to the intense
competitive exclusion between species (Buzancic et al., 2016). The
seasonal fluctuation of environmental factors influenced the change of
plankton community to a certain extent, and became the limiting
factor or promoting factor of biological growth at different periods,
while temperature seemed to play the most crucial role in driving
changes in the community composition among them in our result.
Both these may be the important reasons for the decline of producer
alpha-diversity. Besides, as an important and more specific food of
Ciliates, the fluctuation of Cryptophytes abundance significantly
affected the abundance of Ciliates, showing an obvious positive
correlation (Supplementary Figure S1). As key herbivores in the
plankton ecosystem, Ciliates undertake important intermediate
carriers that transfer carbon to higher levels of the food web
(Kosiba and Krzton, 2022). This strong bottom-up regulation is also
evident in our research, especially in algae and herbivores. Seasonal
succession of plankton communities has been well documented and
studied in many aquatic ecosystems (Gleason et al., 2011; Forster
et al,, 2021; Kise et al, 2021). Although the dynamic changes of
species in the community are regulated by top-down and bottom-up,
the bottom-up climate processes dominate the dynamic changes of
plankton in the community (Lynama et al., 2017).

In marine plankton communities, keystone or dominant species
are often determined by interactions between biological, chemical,
and physical drivers that often change rapidly. Considering the
synergistic changes of physical and chemical properties of water
bodies (especially temperature) and nutrients on predator-prey
interaction and nutrient transfer of ecosystem output, the
interaction between environmental factors, producers and
consumers is complex, including various direct and indirect
effects (Franze et al,, 2023). Combined with the environment,
interspecific interaction and network, the role of bottom-up in
this kind of area is worthy of attention.
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4.2 Species diversity and network stability
is probably not a completely
positive correlation

Ecosystem stability is a multi-dimensional concept, among
which the most commonly used are resistance, resilience,
persistence and variability (Li et al, 2021d). In this study, we
considered that network stability indicators including
vulnerability and robustness, which may be more suitable to
measure network stability compared with others. Although these
two indicators measure network stability from different dimensions,
different trophic groups have different effects on stability (Figure 6).
It has been showed that complexity was significantly correlated with
network stability, especially its impact on network vulnerability in
our results. How the stability of an ecosystem depends on its
complexity is a challenging question that can be roughly
measured by the diversity of species in the ecosystem and their
interactions (Johnson et al., 1996; Loreau and de Mazancourt,
2013). And it is generally believed that the stability of food webs
increases with the complexity of food chains resulting from species
diversity within limits (Li et al., 2021a, b). In our data results,
producers indirectly influenced network stability by positively
influencing network complexity, while consumer diversity directly
influences network stability, especially phytoplankton-feeding
primary consumers. Species diversity is thought to play an
important role in maintaining the ecological stability of plankton
communities (D’Alelio et al., 2016). Among them, producer
diversity has been shown to improve a range of ecosystem service
functions, such as ecosystem primary productivity, nutrient cycling,
and organic matter degradation (Hector et al., 1999; Fridley, 2003).
It has been pointed out that the diversity of phytoplankton, as the
main producers in an ecosystem, has a positive effect on the
biodiversity and ecological function of consumers, and that plant
diversity has a positive effect on the diversity and nutrient
interaction at higher trophic levels (Poisot et al., 2013; Fornoff
et al, 2019; Chen et al, 2022). Meanwhile, high phytoplankton
diversity is often matched by high functional diversity, meaning
that high species diversity is a fundamental characteristic necessary
to maintain the functioning of the plankton ecosystem (D’Alelio
et al,, 2016). What's more, the effects of plant diversity loss were
most pronounced in herbivores, with a weaker response at higher
trophic levels (Scherber et al., 2010; Schuldt et al., 2019; Wang
et al., 2020).

At the same time, consumer diversity also has an important
impact on ecosystem function. Existing studies had shown that the
impact of consumer diversity on ecosystem function is mainly
realized through sampling effect and resource sharing in two
basic ways, while indirect, non-additive interactions between
trophic levels can only correct the degree of influence (Yan et al,
2008). Predators in plankton have flexible prey rather than specific
prey, and flexible food web interactions have been shown to be more
common than specific predatory relationships in eukaryotic
plankton communities (Chang et al., 2022). The opportunistic
feeding strategies of zooplankton greatly increased the difficulty of
extracting predator-prey dynamics in this community (Kise et al.,
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2021), and further complicated the trophic levels of predators. In
the context of the current decline in global biodiversity extinction,
topological simulation studies have found that food webs with
higher species richness or higher connectivity are more resistant
to species extinction and produce fewer secondary extinctions,
therefore the food webs have higher robustness (Dunne et al,
2002). Based on dynamic simulations, it was found that food
webs with more nodes were less resistant to species extinction,
while food webs with higher connectivity were more resistant to
species extinction (Zhao et al., 2016).

Overall, the relationship between diversity, complexity and
stability has always been the focus of attention in the field of
ecology, especially the complexity correlation among diversity and
stability, which is not a simple liner correlation (Brose, 2008; Landi
etal,, 2018). The early conclusions were mostly focused on the impact
of single trophic level of primary producers on ecosystems. The
negative effects of diversity loss were well understood, and diversity
effected appear to be surprisingly common in ecosystems (Cardinale
et al,, 2011). With the deepening of research, it was proved that the
diversity and stability relationship of multi-trophic community were
different from that of single trophic community (Jiang and Pu, 2009).
In nature, ecosystem processes and stability are usually determined
not by the diversity of trophic level, but by the interactions of matter
and energy transport between different trophic levels (Zhou-Yuan
et al, 2021). In a multitrophic community, the horizontal diversity
within the trophic level can promote the resilience and resistance
stability of the ecosystem, but the vertical diversity between the trophic
levels may have the opposite effect (Zhao et al,, 2019). There was a
direct and significantly positive correlation between producer diversity
and network complexity, thus affecting network stability. However,
due to the flexible rather than specific predator-survival strategies of
consumers in the plankton community, the variable interaction
relationship and the change of trophic level may lead to the non-
simple positive correlation between the diversity and network stability.

4.3 The diversity of trophic groups could
reflect the change of community structure

Recent studies had shown that the effects of species replacement on
aquatic communities may not be sufficient to reflect changes in
taxonomic diversity, but changes in community structure were often
more easily observed (Bruno et al., 2019; Finderup et al,, 2019; Zhang
etal, 2022; Li et al,, 2023). The functional consequences of biodiversity
decline in multiple trophic taxa were difficult to predict from studies
that focus on a single taxon because the functional effects of different
taxa may complement or oppose each other (Li et al., 2023). Multiple
trophic level analysis plays an important role in analyzing the
determinants of biodiversity and community composition (Doi et al.,
2013). Compared with other existing technologies, environmental
DNA technology has more and more obvious advantages in the
spatial and temporal distribution of species communities and multi-
group biodiversity survey, and its non-invasive, sensitive, convenient
and low-cost nature is making it more and more applied (Goldberg
et al,, 2011). Our results showed that the alpha-diversity of eukaryotic
plankton community did not change significantly in the four seasons,
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but there were significant differences in the species co-occurrence
network (Figures 4, 5), and the complexity of the network was
significantly related to the seasonal changes of environmental factors.
In addition, the change of species diversity within the trophic group
changed the co-occurrence network, with the core Hubs of the network
were different in each season. The change of key species and network
may be due to the change of diversity of a trophic group in the
plankton community, which affected the species interaction (such as
predation, symbiosis) within the community (Doi et al, 2013).
Changes in species diversity among different plankton groups in the
same community are not uniform, resulting in seasonal differences in
community structure. Our results also showed that eDNA datasets
were useful for providing cross-species community information
(Taberlet et al., 2012), and could provide feedback on the seasonal
responses of key taxa and species co-occurrence networks and the
dynamics of different trophic groups, rather than simple species-
specific abundance or diversity changes (Li et al., 2023).

We concluded that eDNA matabarcoding can be employed to
provide cross-species community information, as well as seasonal
change of key taxa and species co-occurrence networks. Furthermore,
the eDNA matabarcoding technology offers a valuable method for
investigating the impact of abiotic factors on the structure and
distribution of biological communities in coastal ecosystems, as
well as for identifying the primary factors. This serves as a scientific
foundation for the future preservation of the coastal ecosystems.
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