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Monitoring zooplankton diversity and community dynamics is essential for
understanding ecological processes within freshwater ecosystems.
Environmental DNA (eDNA) has been increasingly employed in this field due to
its efficiency and accuracy. However, its potential applications in freshwater
ecosystems require further validation. In this study, we evaluated the
performance of 18S rRNA and COI primers for freshwater zooplankton
diversity monitoring and systematically compared the selected primers with
the microscopy method in Qiandao Lake, China. Our results indicated that the
COI primer marker (mICOIintF/jgHCO2198) was more suitable for freshwater
zooplankton diversity monitoring than 18S rRNA. The eDNA method identified a
total of 102 species, whereas the microscopy method detected 111 species. Non-
metric multidimensional scaling (NMDS) analysis and nonparametric multivariate
statistical tests revealed that both abundance and biomass species compositions
determined by microscopy differed significantly from those based on eDNA
reads. Both methods detected significant seasonal changes in zooplankton
community species composition, while eDNA provided a comprehensive view
of the complex interactions within the community. Both methods indicate that
rotifers are the primary group driving seasonal changes in the zooplankton
community. The eDNA identified more environmental factors associated with
seasonal changes in zooplankton communities than microscopy, including
dissolved oxygen (DO), nephelometric turbidity unit (NTU), ammonia nitrogen
(NH3-N), and total phosphorus (TP). The eDNA reads of rotifer and crustacean
plankton increased linearly with their morphological abundance but not with
biomass. Furthermore, combining morphological abundance and biomass as
predictor variables for eDNA reads moderately enhanced the explanatory power
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compared to using them individually. Although eDNA cannot yet replace
morphological methods, its efficiency and sensitivity make it a valuable
complementary tool for zooplankton monitoring, with considerable potential
for future applications.

KEYWORDS

freshwater zooplankton diversity, community structure, seasonal dynamics, eDNA,
microscopy, Qiandao Lake

1 Introduction

In recent years, global biodiversity has faced threats from
multiple stressors (Vorosmarty et al.,, 2010), such as
environmental pollution (Xiong et al., 2019), habitat degradation
(van der Heyde et al,, 2022), and human activities (Hader et al,,
2020; Tateda et al., 2024). As a key component of lake ecosystems,
zooplankton not only regulate the abundance of organisms at
higher trophic levels (Bunnell et al., 2013; Landry and Hassett,
1982; Yoshida et al., 2003), but also act as a critical link between
primary producers and higher trophic organisms (Giering et al.,
2019). As a result, they are often used as key indicators of lake
ecological quality (Jeppesen et al., 2011). Due to their small size and
short life spans, zooplankton are highly sensitive to environmental
stressors and are prone to significant community changes (Attayde
and Bozelli, 1998; Hays et al, 2005). Therefore, monitoring the
diversity and dynamics of zooplankton communities is essential for
understanding ecological processes in lakes and forms the basis for
biodiversity assessments (Chiba et al., 2018).

According to the European Union (EU) Water Framework
Directive (WFD, 2000/60/EC), biodiversity monitoring should be
cost-effective, efficient, and accurate (Li et al., 2019a; Voulvoulis
et al,, 2017). Zooplankton consist of a wide range of invertebrate
taxa, including rotifers, cladocerans, and copepods (Gavrilko et al,
2024). The complexity and extensive diversity of these taxa pose
significant technical and operational challenges for monitoring
(Tittensor et al, 2010). Traditional microscopy methods identify
zooplankton based on their morphological characteristics (e.g., body
size, color, antennae, and mouthparts). This process is often time-
consuming and labor-intensive, requiring extensive taxonomic
expertise (Lindeque et al., 2006). In recent years, advances in
molecular biology have established eDNA as a cost-effective tool for
biodiversity monitoring (Taberlet et al.,, 2012). While eDNA has been
widely applied in biodiversity monitoring of marine ecosystems (Leray
et al, 2013; O’Rorke et al, 2022), its application in freshwater
zooplankton studies remains comparatively limited. Recent studies
have begun to explore its potential in this area, demonstrating its
capability to detect a broader range of taxa compared to traditional
microscopy methods (Du et al,, 2024; Song and Liang, 2023).
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The selection of genetic marker primers is a critical factor
affecting the accuracy and sensitivity of eDNA analysis and plays a
key role in biodiversity research (Alberdi et al., 2018). Currently, four
gene regions commonly used for zooplankton biodiversity
monitoring include 16S rRNA (Lindeque et al.,, 2006), 285 rRNA
(Hirai et al., 2013), 18S rRNA (Chain et al., 2016), and mitochondrial
COI (Zaiko et al., 2015), with 18S rRNA and COI being the most
widely employed. The V9 region of 18S rRNA is often used for
eukaryotic identification due to its high genetic variability (Amaral-
Zettler et al., 2009). In contrast, COI has been proven to be highly
suitable for accurate identification of marine plankton (Hebert et al.,
2003; Zaiko et al, 2015). However, the specific suitability of 18S
rRNA and COI primers for monitoring freshwater zooplankton
remains unclear. Furthermore, amplification efficiency may vary for
specific primers when applied to different taxa, potentially influencing
the assessment outcomes (Clarke et al., 2014; Drummond et al,,
2015). Nevertheless, eDNA provides an efficient solution for
zooplankton monitoring and has demonstrated promise as a
valuable complementary tool to microscopy (Duarte et al., 2021;
Schroeder et al., 2020). However, most existing studies have primarily
focused on species identification, resulting in the differences in
zooplankton community composition between the two methods,
including dominant and divergent species, remaining
underexplored and warranting further investigation (Ji et al., 2022).
The reliability of eDNA sequencing data for quantitative analyses of
zooplankton has been questioned due to technical issues, including
universal primer bias and PCR amplification errors (Clarke et al,
2017; Pinol et al.,, 2015; Sun et al., 2015). Nonetheless, several studies
have demonstrated significant correlations between eDNA reads and
abundance estimates obtained from microscopy (Feng et al., 2023;
Matthews et al., 2021). In lake ecosystems, seasonal changes in
zooplankton communities are influenced by both abiotic factors
(e.g., temperature, nutrients) and biotic factors (e.g., predation,
competition, symbiosis) (Jiang et al., 2023; Yang and Zhang, 2020).
Interactions among zooplankton are crucial for species evolution and
the maintenance of ecosystem functions (Bjorbeekmo et al,, 2019).
Compared to microscopy, high-throughput sequencing of eDNA
provides extensive data for studying inter-organism interactions
(Zhang et al,, 2022). Meanwhile, advancements in primer design
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have further enhanced taxonomic resolution, enabling researchers to
capture seasonal and spatial dynamics in zooplankton communities
(Hu et al., 2024; Schroeder et al., 2020; Zhang et al., 2023). Studies
have indicated that eDNA significantly expands the range of
biological indicators associated with environmental factors by
capturing more comprehensive information about potential species
than traditional microscopic methods (Pawlowski et al., 2018; Yang
and Zhang, 2020). However, further investigation is necessary to
ascertain whether the two methods are consistent in their responses
to environmental variables.

Qiandao Lake (E 118°36'09”-119°13'53", N 29°24'10"-29°48'
04") (Figure 1), located in Hangzhou City, Zhejiang Province,
China, is a large, deep freshwater lake created through artificial
water storage (Gu et al., 2016). Qiandao Lake serves as a nationally
protected drinking water source and plays an essential role in
fishery production, tourism development, and ecological
conservation (Li et al., 2017; Zhang et al., 2023). However,
increased human activities have led to a significant rise in
exogenous pollutant inputs, posing a serious threat to the
ecological environment of Qiandao Lake (Wang et al.,, 2022; Zhao
et al., 2024). This has placed considerable pressure and challenges
on the diversity and stability of zooplankton communities.

In this study, we compared the monitoring efficacy of the 18S
rRNA V9 region and COI primers to identify the most suitable one
for monitoring freshwater zooplankton in Qiandao Lake. Using the
selected primers, we conducted a systematic comparison with the
microscopy method. The main objectives of this study were: (i) to
evaluate the applicability of the 185 rRNA and COI primers in
monitoring freshwater zooplankton diversity; (ii) to compare the

10.3389/fmars.2025.1509743

similarities and differences between eDNA and microscopy
methods in zooplankton community composition and seasonal
dynamics; and (iii) to investigate the differences in zooplankton
responses to environmental variables between these two methods.

2 Materials and methods

2.1 Study area

Qiandao Lake encompasses a basin area of 10,442 km?, with an
average water depth of 30.44 m. The area features a typical
subtropical monsoon climate, marked by hot and humid
summers and cold and dry winters, exhibiting distinct seasonal
variations (Li et al., 2021). The mean annual temperature is
approximately 17°C, and the average annual precipitation is 1430
mm. The favorable hydrological and climatic conditions of Qiandao
Lake foster a stable and diverse ecological environment, making it
an ideal site for studying zooplankton diversity and its
environmentally driven dynamics (Liu et al., 2023; Wang et al,
2023). Research indicates that over one hundred species of
zooplankton inhabit Qiandao Lake (Lv et al., 2024). In this study,
seven sampling stations, designated S1 to S7, were established from
upstream to downstream along the flow path of Qiandao Lake.

The study was conducted in winter (December 2021), spring
(March 2022), summer (June 2022), and autumn (September 2022).
eDNA samples were collected from 2 L of water at depths of 0.5 m
and 20 m, respectively. Morphological samples were collected
concurrently with eDNA samples.
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Geographical location of Qiandao Lake and distribution of sampling stations.
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2.2 18S and COl primers for monitoring
freshwater zooplankton diversity

2.2.1 eDNA sampling

Before sampling, water harvesters, sterile plastic bottles, and
filtration equipment were thoroughly disinfected with a 10%
sodium hypochlorite solution. This was followed by multiple
rinses with sterile water to remove any residual disinfectant. Two
liters of water were collected from a depth of 0.5 m at sampling sites.
After transporting the water samples to the onshore laboratory, they
were filtered using a vacuum pump and a glass microfiber filtration
device with a 0.45 pm mixed cellulose ester filter membrane. The
water samples were filtered within 24 hours to collect eDNA
samples. The same filtration procedure was applied to two liters
of sterile water as a negative control in the field. All filtered eDNA
membrane samples were stored in a -80°C freezer.

2.2.2 DNA extraction, amplification
and sequencing

DNA extraction from filter membrane samples was conducted
following the manufacturer’s instructions, utilizing the Fast DNA
Spin Kit for Soil (MP Bio, USA). The concentration and quality of
the extracted DNA were measured with a NanoDropTM
spectrophotometer (Thermo Fisher Scientific, USA) and further
evaluated using 1.5% agarose gel electrophoresis. The extracted
DNA was washed with TE buffer (10 mM Tris-HCI, 1.0 mM EDTA,
pH 8.0) (Ghosal et al., 2018) and stored in a -80°C freezer for
subsequent analysis.

For each DNA sample, PCR amplification was conducted using
primers that target the 18S rRNA V9 region and COI, respectively.
Primers 1380F (5'- CCCTGCCHTTTGTACACAC -3’) and 1510R
(5'- CCTTCYGCAGGTTTCACCTAC -3’) were utilized to amplify
a 130-bp region of the 18S rRNA V9 region (Amaral-Zettler et al.,
2009). For COI, primers mlCOIintF (5- GGWACWGGWTG
AACWGTWTAYCCYCC -3) and jgHCO2198 (5'- TAIACYTCI
GGRTGICCRAARAAYCA -3) were utilized to amplify a 313-bp
region of the COI gene (Geller et al., 2013; Leray et al., 2013). Three
PCR replicates were conducted for each sample to minimize PCR
bias and enhance the reliability of the results. In laboratory, sterile
water was used as a negative control. If the negative control
exhibited an amplification band, the PCR products from that
sample were excluded from further analysis. The PCR reaction
mixture had a total volume of 20 puL, comprising 1 UL of template
DNA, 0.8 UL of each forward and reverse primer (5 uM), 10 puL of
Ultra HiFidelity PCR Kit II (Tiangen Bio), and ddH2O to achieve a
final volume of 20 pL. The PCR protocol comprised an initial
denaturation step at 95°C for 5 minutes, followed by 35 cycles
consisting of denaturation at 95°C for 10 seconds, annealing at 60°C
for 30 seconds, and extension at 72°C for 60 seconds. A final
extension was performed at 72°C for 10 minutes.

PCR products were analyzed using 1% agarose gel electrophoresis
to confirm the presence of distinct and well-defined bands. The PCR
products were purified using the SanPrep Column DNA Gel
Recovery Kit (Bioengineering Co., Ltd.). The purified products
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were quantified using the QuantiFluor " -ST Blue Fluorescence
Quantification System (Promega (Beijing) Biotech Co., Ltd.).
Hlumina libraries were subsequently constructed using the
TruSeqTM DNA Sample Prep Kit and sequenced on an Ilumina
MiSeq PE300 platform with paired-end sequencing.

2.2.3 Bioinformatics analysis

Raw sequence quality control was conducted using FASTP
(Chen et al., 2018), which filters out bases with tail quality values
below 20 and removes low-quality regions within a 10-bp window,
while retaining high-quality data. After quality control, reads
shorter than 50 bp and those containing N bases were eliminated.
Paired-end sequences were then merged using the FLASH program,
which assembled contiguous sequences by overlapping, with a
minimum overlap length of 10 bp and a maximum mismatch rate
of 0.2. Samples were differentiated according to the barcodes and
primers at the ends of the sequences, with the orientation of the
sequences adjusted accordingly.

Sequences were grouped into Operational Taxonomic Units
(OTUs) exhibiting 299% similarity using USEARCH v7.1 software,
applying an E-value threshold of 107. For species classification of
OTU representative sequences, the RDP classifier Bayesian
algorithm (Bokulich et al., 2018) was employed, with the NCBI
nucleotide sequence (NT) database serving as the reference.

2.3 Seasonal sampling of eDNA and
microscopy samples

2.3.1 eDNA sampling

Based on the primer comparison results (Results 3.1), the
appropriate primer sets were selected. DNA extraction, PCR
amplification, high-throughput sequencing, and bioinformatics
analysis were performed in accordance with the protocols
described above.

2.3.2 Microscopy identification

A plankton net with mesh sizes of 0.112 mm and 0.064 mm was
utilized to qualitatively sample Crustaceans (Cladocera and
Copepoda) and Rotifers, respectively. The nets were towed in an ‘e’
shape with the opening facing upwards for 3 to 5 minutes to collect a
50 mL water sample from the surface of the water body. The samples
were subsequently fixed in a 4% formaldehyde solution and allowed to
stand for 24 hours for qualitative analysis (Chiang and Du, 1979).

For the quantitative analysis of crustaceans, 10 L water samples
were collected from depths of 0.5 m and 20 m. The samples were
filtered through a 0.112 mm mesh net and then transferred into 50
mL volumetric flasks with the addition of a 4% formaldehyde
solution. Crustacean zooplankton were completely enumerated
under a light microscope at 100x magnification, and their
biomass was estimated using a regression equation (Wang et al.,
2024; Zhang and Huang, 1991). For the quantitative analysis of
rotifers, 1 L of water was directly collected from the same depth, and
15 mL of a 1% Lugol solution was added to fix the sample. The
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samples were allowed to stand in a separating funnel for 48 hours
before being concentrated to 30 mL via siphoning. Subsequently, 1
mL of the concentrated solution was transferred to a counting
chamber and analyzed in complete slices under a light microscope
at 200x magnification. Three replicates were performed, and the
mean value was calculated. Rotifer biomass was estimated via the
volumetric method (Zhang and Huang, 1991). Detailed taxonomic
identification of each specimen was performed utilizing relevant
specialized literature to achieve species-level identification (Jiang
and Du, 1979; Wang, 1978; Zhang and Huang, 1991).

2.3.3 Measurement of environmental variables

Water temperature (WT, °C), pH, dissolved oxygen (DO, mg/L),
oxidation-reduction potential (ORP, mV), nephelometric turbidity
unit (NTU), and total dissolved solids (TDS, mg/L) were measured in
situ utilizing a YSI ProDSS multiparameter water quality analyzer
(USA). Water clarity (SD, m) was assessed utilizing a black and white
Secchi disk, while water depth (WD, m) was determined using a
sonar bathymeter (SM-5A, USA). The water quality parameters
assessed included total nitrogen (TN, mg/L), total phosphorus (TP,
mg/L), ammonia nitrogen (NH;-N, mg/L), nitrate (NO5~, mg/L),
nitrite (NO,, mg/L), phosphate (PO, mg/L), and the potassium
permanganate index (CODy,, mg/L), all of which were
measured using spectrophotometry and completed within
24 hours (EPA, 2002).

2.4 Statistical analysis

OTU sparsity curves (R package: ‘vegan’) and Venn diagrams
(R package: ‘Venn Diagram’) were generated to compare the
performance of the 18S and COI primers in monitoring
zooplankton diversity. Welch’s t-tests were conducted using
STAMP v2.1.3 to identify genera with significant differences
between the results obtained from both primers. Data from the
different primers were analyzed using Principal Component
Analysis (PCA) to explore their variances and relationships, with
significance assessed through Permutational Multivariate Analysis
of Variance (PERMANOVA). Paired t-tests were conducted on
diversity indices, including Sobs, Shannon (Shannon, 1948), and
Pielou (Pielou, 1966) indices, to assess the monitoring capacity of
both primers.

Both eDNA and microscopy methods were employed to
identify the dominant species through the calculation of species
dominance. The species dominance (Y) was calculated using the
following formula:

Y= (Ni/N)x f;

In the formula, N; represents the number of reads or individuals
of a given species in the sample, N denotes the total number of reads
or individuals of all species present in the sample, and f; indicates
the frequency of occurrence of that species.

The zooplankton data obtained from both eDNA and
microscopy methods were initially transformed using Log(x+1) to
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mitigate bias arising from skewed distributions, followed by
Hellinger normalization to scale and enhance the comparability
of the data. The beta diversity distance matrix was calculated using
QIIME (Dixon, 2003), and the differences in zooplankton
community composition detected by eDNA and microscopy
methods were compared through Non-Metric Multidimensional
Scaling (NMDS). The significance of community differences
between the two methods was assessed using PERMANOVA
(Anderson, 2017). Further significance assessments were
conducted through Analysis of Similarities (ANOSIM) and Multi-
Response Permutation Procedures (MRPP). Divergent genera
contributing to community differences between eDNA and
microscopy methods were identified using Similarity Percentage
Analysis (SIMPER) (Clarke and Warwick, 1994).

The Random Forest model was employed to identify genera that
significantly contributed to seasonal variation, and their
abundances was subsequently calculated. To reflect the
interactions among zooplankton communities, Spearman rank
correlation coefficients between nodes were calculated, and
correlation network diagrams were constructed to illustrate the
relationships among various genera. Taxa with correlation
coefficients |p| > 0.5 and significant (p< 0.05) interspecific
correlations were screened and visualized using Cytoscape
software (Shannon et al., 2003). A collinearity analysis of
environmental factors was conducted, excluding variables with a
Variance Inflation Factor (VIF) exceeding 10 (Neter et al., 1996).
The relationships between zooplankton communities and
environmental factors across seasons were investigated using
redundancy analysis (RDA) (R package: 'vegan’) (Oksanen et al.,
2013), and the environmental factors significantly affecting
zooplankton community composition were identified through a
permutation test with 999 permutations.

To compare eDNA reads with zooplankton abundance and
biomass as measured by microscopy, linear regression analyses were
performed on the genera common to both methods.

3 Results

3.1 Species composition of 18S and
COl primers

Through bioinformatic filtering and quality control, a total of
456,356 sequence reads were obtained using the 18S primer, and
345,956 sequence reads were obtained using the COI primer. After
filtering and annotating with database matches, the average number
of sequence reads per sample was 15,831 for the 18S primer and
20,860 for the COI primer. Dilution curves demonstrated that the
number of zooplankton OTUs based on the 18S primer was lower
than that of the COI primer (Supplementary Figure S1). The COI
primer identified more taxa at each taxonomic level than the 18S
primer (Figure 2A; Supplementary Table S1). Rotifers were
identified as the most species-rich zooplankton group by both
primer markers (Figure 2B). The dominant taxa identified by
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both primers included Pseudodiaptomidae at the family level and
Pseudodiaptomus at the genus level. However, the dominant species
identified by the two primers diftered, with Pseudodiaptomus
inopinus identified by the 18S primer and Pseudodiaptomus
forbesi identified by the COI primer (Figure 2C).

Significant differences in abundance were detected among
13 genera when comparing the two primers. PCA and
PERMANOVA analyses revealed significant differences in the
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zooplankton communities identified by the two primers
(p< 0.05) (Figures 2D, E). Additionally, the results of paired
t-tests indicated that the Sobs, Shannon diversity index, and
Pielou evenness index of the COI primer dataset were
significantly higher than those of the 18S primer dataset
(Supplementary Figure S2). In summary, the COI primer
(mlCOIlintF/jgHCO2198) was more suitable for assessing
freshwater zooplankton diversity in Qiandao Lake.
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3.2 Species composition of eDNA and
microscopy methods

A total of 3,163,031 validly spliced sequence reads were
obtained from eDNA through high-throughput sequencing.
Following taxonomic refinement, 267 distinct OTUs were
identified. These OTUs were classified into 26 families, 41 genera,
and 102 species. The microscopy method identified 21 families, 56
genera, and 111 species (Supplementary Table S1). The species
accumulation curves indicated that the number of species detectable
by both methods approached saturation (Supplementary Figure S3).
The eDNA and microscopy methods together identified 20 shared
families, 29 shared genera, and 19 shared species (Figure 3A).
Among these, 6 families (e.g., Adinetidae, Filinidae) and 12
genera (e.g., Pseudodiaptomus, Macrothrix) were identified
exclusively by the eDNA method. One family (Notommatidae)
and 27 genera (e.g., Schmackeria, Mesocyclops) were identified
exclusively by the microscopy method.

Both the eDNA and microscopy methods indicated that rotifers
were the most species-rich taxon among zooplankton in Qiandao
Lake (Figure 3B). Based on the degree of dominance (Y > 0.02), the
dominant taxa were primarily crustaceans, though the specific
dominant species varied (Figure 3C). The eDNA method
identified the three major dominant species as Mesocyclops sp.

10.3389/fmars.2025.1509743

(Y = 0.176), Pseudodiaptomus forbesi (Y = 0.137), and Daphnia
galeata (Y = 0.120). In contrast, the three major dominant species
identified by the microscopy method included Schmackeria forbesi
(Y =0.076), Bosmina coregoni (Y = 0.045), and Metacyclops minutus
(Y = 0.043). Additionally, Phyllodiaptomus tunguidus was the only
dominant species shared by eDNA and microscopy methods.

STAMP analysis of eDNA reads and microscopy-based
abundance revealed significant differences among 31 zooplankton
genera (p< 0.05). Among these, the genus Thermocyclops exhibited a
higher mean proportion in both methods (Figure 4). NMDS analysis
and nonparametric multivariate statistical tests indicated clear
separation and significant differences between the communities
from both methods (p< 0.05) (Figure 5). The primary divergent
genera responsible for community differences were Keratella,
Trichocerca, and Polyarthra, contributing 7.61%, 7.22%, and 7.11%,
respectively (Table 1). Similarly, STAMP analysis of eDNA reads and
microscopy-derived biomass revealed 36 genera with significant
differences (p< 0.05), with the genus Sinodiaptomus exhibiting the
highest proportion among those identified by the microscopy method
(Figure 4). NMDS analysis and nonparametric multivariate statistical
tests also indicated significant community differences between the two
methods (p< 0.05) (Figure 5). The primary divergent genera
responsible for community differences were similar to those
identified through microscopy-based abundance (Table 1).
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Species

e¢DNA 83 morphology

FIGURE 3

Zooplankton composition identified by eDNA and microscopy methods. (A) The Venn diagram illustrates the differences in the number of taxonomic
ranks detected by the two methods, including family, genus, and species. The overlapping area represents the number of shared species identified
by both methods, while the numbers on either side indicate the unique species detected by each method. (B) The percentage of species detected in
the three taxonomic groups (Rotifer, Cladocera, and Copepoda) by the two methods. (C) Major dominant zooplankton species (Y > 0.02) detected

by the two methods.
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STAMP analysis comparing the mean proportions of genera between eDNA and microscopy abundance and biomass. P-values on the right y-axis

were derived from Welch's t-test to assess statistical significance.

3.3 Seasonal changes in
zooplankton communities

NMDS analysis and nonparametric multivariate statistical tests
revealed significant seasonal differences in zooplankton
communities detected using eDNA and microscopy methods
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(Figure 6A). PERMANOVA tests revealed lower community
differences in summer and autumn when compared with other
seasons (Figure 6B). Using the random forest model, 30 genera were
identified as significantly influencing the seasonal variation of
zooplankton communities in both eDNA and microscopy
methods. Among them, 13 genera were shared by the two
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FIGURE 5

NMDS analysis based on the Bray-Curtis distance index revealed the community patterns of zooplankton species abundance and biomass under
both eDNA and microscopy methods, with circles representing eDNA samples and triangles representing microscopy samples.
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TABLE 1 The major divergent taxa contributing to intergroup methods. In the eDNA method, rotifers were the primary taxa
differences were identified using both eDNA and microscopy methods,

with their contributions being quantified accordingly.

driving seasonal variations, followed by copepods (Figure 7A).
Daphnia exhibited higher abundance across all seasons, while

Contribution (%) Polyarthra (17.10%) and Trichocerca (15.85%) demonstrated the
highest relative abundance in summer. Mesocyclops accounted for
Microscopy Microscopy 24.57% in spring and 26.35% in autumn, whereas Pseudodiaptomus
abundance vs. eDNA  biomass vs. eDNA (32.59%) was dominant in winter. In the microscopy method,
Keratella 7.61 7.14 copepods and rotifers were the primary taxa influencing seasonal
) variation. Trichocerca exhibited the highest abundance in summer
Trichocerca 7.22 6.06 . .
(50.46%) and autumn (26.96%), whereas Polyarthra dominated in
Polyarthra 7.1 6.88 spring (10.40%), and Keratella was most abundant in winter
Phyllodiaptomus 5.70 6.09 (20.85%) (Figure 7B).
The eDNA method revealed the interactions (i.e., ‘cooperation’
Mesocyclops 5.57 6.66 . L, .
or ‘competition’) among zooplankton groups across different
‘é;””’“e;f’s"s 526 3.97 seasons. In spring, positive correlations among zooplankton were
auterborn . . .
more prevalent than negative ones (Figure 8; Table 2). Positive
Conochilus 523 274 correlations were mainly observed between Leydigia (Cladocera)
Daphnia 498 544 and Anuraeopsis lauterbornia (Rotifer), whereas negative
. 1o s correlations were predominantly noted between Thermocyclops
ecane .95 ¥
(Copepoda) and Macrothrix (Cladocera). During summer, both
Neodiaptomus 454 514 positive and negative correlations among zooplankton taxa reached
Thermocyclops 452 489 their peak, with the network exhibiting a greater number of
interconnected nodes. Negative correlations were predominantly
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FIGURE 6
(A) NMDS analysis based on the Bray-Curtis distance index revealed distinct seasonal patterns in zooplankton communities derived from eDNA and
microscopy abundance data, with different shapes representing samples from various seasons. (B) The results of the PERMANOVA test assessing
zooplankton community differences across seasons are reported, with F-values indicating the extent of variation among groups. ***' denotes a
highly significant difference between groups.
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observed between copepods (e.g., Neodiaptomus, Skistodiaptomus,

Mesocyclops) and rotifers. Correlation levels gradually decreased

during autumn and winter. In autumn, negative correlations among
various taxa outnumbered positive correlations, with increased

connectivity between Euchlanis (Rotifer) and Diaphanosoma

(Cladocera). In winter, network density, connectivity, and

complexity reached their lowest levels of the year (Table 2).

10.3389/fmars.2025.1509743

3.4 Correspondence of zooplankton to
environmental variables

The results of the RDA analysis, based on both eDNA and
microscopy abundance, revealed that the first two redundant axes
(RDA1 and RDA2) accounted for 21.56% and 17.51% of the
variance in zooplankton community composition, respectively
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(Figure 9). Four environmental variables, including WT, NO5’,
NO,", and ORP significantly influenced the zooplankton
community in both methods (p< 0.05). Additionally, DO, NTU,
NH;-N, and TP were the significant environmental factors
influencing the seasonal variation of zooplankton in the eDNA
method. In contrast, CODyy, significantly influenced seasonal
variation in the microscopy method.

3.5 Correlation of eDNA and
microscopy methods

For two zooplankton taxa, significant positive correlations (p<
0.05) between eDNA reads and morphological abundance were
identified through linear regression analysis (Figure 10). No
significant correlations were observed between eDNA reads and

TABLE 2 Fundamental characteristics of seasonal zooplankton networks identified through the eDNA method.

Network Metrics Spring Summer Autumn Winter
Number of edges 59 118 58 29
Number of nodes 23 33 21 24
Percentage of positive

. 60.00 51.69 40.68 53.33
correlation edges (%)
Percentage of negative

. 40.00 48.31 59.32 46.67
correlation edges (%)
Density 0.233 0.112 0.276 0.105
Average degree 5.13 7.15 5.52 242
Average Clustering Coefficient 0.50 0.54 0.57 0.13
Average Topological Coefficient 0.49 0.43 0.46 0.34
Average Shortest Path Length 2.32 2.53 2.16 3.75
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RDA analysis of zooplankton communities and environmental factors across different seasons was conducted using both eDNA and microscopy
methods. An asterisk ("*') indicates that an environmental factor has a significant impact.

morphological biomass (p > 0.05). However, eDNA reads (Y) can be
explained by a binary linear model incorporating morphological
abundance (X;) and biomass (X,), demonstrating significantly
higher correlations than those observed with either abundance or
biomass alone (Rotifer: logY =1.112 x log X; + 1.238 X log X, +
0.886, R? = 0.449, F = 4.481, p = 0.038; Crustacean: logY:
1.929 x log X; + 0.919 x log X, + 1.546, R* = 0.707, F = 14.476,
p< 0.001).

4 Discussion

4.1 Effectiveness of eDNA and microscopy
for zooplankton detection

Accurate monitoring of zooplankton is essential for elucidating
their ecological roles within aquatic ecosystems (Tittensor et al., 2010).
In this study, both eDNA and microscopy methods effectively
demonstrated detection capabilities (Supplementary Figure S3).
However, significant differences in zooplankton composition were
observed between the two methods (Figure 4, 5). The eDNA detection
at both genus and species levels exhibited lower taxonomic resolution
than microscopy, indicating limitations in identifying specific
zooplankton species (Figure 3A). This is partly due to the COI
primers used in this study targeting multiple zooplankton phyla
(Leray et al, 2013), which is advantageous for detecting a broad
range of zooplankton taxa in marine ecosystems (Duarte et al., 2021;
Hirai et al., 2015). However, in freshwater ecosystems, zooplankton
monitoring has primarily focused on crustaceans and rotifers. The
taxonomic atlas for inland freshwater zooplankton is relatively well-
established, enabling researchers to conduct more thorough and
precise morphological monitoring. In contrast, eDNA detection
effectiveness and accuracy heavily depend on the quality and
completeness of reference databases (Bucklin et al., 2021), which are
critical for the broader application of eDNA technology (Cristescu,
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2014). The NCBI NT database utilized in this study includes DNA
sequence data for numerous freshwater zooplankton species
worldwide. However, due to the extensive diversity of zooplankton
species, their complex taxonomic classifications, and the lack of
reference sequences for certain taxa, achieving comprehensive
coverage of all species remains challenging. Similar issues have been
noted in riverine ecosystems, where eDNA detected comparatively
fewer species than traditional microscopy (Poyntz-Wright et al,
2024). Thus, improving the resolution of eDNA detection for
species identification largely depends on the continuous refinement
of eDNA reference databases (Atienza et al., 2020). Secondly, primer
selection is crucial for determining the diversity of zooplankton
detected via eDNA monitoring (Song and Liang, 2023). COI
primers generally offer superior resolution for species classification
compared to other primers (Carroll et al., 2019; Djurhuus et al., 2018).
This phenomenon has been corroborated in both marine (Clarke
et al, 2017; Feng et al., 2023) and riverine (Song and Liang, 2023)
ecosystems. In this study, COI primers were found to outperform 18S
primers in lake ecosystems (Figure 2A; Supplementary Figures S1, S2).
Although the 18S V9 region exhibits considerable variability, its high
conservation across certain taxa limits taxonomic resolution (Tang
etal, 2012; Wu et al,, 2015). Additionally, primer bias may arise from
variations in primer affinity across different taxonomic groups,
resulting in differential amplification efficiencies (Deagle et al., 2014;
Meusnier et al., 2008). Factors such as primer-template mismatches,
primer length, and sequence variability within target species all
contribute to this variability (Flynn et al,, 2015; Pinol et al., 2015).
Future research should focus on optimizing primer selection and
minimizing these biases to enhance the reliability of eDNA-based
monitoring (Bucklin et al, 2016). Additionally, the sensitivity of
eDNA to detect species can vary depending on factors such as
DNA concentration, the quality of the sample, and DNA
degradation, which may lead to underrepresentation of certain taxa
or misidentification (McCartin et al., 2022). In summary, the existing
limitations of the eDNA approach may hinder its broader application
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in zooplankton monitoring. To improve the effectiveness of eDNA in
freshwater zooplankton monitoring, we recommend: (i) designing
primers specifically targeting freshwater zooplankton to enhance
detection accuracy; (ii) establishing a comprehensive taxonomic
reference sequence database for freshwater zooplankton with global
or regional coverage; and (iii) utilizing multiple primer tags or primer
pairs for more comprehensive biological monitoring.

Traditional microscopy methods have several limitations. Many
zooplankton groups exhibit considerable intraspecific and
interspecific variation in morphology, size, behavior, and
ecological habits, which complicates the accurate differentiation of
morphologically similar species, such as Brachionus and Keratella.
The eDNA method effectively addresses these limitations,
particularly in identifying morphologically similar or small-sized
species. The COI primers utilized in this study are widely
recognized for species identification, offering accurate and broad
species resolution in zooplankton diversity analyses and effectively
distinguishing closely related species (Hebert et al., 2003).
Microscopy typically necessitates a large number of samples and
involves time-consuming processing and identification, which can
reduce the detection efficiency of rare species. The eDNA method
increases the likelihood of detecting low-abundance taxa by
homogenizing the sample (Campbell et al, 2019). For instance,
six rare families, including Hexarthridae and Adinetidae, and twelve
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rare genera, such as Adineta and Hexarthra, were detected
exclusively through eDNA assays. Notably, Macrotrichidae was
identified in previous microscopy-based zooplankton surveys
conducted in Qiandao Lake. The detection of these rare taxa
underscores the considerable potential of the eDNA approach for
identifying rare zooplankton taxa. Furthermore, morphological
surveys are considerably constrained by mesh size, as different
mesh sizes influence the collection efficiency of zooplankton taxa
with varying body sizes (Pansera et al., 2014). Rodriguez et al.
(2013) demonstrated that a 55-ium mesh net was more efficient for
collecting rotifers in freshwater rivers compared to a 100-um mesh
net. Although nets with various mesh sizes were used for different
zooplankton groups, some organisms may escape through the mesh
during sampling, potentially impacting classification and
enumeration via microscopy (Shao et al, 2020; Skjoldal et al,
2013). Future sampling efforts should prioritize optimizing mesh
sizes and employing finer meshes to enhance capture rates of
microzooplankton taxa, along with establishing standardized
sampling and processing procedures (Zagami and Brugnano, 2013).

According to the identification results from both eDNA and
microscopy methods, rotifers were identified as the most abundant
zooplankton group in terms of species richness in Qiandao Lake
(Figures 3B, C). This finding is consistent with previous studies
conducted in Qiandao Lake (Wang et al., 2024). Differences in
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mechanisms and sensitivities between the two detection methods
may lead to the identification of different dominant species by
eDNA and microscopy. Daphnia galeata and Pseudodiaptomus
forbesi were identified as the major dominant species according to
the eDNA method, which is consistent with results from
zooplankton surveys in lakes of the Yangtze River Basin utilizing
the same COI primers (Xie et al., 2021). Daphnia galeata, an algal-
feeding zooplankton, typically dominates in algal-rich lakes and
plays a crucial role in regulating the structure and dynamics of
phytoplankton communities (Borcherding et al., 2017; Tokishita
etal., 2017). In contrast, the microscopy method identified Bosmina
coregoni and Schmackeria forbesi as the dominant species,
consistent with findings from long-term morphological surveys in
Taihu Lake, China (Zhou et al., 2020). Long-term morphological
surveys conducted in Qiandao Lake have also identified
Schmackeria forbesi as the primary dominant species.
Consequently, the results from both eDNA and microscopy
methods indicate that the two approaches are highly
complementary in providing insights into zooplankton species.
We recommend the integration of results from both methods in
zooplankton surveys to address the limitations of individual
methods and achieve a more accurate and comprehensive
assessment of ecosystem health (Harvey et al., 2017).

4.2 Seasonal changes in
zooplankton communities

This study demonstrates that both eDNA and microscopy
methods are effective approaches for studying seasonal changes in
zooplankton communities (Figure 6). These seasonal variations
may have resulted in significant differences in species
composition observed between the two methods (Table 1). Both
eDNA and microscopy methods confirmed that rotifers were the
primary taxa driving seasonal variations in the zooplankton
community (Figure 7). Rotifers primarily reproduce via
parthenogenesis and are particularly responsive to environmental
changes associated with seasonal turnover. They can complete their
life cycle in a relatively short period, quickly achieving high
abundance levels (Jiang et al., 2023), and they play a crucial role
in maintaining the stability of the zooplankton community and the
functionality of the ecosystem (Duggan et al., 2002). For instance,
this study found that Polyarthra and Trichocerca exhibited high
abundances in both eDNA and microscopy methods, indicating
that the significance of these genera within the community was
consistently corroborated by both methods.

Molecular ecological network analysis has proven highly effective
in revealing species interactions within complex ecosystems,
particularly in investigating seasonal interactions among microbial
communities (Du et al., 2024; Xu et al,, 2020). In this study, eDNA-
based analyses revealed significant seasonal variations in the
interactions among zooplankton communities in Qiandao Lake
(Figure 8; Table 2). The increase in phytoplankton primary
productivity from spring to summer promoted the rapid growth of
zooplankton populations, resulting in increased complexity and
diversity of interspecific interactions. Rotifers and crustacean
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zooplankton exhibit complex interactions, including both symbiotic
relationships (e.g., shared resources) and potentially negative
correlations arising from competition for resources and predation
(Moody and Wilkinson, 2019; Song and Liang, 2023). In autumn, as
phytoplankton biomass declines, competition for resources among
various zooplankton taxa intensifies, leading to an increase in negative
correlations in interspecific interactions, particularly among taxa that
rely on phytoplankton as their primary food sources (e.g., Cladocera,
rotifers) (Yang and Zhang, 2020). Cladocerans (e.g., Daphnia,
Diaphanosoma) and rotifers primarily consume phytoplankton (e.g.,
green algae and diatoms), as well as bacteria, protozoa, and organic
detritus (Zhang and Huang, 1991). In contrast, copepods primarily
feed on flagellates and small zooplankton (Jens et al., 2001). In winter,
the increase in positive correlations between species may reflect a co-
evolutionary mechanism between zooplankton and phytoplankton,
whereby the seasonal dormancy of some zooplankton species
mitigates the overharvesting of phytoplankton (Ge et al., 2024). The
reduction in negative interspecific interactions, particularly among
phytoplankton-dependent taxa, suggests that the dormancy of major
species such as Daphnia and Cyclops helps alleviate competitive
pressure on phytoplankton, thereby maintaining the balance of the
ecosystem. This strategy not only reduces pressure on phytoplankton
resources but also prevents drastic declines in their populations due to
overexploitation (Kenitz et al,, 2017). Furthermore, certain rare species
not observed under the microscope, such as Plateus and
Skistodiaptomus, demonstrated high connectivity within the network
in spring and mid-winter, while Macrothrix exhibited high abundance
in spring. This finding suggests that rare species may play a vital role in
maintaining the structure and stability of the zooplankton community
(Djurhuus et al., 2020; Xue et al., 2018).

It should be noted that the influence of sampling seasonality on
the results should also be considered when interpreting the findings
(Feng et al., 2023). Seasonal fluctuations in environmental
conditions (Kitamura et al., 2016), such as temperature, nutrient
availability, and water quality, can significantly affect zooplankton
distribution and abundance. These factors may lead to variations in
species detection between different seasons. Furthermore, the
timing of sampling can influence the detection of certain life
stages, such as the presence of resting eggs or juvenile forms,
which may not be consistently captured across seasons. Thus,
while both eDNA and microscopy methods provide valuable
insights into zooplankton community composition, it is essential
to recognize the potential biases introduced by seasonal changes in
environmental conditions and zooplankton life cycle dynamics
(Farjalla et al., 2012).

4.3 Correspondence of zooplankton
communities to environmental variables in
eDNA and microscopy methods

Zooplankton exhibit highly sensitive to environmental changes
and external disturbances, as demonstrated by their rapid responses to
fluctuations in environmental parameters (Li et al., 2019b). Studies
have shown that environmental factors directly or indirectly influence
biological communities within aquatic ecosystems (Zou et al., 2021).
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Results from the RDA in this study indicated that both eDNA and
microscopy methods effectively captured the significant impact of
environmental variables on the structure of zooplankton communities
(Figure 9). Both methods indicate that winter water temperature
significantly affects zooplankton communities, as well as that NO;’,
NO,, and ORP significantly influence zooplankton communities.
Seasonal variations in water temperature significantly affect the
physiological traits of zooplankton (Gillooly, 2000; Zou et al., 2021).
Lower temperatures in winter may decrease metabolism and
reproductive rates, potentially leading to population declines by
exceeding species-specific tolerance thresholds, thereby inhibiting
growth and reproduction (Ibarbalz et al., 2019). Nitrogen is essential
for autotrophs, as it promotes phytoplankton growth, thereby
indirectly affecting zooplankton food resources and community
structure (Han et al., 2024). Redox potential influences zooplankton
by regulating dissolved oxygen, thereby affecting nutrient dynamics
and microbial activity (Qin et al., 2023). In this study, eDNA identified
more environmental factors associated with seasonal changes in
zooplankton communities compared to microscopic analysis. Due
to its high sensitivity and broad detection range, eDNA facilitates a
more comprehensive assessment of the effects of environmental
factors on zooplankton communities (Du et al., 2024). Qiandao
Lake is situated in a mountainous and hilly region, encircled by
urban areas and agricultural lands. Consequently, the inflow of
agricultural waste has elevated the nitrogen and phosphorus levels
in the water to a certain degree (Zhai et al., 2014). During the summer,
variations in wind speed and water flow may result in the mixing of
water. Favorable environmental conditions (such as dissolved oxygen,
nitrate, and phosphate) facilitate the growth of phytoplankton, thereby
promoting the reproduction of zooplankton (Glibert et al., 2016;
Zhang et al., 2018). Additionally, the magnitude and direction of the
influence of environmental factors vary between the two
methodologies. Therefore, the accuracy of environmental factor
assessments using different methods requires additional
scientific inquiry.

Although this study employed two methods to analyze the
effects of environmental factors on zooplankton communities, the
proportion of variance explained was relatively low, potentially due
to the limited range of environmental variables considered. Future
research should incorporate a broader spectrum of environmental
variables (e.g., land use and agricultural cover) and spatial factors
(e.g., hydrological gradients and dam construction) to
comprehensively elucidate the factors driving changes in
zooplankton communities and to improve ecological
understanding (Hu et al., 2024; Shen et al., 2024; Zhao et al., 2017).

4.4 Correlation of eDNA and
microscopy methods

Accurate quantification of species abundance remains a
significant challenge in eDNA studies due to methodological
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complexities and numerous variables involved. This study
revealed a significant positive correlation between eDNA reads
and the morphological abundance of major freshwater
zooplankton taxa (Figure 10), thereby supporting the reliability of
eDNA in assessing species abundance (Bucklin et al., 2019; Feng
et al,, 2023; Song and Liang, 2023). However, the observed weak
correlation between eDNA reads and zooplankton biomass may
stem from differences in species body size, measurement errors, and
uncertainties in sample processing methods. For instance,
microscopic examination yields limited estimates of body length,
and conversion formulas between body length and weight for
different species may introduce errors (Gorsky et al., 2010).
Meanwhile, taxonomists may overlook morphologically similar
species in the identification process. Additionally, eDNA studies
face uncertainties such as eDNA degradation due to ultraviolet
radiation and high temperatures (Rees et al., 2014), variations in the
affinity of universal primers for different species leading to
amplification bias (Bylemans et al., 2018), as well as variability in
copy numbers among different zooplankton taxa (Pinol et al., 2019).
Despite these limitations, advances in quantitative PCR technology,
sequencing techniques, and bioinformatics are gradually
standardizing methods for eDNA quantification. For example,
researchers have employed PCR-free shotgun sequencing for
genome skimming to reduce or eliminate PCR amplification bias
(Coissac et al., 2016; Papadopoulou et al., 2015) and to achieve a
more accurate characterization of ecological community
composition and diversity. Due to size and physiological
differences among individual zooplankton (Chambert et al., 2018;
Takahara et al., 2012), eDNA is still regarded as a semi-quantitative
approach. Nonetheless, eDNA remains effective in revealing
quantitative patterns of zooplankton across different sites or large
scales, rendering it a valuable tool for ecological monitoring and
biodiversity assessment (Lamb et al., 2019).

5 Conclusion

A thorough understanding of diversity, community structure,
and seasonal variations in zooplankton is essential for elucidating
the ecological processes occurring in lake ecosystems. This study
demonstrated that both eDNA and microscopy methods constitute
effective methodologies for monitoring zooplankton. The two
methods complement each other, providing a more
comprehensive and scientifically rigorous evaluation of
zooplankton diversity and community structure. While eDNA
cannot fully replace traditional morphological methods, it
provides extensive data that elucidate the structure and
interactions of zooplankton communities with high efficiency and
detail. Consequently, eDNA emerges as a promising methodology.
However, further optimization of its application and analysis
methods is essential to enhance the accuracy and efficacy of
assessments of zooplankton diversity.
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