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Abstract

Environmental DNA (eDNA) metabarcoding is an efficient, non-invasive approach for
surveying fish diversity in complex habitats such as large rivers. This study conducted
continuous eDNA monitoring along the Jiangsu section of the Yangtze River mainstem
from 2022 to 2024 to characterize spatiotemporal variations in fish community composition
and diversity during the fishing ban period. To improve species identification accuracy,
a regional 12S rRNA barcode database was constructed, containing 141 fish species and
1204 sequences. Genetic distance analysis revealed a clear barcode gap, with inter-specific
and intra-specific distances of 0.232 and 0.007, respectively, and 65.96% of species formed
well-supported monophyletic clades in the phylogenetic tree, indicating useful taxonomic
resolution for many of the included taxa. Using this regional reference database, eDNA-
based monitoring detected 131 fish species over three years, 72.52% of which occurred in
all three years. Cypriniformes consistently dominated (54.92–67.16%), showing a relative
abundance trend that first increased and then declined, with dominant species changing
annually. Alpha diversity analysis showed a significant decline in Chao1 richness from
83.33 to 36.75, while the Shannon index decreased slightly from 2.69 to 2.43. In contrast,
Pielou_J evenness increased from 0.62 to 0.68, suggesting a shift toward lower richness but
more even abundance distribution. These patterns may reflect the combined influences
of multiple environmental and anthropogenic factors during the study period. Spatially,
alpha diversity in the Tai–Tong reach was significantly lower than in the Ning–Zhen and
Zhen–Tai reaches (p < 0.05), and community composition in 2022 and 2024 was clearly
separated from upstream reaches. However, differences among reaches disappeared in
2023, suggesting interannual variation in spatial differentiation, likely associated with
flow-driven mixing and transport. Overall, this study reveals multi-year fish community
dynamics in the Jiangsu section of the Yangtze River mainstem and demonstrates that
a regional barcode database combined with eDNA metabarcoding provides an effective
approach for large-river fish monitoring and biodiversity assessment.
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1. Introduction
The Yangtze River, the longest river in Asia and the third longest in the world, repre-

sents a lifeline for China’s ecological integrity and socioeconomic development [1]. Based
on physiographic characteristics, the river can be divided into three reaches: the upper reach
(upstream of Yichang), the middle reach (from Yichang to Hukou), and the lower reach
(from Hukou to the Yangtze River Estuary) [2,3]. The lower Yangtze River is connected
to numerous lakes and, together with extensive floodplains and shoals, forms a unique
large-scale composite ecosystem that provides essential nursery, feeding, and spawning
habitats for fish [4]. Jiangsu Province is located in the lower reach of the Yangtze River
and exhibits pronounced freshwater–brackish water interactions, resulting in a complex
assemblage of aquatic biota and making it an ecologically sensitive region within the
Yangtze River basin. In recent decades, intensive anthropogenic disturbances—including
dam construction, water pollution, channel regulation, and riverbank hardening—have
severely threatened the biodiversity of fish and other aquatic organisms in the basin [5].

To curb the decline of fishery resources, the Chinese government implemented a
comprehensive fishing ban starting in January 2020 across 332 aquatic wildlife conservation
areas in the Yangtze River basin, followed by a ten-year moratorium initiated in January
2021 covering the mainstem, major tributaries, and large connected lakes (excluding pro-
tected areas). However, the effectiveness of the fishing ban is influenced by multiple factors,
including habitat connectivity, enforcement against illegal fishing, and integrated water-
shed management [6]. In this context, establishing efficient and sustainable fish resource
monitoring approaches is essential for evaluating the effectiveness of the fishing ban and
supporting basin-scale ecological management.

Traditional fish biodiversity monitoring relies primarily on hydroacoustic surveys,
electrofishing, netting, and trapping to obtain biological samples. Species identification
is subsequently conducted based on morphological characteristics, and fish abundance
and biomass are assessed through individual counts and weight measurements [7,8].
Environmental DNA (eDNA) metabarcoding offers notable advantages, including non-
invasiveness, minimal disturbance, and high sensitivity. In recent years, it has been widely
applied across riverine, lacustrine, and marine ecosystems and has demonstrated strong
potential for species detection and community diversity assessment [9–11]. Consequently,
eDNA has been recognized as a powerful tool for large-scale and long-term ecological mon-
itoring. Nevertheless, the performance of eDNA metabarcoding is highly dependent on the
accuracy and completeness of reference databases [12]. Currently, most fish eDNA studies
rely on public databases such as NCBI, BOLD, MitoFish, and FISH-BOL for taxonomic
annotation. However, limitations including uneven sequence quality, data redundancy, and
insufficient regional species coverage may lead to misidentification or species omission.
Under these circumstances, a region-specific barcode reference database covering local fish
diversity is essential for improving the accuracy and stability of eDNA-based monitoring.
In addition, rigorous quality control throughout field sampling and laboratory procedures
is required to minimize false positives or false negatives resulting from DNA degradation
and contamination.

In the Jiangsu section of the Yangtze River mainstem, numerous studies based on
conventional net surveys have investigated fish taxonomy, species composition, and di-
versity patterns. In contrast, eDNA-based monitoring studies remain relatively limited.
Li et al. [13] applied eDNA techniques to analyze fish species composition and diversity in
the Nanjing reach of the Yangtze River between June and August 2023. Wang et al. [14] sur-
veyed the diversity of cultured and non-native fish across 112 rivers, lakes, and reservoirs
in Jiangsu Province using eDNA methods. Lyu et al. [15] integrated eDNA techniques with
bottom trawl surveys to assess species composition and diversity in the Yangtze estuary
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and adjacent waters in 2023. Overall, existing eDNA-based studies have largely focused
on localized river sections or estuarine areas and are primarily limited to single-year or
short-term investigations. Systematic, multi-year studies covering the Jiangsu section
of the Yangtze River mainstem remain lacking, thereby constraining a comprehensive
understanding of fish community structure and its interannual variation in this region.

Against this background, the present study focused on the Jiangsu section of the
Yangtze River mainstem. A 12S rRNA reference database covering the regional fish fauna
was first constructed, followed by three consecutive years (2022–2024) of eDNA-based
monitoring. Fish species composition, community structure, and diversity dynamics were
systematically analyzed to address the lack of long-term, large-scale eDNA monitoring
along this river section. The findings aim to provide scientific evidence and methodological
support for basin-scale fish resource monitoring and ecological management.

2. Materials and Methods
2.1. Sampling Site Design and Sample Collection

A total of 18 eDNA sampling transects (JS1–JS18) were established along the Jiangsu
section of the Yangtze River mainstem, China (Figure 1). eDNA samples were collected
during the low-flow season on 8–9 December 2022, 30–31 October 2023, and 21–22 October
2024. Although all surveys were conducted during the low-flow season, the sampling dates
differed among years by approximately 1–1.5 months, which may introduce some seasonal
variation into interannual comparisons. At each monitoring transect, surface-layer water
samples were collected at approximately 0.5 m below the water surface from the left bank,
right bank, and mid-channel using a water sampler. Equal-volume subsamples from the
three positions were thoroughly homogenized to generate one composite water sample for
each transect. Two litres of the homogenized water were transferred to a sterile sampling
bag, stored at 4 ◦C, and filtered within 6 h of collection. For each transect, the composite
water sample was divided into six filtration replicates. Water samples were filtered using
a glass vacuum filtration apparatus equipped with mixed cellulose ester membranes
(45 mm diameter, 0.45 µm pore size; MF-Millipore, Burlington, MA, USA). After filtration,
membranes were transferred into sterile centrifuge tubes containing absolute ethanol and
stored at −20 ◦C until DNA extraction. All sampling containers and filtration apparatus
were sterilized with 10% bleach solution prior to use and thoroughly rinsed with double-
distilled water. Six field blanks were included in each sampling campaign to monitor
potential contamination. For each blank, 2 L of sterile water was placed into a sterile
sampling bag in the field and subsequently processed in parallel with the environmental
samples through filtration, DNA extraction, PCR amplification, library preparation, and
sequencing. Potential contaminant OTUs/ASVs were identified by prevalence-based
comparison of environmental samples and field blanks and removed before downstream
analyses. OTUs/ASVs with fewer than five reads were subsequently filtered as low-
abundance noise.

2.2. eDNA Extraction, PCR Amplification, and High-Throughput Sequencing

The preserved filter membranes were transported to Shanghai BIOZERON Co., Ltd
(Shanghai, China). for eDNA extraction, PCR amplification, and high-throughput sequenc-
ing. Total DNA was extracted from the filters using an Omega Bio-tek DNA extraction kit ac-
cording to the manufacturer’s instructions (Omega Bio-tek, Norcross, GA, USA), and DNA
quality was assessed using a Qubit 3.0 fluorometer and 1% agarose gel electrophoresis. PCR
amplification was performed using the universal freshwater fish 12S primers Tele02: Tele02-
F (5′-AAACTCGTGCCAGCCACC-3′) and Tele02-R (5′-GGGTATCTAATCCCAGTTTG-3′).
The PCR reaction was carried out in a total volume of 20 µL, containing 4 µL of 5× FastPfu
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Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of forward primer (5 µM), 0.8 µL of reverse primer
(5 µM), 0.4 µL of FastPfu Polymerase, 10 ng of template DNA, and nuclease-free water to a
final volume of 20 µL. The thermal cycling program consisted of an initial denaturation at
95 ◦C for 2 min, followed by 25 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C
for 30 s, and extension at 72 ◦C for 30 s, with a final extension at 72 ◦C for 5 min. Each
sample was amplified in triplicate PCR reactions.

Figure 1. Locations of eDNA monitoring sites in the Jiangsu section of the Yangtze River mainstem.
(A) Location of the study area within China. (B) Spatial distribution of sampling sites (JS1–JS18) along
the mainstem of the Yangtze River from Nanjing to Nantong.

PCR products were verified using 2% agarose gel electrophoresis, followed by gel
excision and purification using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) according to the manufacturer’s instructions. Purified amplicons
were quantified using a Qubit 3.0 fluorometer (Invitrogen, Carlsbad, CA, USA).

Each sample was amplified in the first-round PCR using Tele02 primers carrying
a unique combination of dual-end sample barcodes. Up to 24 uniquely barcoded am-
plicons were pooled in equimolar amounts to form one amplicon pool. Each year, the
108 environmental samples together with six procedural blanks were distributed among
five amplicon pools (four pools containing 24 samples and one pool containing 18 samples).
Each amplicon pool was subsequently subjected to a second-round PCR, during which
a library-specific index was introduced, resulting in five indexed libraries. The indexed
libraries were then purified, quantified, normalized, and sequenced on the Illumina MiSeq
platform using paired-end sequencing (2 × 250 bp) at Shanghai BIOZERON Co., Ltd.,
generating raw sequencing data for subsequent bioinformatics analyses.

2.3. Reference Database Construction

In this study, a comprehensive fish species list for the Jiangsu section of the Yangtze
River mainstem was compiled based on Fishes of Yangtze River [16], supplemented with long-
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term net survey data (2017–2021) from the Freshwater Fisheries Research Center, Chinese
Academy of Fishery Sciences [17]. A total of 156 fish species were systematically cataloged.

Latin scientific names (including species and subspecies) were standardized and
deduplicated. The curated species list was then matched at the species level against two
mitochondrial sequence repositories—MitoFish (v4.01) and a proprietary fish database
maintained by Shanghai BIOZERON Co., Ltd. Available sequences were merged, and re-
dundant or duplicate records were removed. For unmatched taxa, Latin names were further
corrected and re-searched; species for which no corresponding sequences could be obtained
were excluded. Ultimately, 141 fish species were retained for database construction.

Sequence data corresponding to the successfully matched sequence IDs were batch
retrieved, followed by systematic curation and taxonomic validation. Hierarchical taxo-
nomic annotations—including Latin names and classifications at the phylum, class, order,
family, genus, and species levels—were standardized and integrated. All procedures were
implemented using custom Perl scripts.

Finally, a local BLAST reference database was constructed based on the curated se-
quence dataset. Indexing was performed using the makeblastdb program in BLAST v2.15
(makeblastdb -in jiangsu-fish.fa -dbtype nucl), which served as the reference for subsequent
taxonomic annotation and sequence alignment of eDNA reads. The accession numbers
(or internal sequence identifiers for proprietary records) and corresponding species names
of all reference sequences included in the regional 12S rRNA database are provided in
Supplementary Table S1. Reference sequences spanning the Tele02 target region were
compared using a custom Python script (Python 3.13.5). Sequences with 100% identity
across the target region were considered the same haplotype, and haplotypes shared by
different species were defined as interspecific shared haplotypes.

2.4. Data Processing and Sequence Alignment

Raw sequencing data (FASTQ format) were first demultiplexed based on sample-
specific barcode sequences using custom Perl scripts. Quality control and filtering were
performed according to the following criteria: for 250 bp raw reads, quality trimming
was conducted using a 10 bp sliding window, and sequences were truncated when the
average quality score within the window dropped below Q20; reads shorter than 50 bp
after trimming were discarded. Barcodes were required to match exactly, while up to two
mismatches were allowed in primer regions. Sequences containing ambiguous bases (N)
were removed. Only reads with an overlap length greater than 10 bp were retained for
merging, and reads that could not be successfully assembled were excluded.

Denoising was performed using the dada2 algorithm to generate high-quality am-
plicon sequence variants (ASVs). The denoised sequences were subsequently clustered
into operational taxonomic units (OTUs) at a 97% sequence similarity threshold. This
additional clustering step was applied to reduce over-splitting caused by fine-scale se-
quence variation and to generate an OTU-based dataset that facilitates comparison with
conventional OTU-based studies. Representative sequences of the resulting OTUs were
then aligned against the locally constructed 12S rRNA reference database for taxonomic
annotation using the UCLUST algorithm, with a classification confidence threshold of 0.80.
Species-level assignments were retained only when the classification confidence score at the
species level was ≥0.80; otherwise, sequences were conservatively assigned to the genus
level or reported as unassigned. An OTU abundance table was subsequently generated for
downstream analyses.
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2.5. Data Analysis

Genetic distances were calculated using the Kimura two-parameter (K2P) model
implemented in MEGA version 11.0, including both interspecific and intraspecific genetic
distances. Frequency distribution histograms of genetic distances were generated based
on comparisons between intra- and interspecific divergence. A phylogenetic tree based on
the fish 12S rRNA gene was constructed using the Neighbor-Joining (NJ) method. Node
support was assessed using bootstrap analysis with 1000 replicates to evaluate the reliability
of phylogenetic relationships.

Fish species sequence abundance data from each sampling site were used for down-
stream analyses. Data preprocessing was conducted in Excel 2021, while statistical analyses
and visualization were performed in R (version 4.2.2). Alpha diversity indices, including
the Chao1 index, Shannon–Wiener index, and Pielou_J evenness index, were calculated
using the vegan package. Bray–Curtis dissimilarity among species was computed using
the vegdist function in the vegan package.

Interannual differences in alpha diversity were assessed using the Friedman test, fol-
lowed by pairwise Wilcoxon signed-rank tests with Benjamini–Hochberg correction when
significant. Spatial differences among river reaches were tested using the Kruskal–Wallis
test, followed by pairwise Wilcoxon rank-sum tests with the same correction. Principal
coordinates analysis (PCoA) based on Bray–Curtis dissimilarities was used to visualize
community variation, and permutational multivariate analysis of variance (PERMANOVA)
was performed to test for differences in fish community structure among river reaches. Ho-
mogeneity of multivariate dispersion was assessed using PERMDISP, implemented with the
betadisper function in the vegan package, with significance evaluated by 999 permutations.
In addition, GraphPad Prism 8.0.2 was used to generate figures illustrating taxonomic
composition at the order level and the composition of dominant fish species in the Jiangsu
section of the Yangtze River.

3. Results
3.1. Construction and Evaluation of the Barcode Reference Database

To ensure accurate taxonomic annotation of environmental DNA metabarcoding data,
a regional fish 12S rRNA reference database was constructed. The database comprised
1204 sequences representing 141 fish species distributed across 19 orders, 36 families, and
96 genera in the Jiangsu section of the Yangtze River mainstem.

To evaluate the species discrimination performance of the database, a systematic
barcode analysis was conducted. Genetic distance calculations based on the Kimura two-
parameter (K2P) model revealed that the mean intraspecific distance was 0.007 (range:
0–0.050), whereas the mean interspecific distance reached 0.232 (range: 0.101–0.696), indi-
cating a pronounced divergence between intra- and interspecific genetic variation. The
frequency distribution of genetic distances further demonstrated a clear barcode gap
(Supplementary Figure S1), suggesting that the 12S rRNA marker possesses effective dis-
criminatory power for most fish species in the study region. The Neighbor-Joining (NJ)
phylogenetic tree (Figure 2) provided an additional assessment of taxonomic resolution
within the reference database. Among the 141 species, 93 (65.96%) formed well-supported
monophyletic clades with bootstrap support ≥95, indicating relatively high phylogenetic
support for these taxa. Further examination of the Tele02 target region identified 13 pairs
of closely related species sharing at least one identical haplotype, indicating potential
limitations in species-level discrimination for these taxa (Supplementary Table S2).
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Figure 2. Phylogenetic tree constructed based on 12S rRNA sequences. The outer colored ring represents
different fish families, and the legend indicates the corresponding family-level taxonomic groups.

3.2. Fish Species Composition and Community Structure Based on eDNA

eDNA-based monitoring of fish communities in the Jiangsu section of the Yangtze
River mainstem revealed substantial interannual variation in species composition. A total
of 119 fish species were detected in 2022, belonging to 15 orders, 30 families, and 83 genera.
In 2023, 114 species were identified, representing 14 orders, 27 families, and 82 genera. In
2024, 117 species were recorded, distributed across 15 orders, 31 families, and 81 genera
(Supplementary Table S3). Across the three consecutive years, 95 species were consistently
detected, accounting for 72.52% of the total recorded species (Supplementary Figure S2).

At the order level (Figure 3a), Cypriniformes dominated the community in all three
years. In 2022, Cypriniformes accounted for 55.31% of the total relative abundance. This
proportion increased to 67.16% in 2023 and subsequently decreased to 54.92% in 2024.
Meanwhile, the relative contributions of Siluriformes, Perciformes, and other orders in-
creased in 2024, indicating a more diversified community structure.
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Figure 3. Taxonomic composition of fish assemblages detected by eDNA metabarcoding during
2022–2024. (a) Relative sequence abundance at the order level. (b) Relative sequence abundance of
taxa with high eDNA sequence contributions. Each stacked bar represents a monitoring site, and
colors denote different fish orders in panel (a) and dominant fish species in panel (b).

The top 10 fish species based on OTU relative sequence abundance were used to char-
acterize taxa with high eDNA sequence contributions in the Jiangsu section of the Yangtze
River mainstem (Figure 3b). In 2022, the highest relative eDNA sequence contributions
were observed for Ctenopharyngodon idella, Megalobrama amblycephala, and Cyprinus carpio. In
2023, Squalidus argentatus, Rhinogobius cliffordpopei, and Hypophthalmichthys nobilis showed
relatively high sequence contributions. In 2024, Rhinogobius cliffordpopei, Ctenopharyngodon
idella, and Cyprinus carpio showed the highest relative sequence contributions.

3.3. Spatiotemporal Patterns of Fish Diversity Based on eDNA

To comprehensively evaluate temporal and spatial variation in fish community di-
versity, alpha diversity of fish assemblages in the Jiangsu section of the Yangtze River
mainstem was assessed using the Chao1 richness index, Shannon diversity index, and
Pielou_J evenness index. The results revealed significant interannual differences in some
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alpha-diversity metrics (Figure 4a–c). Among the three years, the Chao1 index was highest
in 2022 (83.33 ± 13.71), and was significantly higher than that in 2023 (36.96 ± 10.19) and
2024 (36.75 ± 9.05) (p < 0.001), whereas no significant difference was observed between 2023
and 2024 (p > 0.05). The Shannon index decreased from 2.69 ± 0.56 in 2022 to 2.61 ± 0.38 in
2023, and further declined to 2.43 ± 0.47 in 2024, showing a declining trend, although the
interannual differences were not statistically significant (p > 0.05). Pielou_J evenness index
was lowest in 2022 (0.62 ± 0.12), increased significantly to 0.73 ± 0.08 in 2023 (p < 0.01),
and then decreased significantly to 0.68 ± 0.11 in 2024 (p < 0.01), whereas no significant
difference was observed between 2022 and 2024 (p = 0.071). Based on the hydrological
characteristics of the Jiangsu section of the Yangtze River mainstem, the study area was
divided into three reaches: the Nanjing–Zhenjiang reach (Ning–Zhen reach; sites JS1-JS6),
Zhenjiang–Taizhou reach (Zhen–Tai reach; sites JS7-JS12), and Taizhou–Nantong reach
(Tai–Tong reach; sites JS13-JS18). Alpha diversity analysis demonstrated significant spatial
heterogeneity in fish diversity among these reaches (Figure 4d–f). The Ning–Zhen and
Zhen–Tai reaches exhibited significantly higher alpha diversity indices than the Tai–Tong
reach (p < 0.001), whereas no significant difference was detected between the Ning–Zhen
and Zhen–Tai reaches (p > 0.05). These findings indicate that fish communities in the upper
and middle reaches within the Jiangsu section of the Yangtze River mainstem exhibited
higher species richness and greater community complexity, whereas fish diversity was
comparatively lower in the downstream reach.

Figure 4. Temporal and spatial patterns of fish α-diversity detected by eDNA metabarcoding in the
Jiangsu section of the Yangtze River during 2022–2024. Panels (a–c) show interannual differences in
Chao1 richness, Shannon diversity, and Pielou_J evenness, respectively. Panels (d–f) show differences
in these α-diversity indices among the Ning–Zhen, Zhen–Tai, and Tai–Tong reaches. Boxplots
represent the distribution of α-diversity values across monitoring sites. Colored circles indicate
outliers, with colors corresponding to the respective groups. Asterisks denote statistically significant
differences between groups: ** p < 0.01 and *** p < 0.001.

PCoA based on Bray–Curtis distances revealed clear interannual variation in the
spatial structure of fish communities in the Jiangsu section of the Yangtze River main-
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stem. In 2022 and 2024, the Ning–Zhen and Zhen–Tai reaches showed substantial overlap,
whereas the Tai–Tong reach was clearly separated from the two upstream reaches (Figure 5).
PERMANOVA confirmed significant among-reach differences in these years (R2 = 0.27672,
p = 0.001; R2 = 0.21915, p = 0.009). In 2023, samples from all three reaches largely overlapped,
with no significant spatial difference detected (R2 = 0.14789, p = 0.151), indicating weaker
spatial differentiation than in 2022 and 2024. PERMDISP detected no significant differences
in multivariate dispersion among reaches in any of the three years (p > 0.05), supporting
the assumption of homogeneous within-group dispersion for the PERMANOVA analyses.

Figure 5. Principal coordinate analysis (PCoA) of fish eDNA community composition among different
reaches from 2022 to 2024. Panels (a–c) represent the ordination results for 2022, 2023 and 2024,
respectively. Points represent monitoring sites, and ellipses indicate confidence regions for each river
section. Colors and shapes denote the Ning–Zhen, Zhen–Tai and Tai–Tong reaches.

4. Discussion
4.1. Construction of a Regional eDNA Barcode Reference Database

Accurate interpretation of eDNA metabarcoding data from complex fish communities
in large river systems highly depends on the coverage, sequence accuracy, and taxonomic
resolution of reference databases. [18–20]. Therefore, constructing a regional reference
database with verified local species records, standardized taxonomy, and sufficient se-
quence coverage is a critical prerequisite for improving the reliability of eDNA-based
community analysis.

The mitochondrial 12S rRNA gene is widely used in fish eDNA studies, while
region-specific 12S reference databases can further improve taxonomic assignment
accuracy [21–23]. This study established a 12S barcode database comprising 141 fish species
for the fish fauna of the Jiangsu section of the Yangtze River mainstem. To evaluate the
species discrimination capacity of this database, classical barcode assessment was per-
formed. Genetic distance analysis showed that the mean interspecific genetic distance
(0.232) was 33.14 times higher than the mean intraspecific distance (0.007), far exceeding
the empirical “10-fold rule” proposed by [24]. More importantly, barcode gap analysis
revealed that the minimum interspecific distance was greater than the maximum intraspe-
cific distance, forming an effective discriminatory gap (Figure S1). Phylogenetic analysis
further showed that 93 fish species formed monophyletic clades with bootstrap support
values ≥ 95 (Figure 2). Collectively, the genetic-distance and phylogenetic analyses indicate
substantial taxonomic resolution within the regional 12S reference database. Further exami-
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nation of the Tele02 target region identified 13 pairs of closely related species sharing at
least one identical haplotype (Supplementary Table S2), indicating localized limitations in
species-level resolution. For these taxa, species-level assignments can be retained when the
environmental OTU sequence corresponds to a species-specific haplotype, whereas assign-
ments involving haplotypes shared by multiple closely related species should be regarded
as potentially ambiguous and interpreted accordingly. A customized reference database
can restrict taxonomic assignment to species that are potentially distributed within the
study region, thereby reducing the risk of false-positive detections caused by the inclusion
of taxa outside the regional species pool. However, regional fish assemblages are often com-
plex and exhibit pronounced spatiotemporal variability, making it difficult for a regional
reference database to cover all species that may actually occur in the study area. When
target species are absent from the database or lack corresponding reference sequences,
eDNA sequences can often be assigned only at a coarser taxonomic resolution, or may
remain unassigned, thereby increasing the risk of false-negative detections [25]. Therefore,
monitoring data obtained from traditional surveys should be integrated to continuously
expand and update regional reference databases, thereby improving species coverage and
reducing the risk of missed detections.

4.2. Fish Community Composition and Dynamic Patterns in the Jiangsu Section of the Yangtze
River Mainstem

A total of 131 fish species were detected in the Jiangsu section of the Yangtze River
mainstem during this study (Supplementary Table S3), including 113 native fish species, rep-
resenting 87.60% of the 129 species recorded in Fishes of Yangtze River [16]. Compared with
recent conventional surveys (86–108 species) [26–28], the present study identified a higher
number of species, which may partly reflect the high sensitivity of eDNA metabarcod-
ing, while differences in survey design should also be considered. In addition, 95 species
(72.52%) were consistently detected across the three consecutive years, indicating a rel-
atively stable species composition within this river section. Minor interannual fluctua-
tions in total species richness were primarily associated with marginal or low-abundance
species [29].

Despite the overall stability in species composition, the dominance structure and rela-
tive abundance exhibited pronounced interannual dynamics. At the order level, Cyprini-
formes consistently dominated the assemblage, with its relative abundance peaking in 2023
before declining in 2024, concurrent with increases in Siluriformes and Perciformes. At the
species level, Cyprinus carpio, Hypophthalmichthys nobilis, Hemiculter leucisculus, Carassius
auratus, and Rhinogobius cliffordpopei remained dominant across all three years, forming
a stable core assemblage. The persistent presence of such foundational species plays
a crucial role in maintaining overall community function and buffering environmental
fluctuations [30].

Meanwhile, notable interannual shifts were observed in the composition of dominant
species. In 2022, the dominant assemblage was mainly composed of medium- to large-
bodied periodic strategists, including Ctenopharyngodon idella, Megalobrama amblycephala,
and Cyprinus carpio. Against the background of reduced fishing pressure following the im-
plementation of the fishing ban, these common economically important species maintained
relatively high eDNA sequence contributions, suggesting favorable conditions for their
persistence and continued ecological prominence in the assemblage. In 2023, the dominant
assemblage showed an increased contribution of small-bodied opportunistic species, such
as Squalidus argentatus and Pseudobrama simoni. In 2024, the dominant assemblage was
composed of taxa representing periodic, equilibrium, and opportunistic life-history strate-
gies. Notably, medium- and small-bodied equilibrium strategists, including Rhinogobius
cliffordpopei, Tachysurus fulvidraco, and Parabotia banarescui, entered the dominant assem-
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blage. These shifts in dominance patterns likely reflect dynamic community responses to
hydrological variation, habitat modification, and interspecific interactions [31].

Overall, the fish community in the Jiangsu section of the Yangtze River mainstem
exhibited temporal stability in species occurrence, accompanied by interannual changes in
relative eDNA sequence composition and the taxa with high sequence contributions. This
pattern indicates a relatively stable regional species pool together with continuous changes
in community composition during the study period. Because sequence-based relative
abundance from eDNA metabarcoding does not directly represent true fish abundance or
biomass, changes in dominant taxa and community structure should be interpreted cau-
tiously and ideally validated using traditional surveys or other quantitative evidence [32].

4.3. Spatiotemporal Dynamics of Fish Communities in the Jiangsu Section of the Yangtze
River Mainstem

From 2022 to 2024, alpha diversity showed clear interannual variation. The Chao1
richness index declined significantly, whereas the Shannon diversity index showed a de-
creasing trend without significant interannual differences, suggesting a reduction in species
richness and a potential decrease in low-frequency or rare taxa. This pattern may be
associated with the extreme low-flow conditions in 2022, when the Yangtze River Basin
experienced its most severe drought since 1961 [33]. Previous studies have shown that
extreme low-flow events can not only reduce river water levels and shrink aquatic habitats,
but also weaken marginal habitats and hydrological connectivity, thereby affecting fish
survival, reproduction, and biotic interactions in aquatic ecosystems [34–36]. In light of the
results of this study, the 2022 extreme low-flow event may have contributed to the observed
temporal variation in fish community metrics, potentially through changes in habitat avail-
ability and hydrological connectivity. However, the absence of synchronized environmental
monitoring data prevents direct evaluation of its specific contribution. In contrast, Pielou_J
evenness index showed a fluctuating increase in subsequent years, suggesting a more
even distribution of relative abundance among species. In particular, the dominance of a
single species weakened in 2023, with multiple dominant taxa contributing jointly to the
assemblage (Figure 3b), resulting in a temporary increase in community evenness.

Spatial variation in fish communities results from the combined effects of natural
geographical conditions and anthropogenic activities [37]. The Ning–Zhen and Zhen–Tai
reaches contain more complex channel structures, shoals, and tributaries, which may sup-
port higher alpha diversity [38,39], whereas the Tai–Tong reach is more strongly influenced
by tidal processes and habitat homogenization. In addition, the inclusion of JS18 in the
saline-influenced north branch, where coastal–estuarine fishes dominate and diversity is
relatively low, may have further reduced the overall diversity of the Tai–Tong reach [40].
However, the strength of spatial differentiation varied among years. PCoA showed signifi-
cant differences between the Tai–Tong and upstream reaches in 2022 and 2024 (p < 0.05),
whereas no significant spatial differentiation was detected among the three reaches in 2023
(p > 0.05). Because the sampling design and season were relatively consistent across years,
this interannual –variation was more likely associated with changes in hydrodynamic condi-
tions. The Jiangsu section of the Yangtze River mainstem is jointly influenced by upstream
discharge and marine tides [41,42], which generate environmental gradients in salinity,
turbidity, and particulate matter transport and thereby affect fish community structure.

According to the 2022–2024 Yangtze River Sediment Bulletin [43–45] issued by the
Changjiang Water Resources Commission (CWRC), runoff at Datong Station, an important
indicator of upstream discharge conditions in the lower Yangtze River, showed clear
interannual differences during October–December from 2022 to 2024. Runoff was relatively
high in 2023, approximately 50–75 billion m3, whereas it was markedly lower during
the same period in 2022 and 2024, approximately 25–30 billion m3 and 30–35 billion m3,
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respectively. In terms of spatial patterns, 2023 corresponded to weakened community
differentiation and increased compositional convergence among reaches, whereas 2022 and
2024 showed stronger among-reach differentiation. This indicates a relatively consistent
correspondence between runoff variation and the strength of spatial community structuring.
Previous studies have shown that higher discharge can enhance hydrological mixing
and transport and expand the spatial integration scale of eDNA signals [46,47], thereby
“blurring” true spatial boundaries of communities in eDNA datasets.

In contrast, tidal conditions did not show a similarly consistent relationship with
spatial community patterns. Based on the lunar phase and tidal cycle corresponding to the
sampling dates in the Tai–Tong reach, sampling in both 2022 and 2023 occurred during
spring tides, whereas sampling in 2024 occurred during a neap tide. However, despite both
occurring during spring tides, 2022 and 2023 showed markedly different spatial community
patterns. Conversely, although 2024 occurred during a neap tide, its spatial differentiation
was more similar to that observed in 2022. However, spring–neap tidal phase alone did
not show a consistent correspondence with the observed interannual patterns of spatial
community differentiation. Because tidal stage at the exact sampling time, water level,
current velocity, and salinity were not measured synchronously, the broader influence of
tidal processes on eDNA transport and community patterns could not be fully evaluated.
Therefore, within the temporal scope of this study, the observed interannual pattern of
spatial community differentiation was more consistent with variation in runoff conditions
than with the available spring–neap tidal information. Such downstream transport and
spatial integration of eDNA are natural consequences of hydrological connectivity rather
than methodological artifacts [48].

4.4. Management Implications and Methodological Insights

This study demonstrates that eDNA technology can efficiently reveal fish species com-
position, dominant detected taxa, and spatiotemporal community patterns in the Jiangsu
section of the Yangtze River mainstem over a relatively broad spatial scale, providing an
effective tool for long-term monitoring of fish diversity during the fishing ban period in the
Yangtze River. Compared with traditional net-based surveys, eDNA has greater potential
for detecting low-abundance, cryptic, and difficult-to-capture species, and can therefore
serve as an important complementary approach for evaluating the effects of the Yangtze
River fishing ban and supporting fish diversity conservation. However, uncertainties re-
main in eDNA data regarding abundance quantification, signal origin, and hydrodynamic
interpretation. Therefore, future monitoring should establish an integrated framework
combining continuous eDNA monitoring, traditional fishery resource surveys, and syn-
chronized hydrological and environmental measurements, so as to more accurately assess
fish community recovery processes and their underlying drivers after the implementation
of the fishing ban.

5. Conclusions
This study constructed a regional 12S rRNA barcode reference database for fish eDNA

monitoring in the Jiangsu section of the Yangtze River mainstem and used eDNA metabar-
coding to characterize fish diversity and spatiotemporal community dynamics during the
fishing ban period. The localized database improved taxonomic assignment of fish eDNA
sequences and provided a basis for biodiversity monitoring in the lower Yangtze River. A
total of 131 fish species were detected, including 113 native species, representing 87.60%
of the historically recorded fauna. Among them, 95 species were consistently detected
across the three years, indicating a relatively complete and stable regional species pool.
However, the relative eDNA sequence abundance of major taxa and the composition of taxa
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with high sequence contributions varied among years, suggesting that fish communities
were characterized by a stable species pool but continuous internal restructuring. Alpha
diversity and PCoA further revealed interannual variation in community diversity and
spatial differentiation, which may have been associated with extreme low-flow conditions
and runoff variation. Overall, eDNA metabarcoding effectively revealed fish community
composition and dynamics in this large river system, providing scientific support for fish
conservation, biodiversity assessment, and long-term ecological monitoring during the
fishing ban period.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d18090548/s1. Figure S1: Frequency distribution of intra- and
interspecific K2P genetic distances based on 12S rRNA sequences. Figure S2: Interannual overlap in
fish species detected by eDNA metabarcoding from 2022 to 2024. Table S1: 12S reference sequences.
Table S2: Closely related species sharing identical haplotypes within the Tele02 target region of the
regional 12S reference database. Table S3: Taxonomic list of fish species detected by eDNA monitoring
from 2022 to 2024.
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