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Abstract

The Upper Yangtze River National Nature Reserve for Rare and Endemic Fish is a critical
sanctuary facing increasing pressure from hydropower development. To assess its current
ecological state, we employed environmental DNA (eDNA) metabarcoding on 48 water
samples collected from 16 transects in August 2024. Our analysis identified 93 fish species
from 3 orders, 13 families, and 67 genera, of which 89 were consistent with historical
records. The Cyprinidae family was dominant. The fish community was predominantly
characterized by slow-flowing, benthic, omnivorous, and migratory taxa that lay adhesive
eggs, with key life-history traits including a sexual maturity age of 1-4 years and a length
at first maturity under 20 cm. Spatially, species richness was highest in the Chishui
River (64 species), followed by the Minjiang River (61 species). While alpha diversity
was largely consistent across most rivers (except the Minjiang), beta diversity analysis
revealed significant compositional differences among basins (PERMANOVA, R? = 0.2747,
p = 0.001). Notably, the Chishui River supported not only the highest richness but also a
distinct community structure. In summary, this study provides a systematic current status
assessment of the reserve’s fish resources, revealing significant spatial heterogeneity, Our
findings underscore the potential impacts of dam construction and offer a scientific basis
for informing effective conservation strategies.

Keywords: upper Yangtze River; nature reserve; environmental DNA (eDNA); dam impacts;
fish diversity

Key Contribution: Environmental DNA (eDNA) metabarcoding uncovered distinct fish
communities across the Upper Yangtze River National Nature Reserve. Notably, the
undammed Chishui River demonstrated both the highest species richness and a unique
composition, findings which provide critical baseline information for future monitoring.

1. Introduction

Fish represent a vital biotic component of aquatic ecosystems [1,2], and their diversity
plays a fundamental role in maintaining structural integrity and functional stability [3].
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However, increasing human exploitation of river resources has severely threatened fish
diversity, leading to alarming declines in populations. The expansion of large-scale wa-
ter conservancy infrastructure—particularly the construction of cascaded hydropower
stations—has severely impaired longitudinal connectivity in river systems [4,5]. Such
alterations not only directly interfere with fish physiology and behavior but also contribute
to significant declines in fish diversity at the watershed scale. These declines, in turn,
affect fish population dynamics and compromise the health and sustainability of aquatic
ecosystems as a whole.

This is particularly evident in the Yangtze River. As the world’s third-longest river
and China’s most critical freshwater ecosystem, its upper reaches have been intensively
developed with a series of large hydropower projects, including major dams such as
the Three Gorges—the world’s largest hydraulic project—and Xiangjiaba [6,7]. These
structures have altered the natural hydrological regime, exacerbating habitat fragmentation
and impairing critical migratory corridors for fish [8-13]. As a result, fish populations
have declined considerably, community structure has shifted toward homogenization, and
species diversity has markedly eroded [9-13], collectively increasing the risk of systemic
ecosystem degradation. Against this backdrop, the establishment of the Upper Yangtze
River National Nature Reserve for Rare and Endemic Fish (hereafter “the Reserve”) serves
as a crucial ecological refuge for conserving fish diversity and germplasm resources in the
upper Yangtze Basin.

Conventional methods for assessing fish resources, which rely heavily on fishing
operations, present several limitations. These include invasiveness and harm to aquatic
organisms, high labor and financial costs, a strong dependence on specialized taxonomic
expertise, and low detection efficiency for rare and cryptic species [14,15]. In contrast,
environmental DNA (eDNA) technology detects genetic materials released by organisms
into environmental samples such as water [16]. By integrating DNA extraction, amplifi-
cation, high-throughput sequencing, and bioinformatic analysis, it enables efficient and
accurate identification of species composition, distribution patterns, and biodiversity char-
acteristics in target areas [17-19]. Owing to its non-invasive nature and high sensitivity,
this approach effectively overcomes the drawbacks of traditional methods and offers a
robust alternative for monitoring aquatic biodiversity [20]. Although eDNA technology
originated in microbial diversity research [21], it gained prominence in aquatic ecology
following the pioneering study by Ficetola et al., (2008), which successfully detected the
invasive American bullfrog (Rana catesbeiana) [22]. Its applicability in fish research was
further demonstrated by Jerde et al., (2011) through the identification of invasive ‘Asian
carp’ [23]. To date, eDNA technology has been widely applied in fish diversity studies
across the Yangtze River Basin [24-26], where it has consistently shown high applicability
and reliability, establishing itself as a key tool for monitoring and conserving fish resources
in the region.

Established in 2005, this Reserve spans Sichuan, Guizhou, and Yunnan Provinces as
well as Chongqing Municipality, covering a total area of approximately 33,174.213 hectares.
It protects roughly 1162.61 km of riverine habitat, including sections of the upper Yangtze
River’s mainstem and its major tributaries. The region features complex topography,
significant elevational variation, and a dense river network, which collectively support
diverse aquatic habitats [27,28]. These habitats serve as critical refuges for many rare and
endemic fish species, such as the first-level nationally protected Acipenser dabryanus, the
second-level nationally protected Myxocyprinus asiaticus, and the upper Yangtze endemic
Leptobotia rubrilaris [29,30]. However, existing data on fish resources in the area suffer from
notable spatiotemporal limitations. Most records are concentrated in the mainstem or
isolated tributaries, as illustrated by a recent study by Wang et al., which was confined to
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the Chonggqing section of the reserve [31]. Moreover, the most recent comprehensive basin-
wide survey was conducted prior to 2010 [32]. This outdated and spatially biased data
hinders an accurate assessment of the current status and overall patterns of fish diversity.
In the context of ongoing ecological recovery under the “Ten-Year Fishing Ban” in the
Yangtze Basin, this study employs eDNA technology to conduct a systematic survey of
fish composition and spatial distribution patterns. Our objective is to provide timely and
detailed evidence to support targeted conservation strategies and science-informed policy
adjustments for the Reserve.

2. Materials and Methods
2.1. Study Area and Sampling Design

The reserve is geographically situated between 104°9’-106°30" E and 27°29'-29°4' N
and encompasses a network of seven rivers: the Yangtze River mainstem, the Chishui River,
the Minjiang River, the Nanguang River, the Changning River, the Yongning River, and the
Tuojiang Rivers. To capture the environmental heterogeneity, we systematically established
16 sampling transects distributed as follows: six along the Yangtze mainstem (JSJ, JA, NX,
HJ, ZY, ]]), five in the Chishui River (ZX, MT, GL, XS, CS), and one each in the Minjiang
River (M]), Nanguang River (NGH), Changning River (CNH), Yongning River (YNH), and
Tuojiang River (T]) Rivers. At each transect, three sampling points were arranged with
consideration for spacing and river sinuosity, resulting in a total of 48 sampling points to
ensure spatial representation and habitat coverage. The study area and sampling layout
are illustrated in Figure 1.
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Figure 1. Map of the study area and spatial distribution of sampling sites.

2.2. Water Collection and eDNA Enrichment

Field sampling was conducted in August 2024. At each sampling point, a2 L integrated
water sample was collected from the surface, middle, and bottom layers using a sterilized
stainless-steel water sampler. The composite sample was stored in a sterile PET bottle
and immediately placed in an ice-packed cooler to minimize DNA degradation. A field
blank control was prepared at each transect by filtering 2 L of purified water that had
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been exposed to ambient air during sampling. To minimize exogenous contamination
and cross-interference, all equipment (including water samplers and sample bottles) was
sterilized by immersion in a 10% bleaching powder solution prior to use at each transect,
followed by two rinses with distilled water. Inmediately before sampling, equipment was
further rinsed once with ambient river water from the sampling site. Field personnel also
changed disposable sterile gloves between different transects.

Water samples from the three sampling points within each transect were pooled in
equal volumes and thoroughly homogenized. The composite sample was then divided into
three parallel 2 L aliquots, resulting in a total of 48 samples. Each of these three aliquots per
transect was processed independently through subsequent DNA extraction and PCR ampli-
fication. Prior to homogenization, water samples were pre-filtered through sterile medical
gauze when necessary to remove sediment or coarse suspended solids [33]. All samples
were filtered within 24 h using a vacuum filtration system (SHZ-D(III), Shanghai, China)
through 0.45 pm mixed cellulose membranes (Whatman, Maidstone, UK) to concentrate
environmental DNA. A distilled water blank was processed alongside the samples at each
transect to monitor potential contamination. The filtration unit was sterilized with a bleach
solution between samples to prevent cross-contamination. The eDNA-bearing membranes
were placed into nuclease-free EP tubes and stored at —80 °C until DNA extraction.

2.3. PCR Amplification

Total DNA was extracted from the filter membranes using the PowerWater® DNA
Isolation Kit (Omega Bio-tek, Norcross, GA, USA). For each sample, three independent
parallel extractions were performed, including a blank filter membrane as a negative control.
The quality of extracted DNA was verified by 1% agarose gel electrophoresis, and qualified
samples were stored at —20 °C for subsequent analysis.

A fragment of the mitochondrial 125 rRNA gene was amplified using the universal
primer pair Tele02 (Tele02-F: 5'-AAA CTC GTG CCA GCC ACC-3’; Tele02-R: 5'-GGG TAT
CTA ATC CCA GTT TG-3') [34,35]. Amplifications were performed in a 20 pL reaction
mixture containing 4 uL of 5x FastPFU Buffer (Transgene Biotech, Beijing, China), 2 uL of
dNTPs (2.5 mM), 0.4 puL of FastPFU DNA Polymerase, 10 ng of template DNA, and 0.8 pL
each of forward and reverse primers (10 uM). Thermal cycling was conducted on an ABI
GeneAmp® 9700 system (Applied Biosystems, Foster City, CA, USA) under the following
conditions: initial denaturation at 95 °C for 5 min; 35 cycles of denaturation at 95 °C for
30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 45 s; final extension at 72 °C for
10 min; and hold at 10 °C.

The number of PCR cycles was set to 35 to enhance the detection sensitivity for
low-abundance eDNA templates, consistent with common practice in metabarcoding
studies [36,37]. To mitigate potential biases associated with higher cycle numbers (e.g.,
amplification bias and chimera formation), each sample was amplified in triplicate, and
a negative control with ddH,O as template was included in each run. Amplification
products from the same sample were combined in equal volumes and verified by 2%
agarose gel electrophoresis. A total of 48 samples were examined, revealing a target band of
approximately 270 bp in length, while no target band was observed in any negative control.
The target bands were excised and purified using the AxyPrep™ DNA Gel Extraction Kit
(Axygen, Hangzhou, China).

Purified amplicons were then used for PE300 library construction, which involved
ligation of “Y”-shaped adapters, bead-based purification to remove adapter dimers, PCR
amplification using a unique dual index (UDI) strategy to mitigate index hopping, and
NaOH denaturation to generate single-stranded DNA. Sequencing was performed by
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LingEn Bio-Technology Co., Ltd. (Shanghai, China) on an Illumina NovaSeq 6000 platform
(IIlumina, San Diego, CA, USA).

2.4. Bioinformatic Analysis

The raw reads were processed using Trimmomatic (v.0.36) to remove low-quality reads.
Based on the overlap between the original paired-end reads, FLASH (v1.2.7) was used to
merge them into single sequences. Chimeric sequences were removed using a combined
denovo and reference-based approach with Usearch (version 10) against the GOLD database
(https://gold.jgi.doe.gov/, accessed on 7 September 2024). Additionally, primers were
trimmed using Cutadapt (version 4.0, https://cutadapt.readthedocs.io/, accessed on 7
September 2024). Finally, high-quality sequences were clustered, with unique sequences
being obtained. Representative sequences from each MOTU were taxonomically assigned
via BLASTn (version 2.15.0) alignment against a series of databases in the following order of
priority: a fish mitochondrial database (http://mitofish.aori.u-tokyo.ac.jp/download.html,
accessed on 10 September 2024), the NT-euk database, and a custom freshwater fish
database (Ling’en Bio; https://www.checklistbank.org/dataset/1010/download, accessed
on 12 September 2024). Assignments required a minimum of 97% sequence identity, an
e-value of <107°, and query coverage of >90%. All MOTUs not assigned to fish were
excluded from subsequent analysis.

No fish taxonomic units were detected in any of the negative controls (i.e., reads = 0),
indicating minimal risk of cross-contamination during the experimental process. To ensure
taxonomic accuracy, the preliminary assignments were further verified and manually
corrected by cross-referencing regional historical records and survey literature, including
Sichuan Fish Fauna [38], Guizhou Fish Fauna [39], and the Scientific Survey Report on the
National Nature Reserve for Rare and Endemic Fishes in the Upper Yangtze River [32].
Species protection status was validated against the National List of Key Protected Wild
Animals (https:/ /www.gov.cn/zhengce/2021-02/05/content_5727412.htm, accessed on
10 October 2024) to accurately categorize protected species. The final species list was
established following this comprehensive manual curation step.

2.5. Statistical Analysis

Spatial patterns in fish communities were examined at two spatial scales: sampling
transect and individual river. Using the effective sequence counts of species (Supplementary
Table S1), we quantified species composition and relative abundance and computed the
dominance index [35]. In addition, all detected fish species were classified according to key
ecological traits: flow preference (slow-flowing, fast-flowing, or eurytopic), vertical habitat
(pelagic, demersal, or benthic), feeding habit (carnivorous, omnivorous, or herbivorous),
spawning type (adhesive, pelagic, demersal, floating, or specialized), the time of first
sexual maturity (<1 year, 14 years, or >4 years), body length at first sexual maturity
(<10 cm, 10-20 cm, or >20 c¢cm), and migratory behavior (migratory or non-migratory)
(Supplementary Table S2).

To ensure comparability across samples, sequence data were normalized by rarefaction
to the minimum sequencing depth observed among all samples using QIIME v.1.9.0 [40].
This process involved randomly subsampling the sequences from each sample to an equal
number, thereby mitigating biases resulting from uneven sequencing efforts. Following
normalization, the relative read abundance of each species per sample was preserved,
allowing for consistent cross-sample comparisons. The mean values of three replicate PCR
amplifications were then calculated for all subsequent analyses.

Alpha diversity was assessed using the Shannon index [41], Simpson index [42], and
Pielou’s evenness index [43]. The a-diversity indices were computed using the Biozeron
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cloud platform. Statistical analysis of intergroup differences was performed using SPSS
(version 27.0.1): the Kolmogorov-Smirnov test was applied to evaluate normality and other
assumptions, followed by one-way ANOVA for data satisfying these assumptions. For
data violating the assumptions, the Kruskal-Wallis test was used to examine differences in
a-diversity among samples.

Based on the Bray—Curtis distance matrix, we performed a permutational multi-
variate analysis of variance (PERMANOVA) to test for overall differences in community
structure between groups, analyzed homogeneity of group dispersions (PERMDISP) to
assess variance heterogeneity, and visualized beta diversity patterns using principal coordi-
nates analysis (PCoA). McNaughton’s dominance index was used to identify dominant
species [44]. Dominant species in each river section were defined as those with a dominance
index (Yi) greater than 0.02. The relevant calculation formulas are as follows:

Shannon Index: H = Z PilogP;, P; =n;/N (1)
Simpson Index: D=1 — Z nij(n; — 1)/N(N — 1) (2)
Pielou Index: ] = H/Hmax 3)
Dominance Index: Y; =n;/N X fj 4)

In the equations, N represents the total number of sequences, n; denotes the number
of sequences of species “i”, “H” is the Shannon index. “Hmax” denotes the maximum
Shannon index achievable under equal species richness (i.e., all species in the community

"1

have the same richness), and f; indicates the occurrence frequency of species “i”.

3. Results
3.1. eDNA Sequencing Overview and Data Quality

A total of 932,951 high-quality valid sequences were generated from 48 water samples
(Supplementary Table S3). The raw data has been deposited in the NCBI SRA database
with accession numbers SRR35420248-SRR35420295. These sequences were clustered into
93 Molecular Operational Taxonomic Units (MOTUs). Rarefaction curves demonstrated
sufficient sequencing depth, which could accurately reflect the true composition of fish
species in the samples (Figure 2).

3.2. Fish Community Composition and Structure

Environmental DNA monitoring detected 93 fish species, representing 3 orders, 13 fam-
ilies, and 67 genera. Cypriniformes constituted the dominant order, accounting for 75.27%
of all species, followed by Siluriformes (17.20%) and Perciformes (7.53%). At the family
level, Cyprinidae showed the highest richness (63.44%), followed by Bagridae (10.75%) and
Cobitidae (8.60%). Specimens of the genus Triplophysa were identified only to the genus
level. Among the detected species, four are listed as national key protected species, 22 are
endemic to the upper Yangtze River, and six are alien species.

Species richness varied across rivers (Supplementary Table S1), with the Chishui River
supporting the highest number of species (64), followed by the Minjiang River (61), the
mainstem of the Yangtze River (36), the Nanguang River (17), the Tuojiang River (9), the
Changning River (6), and the Yongning River (6). Analysis of relative sequence abundance—
defined as the proportion of sequencing reads assigned to a given taxon relative to the
total reads in a sample—revealed distinct distribution patterns among dominant species
(Figure 3). Cyprinus carpio was widely distributed across all rivers and exhibited a relatively
high relative sequence abundance; Misgurnus anguillicaudatus was widely distributed in the
Yangtze River, Chishui River, Minjiang River, and Nanguang River; while Chanodichthys
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erythropterus and Pseudobrama simoni displayed high relative sequence abundances in
the Yongning River and Tuojiang River, respectively. It should be noted that relative
read abundance serves as a proxy for biological representation and can be influenced by
methodological factors such as gene copy number variation, DNA extraction efficiency,
and PCR amplification bias. Thus, while suitable for assessing community composition in
this study, it does not directly reflect absolute organismal biomass.

shannon

Wil

0 20,000 40,000 60,000 80,000 100,000 120.000 140,000 160,000

Number of Reads Sampled

Figure 2. Rarefaction Curves. (X-axis: Subsampled Read Count, Y-axis: Predicted Shannon Index).

Among the alien fish species, Pseudohemiculter dispar was distributed in the Chishui
River and Nanguang River; Oreochromis niloticus and M. terminalis were found only in
the Chishui River; Channa gachua occurred in the Changning River; and M. skolkovii and
Pseudorasbora parva were detected in the Minjiang River.

Dominance index analysis across the entire reserve identified four dominant species:
C. auratus, C. carpio, M. anguillicaudatus, and P. dabryanus. In contrast, no significant
dominant species were observed in the Minjiang River. At the river scale, dominant fishes
are predominantly small-sized (with body length at first maturity < 20 cm), including
Hemiculter bleekeri, Acrossocheilus monticolus, and A. yunnanensis in the Chishui River, and
Acheilognathus chankaensis and C. erythropterus in the Yongning River (Supplementary
Table S4).

Based on historical records and field surveys, a total of 225 fish species have
been documented in the reserve, belonging to 9 orders, 28 families, and 114 genera
(Supplementary Table S5). The most species-rich families were Cyprinidae, Cobitidae,
and Bagridae, collectively accounting for 73.89% of all species, with respective contribu-
tions of 53.98%, 12.39%, and 7.52%. Historically, 16 species are classified as national key
protected fishes, 76 are endemic to the upper Yangtze River, and 19 are recognized as alien
species. Comparison with the historical dataset showed that 89 species detected in our
August survey had been previously recorded (Supplementary Table S6), corresponding to
an overall coverage of 39.56% (Supplementary Figure S1). Notably, several endemic species
from the upper Yangtze River, such as Anabarilius liui, A. songmingensis, Platysmacheilus
nudiventris, and Jinshaia abbreviata, were not detected during the August survey.
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Figure 3. Fish community composition at the species level based on eDNA relative sequence abun-
dance. (A) Composition across different sampling sections. (B) Composition across different rivers.

3.3. Ecological Types of Species

At the species level (Figure 4), the fish community in the reserve was predominantly
characterized by ecological groups adapted to slow-flowing benthic habitats, with om-
nivorous feeding habits, adhesive egg deposition, an age at first maturity of 1-4 years, a
body length at first maturity of <20 cm, and migratory behavior. At the individual river
scale, the Nanguang and Tuojiang Rivers were dominated by mid- and bottom-water
dwellers, whereas the Yongning River showed a higher proportion of surface-water species.
Non-migratory fishes prevailed in the Chishui, Minjiang, and Nanguang Rivers, while
the composition of other ecological guilds in the remaining rivers was consistent with the
overall pattern.

Analysis based on relative sequence abundance revealed clear divergence in ecological
types among rivers, despite general consistency with reserve-wide trends. Notably, the
Minjiang River supported a significantly higher proportion of flowing-water-adapted taxa
and drifting-egg producers compared to other river systems. The Nanguang River was
characterized by the highest abundance of generalist species, contrasting with the more
specialized assemblages observed elsewhere. Fish assemblages in the Tuojiang River were
dominated by mid- to lower-water-column dwellers, a composition distinct from that of the
adjacent rivers. Furthermore, the Chishui River exhibited a markedly higher proportion
of short-lived species (age at first maturity <1 year) relative to other basins (Figure 4). At
the transect level, cluster analysis highlighted additional ecological differentiation: the GL
and XS transects supported more rheophilic species (forming a distinct rheophilic cluster,
Figure 4(A1,A2), whereas the JS] and GL transects showed a higher relative abundance of
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fishes producing drifting eggs compared to those laying adhesive eggs, indicating clear
reproductive strategy segregation (Figure 4(D1,D2)).

a2,
100 100

Al A2
100 100

» ,sm I I
5 50 III I I I
A»IIIIIIIIIIIIIIII N | | ,,I, | I |

B2.
i

demersal fishes
benthopelagic fishes

al
50 50
I . -.- l [ pelagic fishes
‘AN=nlEE =

bl b2.

7777777777777 100 100

Proportion(%)

100, 00

slow-flowing water
eurytopicity
[l flowing water

Proportion(%)

50 50
I IIII - - mill
HENN ,-I 1 0 . [ | 0 B
cl c2.
)

00

2%
“
B I III I B
, INENNSSRNENNNRER

Cl. ]

06, ol 100
7s 75 7 s omnivory

50 50 carnivority

[ herbivory

50 50

Proportion(%)

5 25 25
o =l I N | | | EEE I o | e s Y O 2’ _i-iii.
100 — Too 100 X
100 - adhesive eggs

drifting eges

a

| - % B demersal eggs

S
=4
g
€ 50 50 50 e S
g i . special modality
g 25 2 ) floating eggs
=
L Gl cessnles CENS_H B
1. E2, el 2.
100 100 100 00
T medium
£ 50 50 50/ 50 low
5
g 2 25 W high
&
o MEmEESS s NS omEE 0 , 0 =N
¥l R, fl @
I o i00 100, 100
g 7 o e
g 5 s small
€ middle
2 0 0 50 0 middle
2 large
& 25 5
o NN R e o I | 0 -
il I =6 ¢ d
100 100 100, L2
migration
D 20 Non-migratory

Proportion(%)

Figure 4. Ecological trait composition of fish communities. Panels (A1,2-G1,2): Based on species
counts. Panels (al,2-g1,2): Based on relative sequence abundance. Ecological traits: (A1,2,al,2): Wa-
ter stratum; (B1,2,b1,2): Flow preference; (C1,2,c1,2): Feeding habit; (D1,2,d1,2): Spawning type;
(E1,2,e1,2): Age at first maturity (<1, 1-4, >4 years); (F1,2,£1,2): Length at first maturity (<20, 20-40,
>40 cm); (G1,2,g1,2): Migratory habit.

3.4. Spatial Patterns of Fish Alpha Diversity

Alpha diversity analysis (Figure 5) indicated that across all sampling sections, the Shan-
non index ranged from 0.633 to 2.884, the Simpson index from 0.327 to 0.914, and the Pielou
index from 0.421 to 0.953. Among the sections, M] recorded the highest values for both the
Shannon and Simpson indices, whereas T] showed the lowest. In contrast, the Pielou index
was highest in the HJ section and lowest in NX (Figure 5(A1)). A significant difference in
the Simpson index was detected only between the MJ and TJ sections (P = 0.040 < 0.05).
At the river scale, the Minjiang River exhibited the highest alpha diversity, while the Tuo
River had the lowest (Figure 5(A2)). The Minjiang River showed statistically significant
differences (P < 0.05) in both Shannon and Simpson indices compared with the Yangtze
River mainstem, Tuojiang River, and Yongning River (Supplementary Table S7). No other

inter-river comparisons were significant.

3.5. Fish Community Beta Diversity and Structural Differentiation

PERMDISP analysis indicated a highly significant difference in the dispersion of fish
community composition among the different rivers (F = 16.51, p = 0.01). PERMANOVA
further revealed significant differences in fish community structure among the rivers
(R? = 0.2747, p = 0.001). This pattern was corroborated by PCoA, in which the first two axes
collectively explained 28% of the total variation (Axis 1: 18%; Axis 2: 10%) (Figure 6). The
fish communities of the Yangtze River, Minjiang River, Nanguang River, Tuojiang River,
and Chishui River clustered closely, indicating high structural similarity. In contrast, the
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Yongning River community was distinctly separate from those of all other surveyed rivers,
including the Yangtze River, Chishui River, Changning River, Minjiang River, Nanguang
River, and Tuojiang River.
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Figure 5. Alpha diversity box plots grouped by sampling transects (A1-C1), and by river transects
(A2-C2), with significant differences indicated by absence of the same letter.
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4. Discussion
4.1. Temporal Changes in Fish Community Composition and Potential Drivers

The eDNA-based survey conducted in this study identified 93 fish species in the
reserve, 89 of which matched historical capture records, yielding a coverage rate of 39.56%
(non-recombined species: M. skolkovii, M. terminalis, C. gachua). The dominant families—
Cyprinidae, Cobitidae, and Bagridae—remained consistent with in previous studies [45,46].
Commonly dominant species included C. carpio, C. auratus, Coreius heterodon, M. anguillicau-
datus, P. dabryanus, A. yunnanensis, Spinibarbus sinensis, H. leucisculus, and H. tchangi. These
composition patterns align closely with findings from earlier surveys using traditional
methods, such as those by Tang et al. [46] and Wu et al. [47], confirming the high reliability
and applicability of eDNA technology for monitoring fish diversity in natural reserves [48].

Another critical factor is the ecological impact associated with the formation of the
Three Gorges Reservoir and the cascade hydropower development on the Jinsha River.
Dam construction has fragmented the river system, diminishing longitudinal connectivity
and impeding the spawning migrations of migratory fishes [49]. The resulting reservoir
conditions—characterized by greater water depth and reduced flow velocity—favor lentic-
adapted species while disadvantaging rheophilic fishes and those that release drifting eggs.
Furthermore, increased water depth can alter thermal regimes, potentially disrupting the
reproductive cycles of species that rely on specific temperature cues for spawning [50].
Previous studies have consistently highlighted reduced river connectivity as a major driver
of fish diversity loss [51], and both Tang et al. [44] and Liu et al. [49] identified cascade
hydropower development as a significant contributor to species decline in the reserve. In
this context, the Chishui River represents a notable exception, exhibiting the highest species
richness and the most endemic taxa—a pattern largely attributable to its free-flowing
character, absence of dams, and the effective enforcement of a comprehensive fishing
ban [52]. It should be noted that the observed distribution patterns could be influenced by
seasonal factors (August sampling coincided with the fish feeding season) and potential
eDNA transport downstream, which may affect the local resolution of species detection.
Together, these findings emphasize the essential role of natural hydrological integrity and
targeted conservation policies in maintaining freshwater biodiversity.

4.2. Ecological Type Structure and Habitat Adaptation

Consistent with the findings of Li [53], this study confirms that the fish community in
the reserve is currently dominated by taxa adapted to slow-flowing and benthic habitats.
This compositional shift reflects a selective filtering process driven by the hydrologically ho-
mogenized environments created by dam regulation. The operation of large-scale hydraulic
engineering projects, particularly the Xiangjiaba and Three Gorges dams, has substantially
reduced flow velocities [54], favoring generalist and slow-flow-adapted species. These
groups have consequently achieved dominance and now maintain stable proportions across
all sampled sections. In contrast, the Chishui River remains free-flowing, and its steep
topographic gradient within the Yunnan-Guizhou Plateau has helped preserve natural
rapid-flow habitats. These conditions sustain specialized rheophilic fish assemblages, as
demonstrated by the dominance of such species at sections CS, GL, and XS. Furthermore,
the prevalence of sandy-gravel and silt substrates across the reserve [32] provides suitable
microhabitats for benthic fishes and adhesive-egg spawners. Conversely, limited flow
velocities likely constrain the dispersal and development of fishes that release drifting eggs.
Collectively, these factors result in a close correspondence between the spatial structure
of ecological groups in the fish community and the hydraulic and physical templates of
the reserve.
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4.3. Spatial Patterns of Fish Diversity and Their Potential Drivers

Fish alpha diversity demonstrated clear spatial heterogeneity within the reserve, with
the Minjiang River exhibiting the highest value and the Tuojiang River the lowest. As a
recognized spawning and feeding ground in the upper Yangtze River [55], the Minjiang
River section possesses diverse habitat types and an extensive protected stretch, which
collectively sustain an inherently rich species pool. Furthermore, hydropower operations
in the lower Minjiang have increased channel width and water depth [56], leading to ele-
vated water levels and greater discharge. These altered hydraulic conditions offer a more
suitable environment for species such as C. heterodon and bagrid catfishes [57]. The sam-
pling period in August also aligned with the fish feeding migration season, during which
movement from the mainstem into the Minjiang River enhanced local species richness,
further reinforcing its high diversity [58]. The Chishui River ranked second in fish diversity,
a pattern attributable to its multi-tributary structure, habitat heterogeneity, strong natural
flow dynamics, and minimal anthropogenic disturbance—conditions that jointly support
diverse fish assemblages [59,60]. Notably, the Chishui River maintains a relatively high
proportion of rheophilic species and exhibits a distinct community structure compared to
other rivers. Its unimpeded river connectivity (absence of dams), coupled with high habitat
heterogeneity, likely underpins the higher functional diversity of its fish fauna. In contrast,
the Tuojiang section displayed the lowest diversity, likely resulting from intense human
pressure in its middle and lower reaches. This area experiences severe water pollution,
where total phosphorus (TP) is a primary pollutant that consistently exceeds regulatory
standards [61,62], highlighting the significant stress imposed by anthropogenic activities
on riverine biodiversity.

Beta diversity analysis revealed significant differences in fish community structure
among the rivers (PERMANOVA, R? = 0.2747, P = 0.001). Principal coordinates analysis
further indicated that the fish communities of the Minjiang, Nanguang, Tuojiang, and
Changning Rivers exhibited high similarity to the mainstem of the Yangtze River, while
the Yongning River displayed lower species richness and a distinct community structure.
In contrast, the Chishui River formed a clearly separated cluster, reflecting its substantial
divergence from other river systems. This distinctiveness appears to arise from high
habitat heterogeneity across its plateau-to-basin transition zone, where diverse habitats—
including rapids, slow-flowing reaches, and shallow pools—support a broad spectrum of
ecological groups [63]. The upper and middle reaches of the river offer suitable habitats for
rheophilic species such as A. monticola, whereas the downstream sections, with decreasing
elevation, are more favorable for slow-water fishes. This longitudinal habitat gradient
thereby facilitates the survival and reproduction of species with divergent ecological
requirements. Moreover, the natural longitudinal connectivity and absence of dams in
the Chishui River basin provide critical refugia for endemic and sensitive fish species.
For example, Wu et al. [47] reported the first records of eight endemic upper Yangtze
fish species in the Chishui River, including Xenocypris fangi and Schizothorax grahami. In
a complementary study, Pan et al. [64] applied a fish-based index of biotic integrity (F-
IBI) and classified the river as “healthy.” Together, these findings underscore the critical
conservation value of the Chishui River in maintaining basin-wide biodiversity. Therefore,
it is imperative to prioritize the protection of its free-flowing segments through legislative
or management measures, safeguarding the Chishui River as a key freshwater biodiversity
refuge and a natural reference for river ecosystem restoration in the Yangtze Basin.

4.4. Applicability and Limitations of the eDNA Method

Environmental DNA (eDNA) technology has emerged as a prominent tool for moni-
toring aquatic biodiversity [65], though its effectiveness is influenced by a range of envi-
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ronmental and technical factors. Key environmental variables such as water temperature,
flow velocity, and turbidity can directly affect eDNA degradation and transport [66,67]. To
address the challenge of turbidity, this study introduced a pre-filtration step using medical-
grade sterile gauze for highly turbid samples to reduce adsorption-induced DNA loss [33].
Furthermore, methodological choices—including filter membrane selection, primer speci-
ficity, and amplification bias—may also affect taxon detection rates [68]. To enhance data
reliability, the study adhered to fully enzyme-free protocols during sample processing,
utilized optimized primer—filter combinations, maintained standardized amplification con-
ditions, and included multiple replicates together with negative controls. Additionally, the
potential for false positives and negatives in eDNA detection poses challenges for result in-
terpretation [69]. To mitigate these uncertainties, stringent contamination control measures
were implemented [70], including rigorous quality control during raw data processing;:
bases with a quality score below 20 were trimmed from read ends, a 10 bp sliding window
was used to evaluate average quality, and reads were truncated once the average quality
within any window dropped below 20, while reads shorter than 100 bp after trimming
were discarded. In addition, results were cross-referenced with historical species records to
enhance data reliability.

4.5. Conservation Implications and Management Recommendations

River development presents a trade-off between ecological conservation and economic
benefits. While hydropower projects contribute to energy production, they simultaneously
alter hydrological regimes and reduce river connectivity, resulting in biodiversity loss [49].
In light of these trade-offs and the findings of this study, and within the framework of the
ongoing “ten-year fishing ban” policy, we propose the following recommendations:

(1) Implement systematic ecological flow management, incorporating seasonal flow
releases timed to key natural hydrological and thermal spawning cues (e.g., spring
runoff pulses, temperature thresholds), to restore longitudinal connectivity for fish
migration and rehabilitate critical spawning habitats.

(2) Develop an integrated early-warning and control system for invasive species that
combines high-sensitivity eDNA monitoring with conventional methods. This system
should establish molecular-based alert thresholds to trigger confirmatory on-ground
surveys and targeted netting for rapid response. This initiative must be coupled with
strict regulations to prevent invasions from aquaculture escapes and unauthorized
fish releases.

(3) Improve the management of fish stock enhancement to ensure that species introduc-
tions are scientifically sound and ecologically appropriate, enhancing the effectiveness
of artificial breeding and release programs.

(4) Strengthen policy guidance by implementing differentiated management strategies—
such as designating “core natural river zones” (e.g., the Chishui River) and “ecological
restoration zones” (e.g., the Tuojiang River)—to simultaneously advance conservation
and rehabilitation goals.

5. Conclusions

Based on environmental DNA (eDNA) technology, a comprehensive fish diversity
survey was carried out in the Upper Yangtze River Rare and Endemic Fish National Nature
Reserve during August, a period characterized by intensive foraging activities. The study
identified 93 fish species, classified into 3 orders, 13 families, and 67 genera. The fish
community was predominantly characterized by traits such as adaptation to slow-flowing
benthic habitats, omnivorous feeding behavior, adhesive egg laying, sexual maturity at
1-4 years of age and <20 cm body length, and migratory tendencies. Spatially, higher
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alpha diversity was observed in the Minjiang and Chishui River sections. Notably, the
Chishui River supported a distinct fish community structure compared to other rivers,
underscoring the uniqueness of its habitat and its high conservation value. This study
confirms the efficacy of eDNA technology as a tool for large-scale and rapid monitoring of
fish diversity. Furthermore, the findings help identify conservation priorities, such as the
Chishui River, and provide a scientific basis for implementing differentiated river basin
management strategies under the ongoing “Ten-Year Fishing Ban” in the Yangtze River.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fishes10110595/s1, Table S1: Number of fish sequences detected at
16 transects in the reserve based on the eDNA approach; Table S2: Table of fish lists and corresponding
ecotypes based on the eDNA approach to fish detection; Table S3: Number of sequences read
at each sampling point; Table S4: Species based on river dominance at each sampling section;
Table S5: List of historical fish species monitored in protected areas based on traditional methods;
Table S6: Comparison of Environmental DNA and Fish Catch Results from Conventional Fishing
Methods; Table S7: Results of the Post hoc Dunn’s Test with Bonferroni Correction for Alpha Diversity;
Figure S1. Number of fish species common to traditional catch data and eDNA methods.
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