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Abstract: Water quality is crucial for the ecological health of rivers. However, assessing environ-
mental stressors in large river basins has been challenging due to limited biodiversity monitoring
tools. Combining environmental DNA and water quality monitoring presents new possibilities
for evaluating the impact of dissolved organic matter (DOM) on fish diversity. Case studies from
the Jinshui River, Futou Lake, and Gan River in the Jinshui River Basin demonstrated that eDNA
biomonitoring reached 84.62% OTU asymptote (176 OTUs) and 91.06% species asymptote (49 species).
The Gan River had 1.21 and 1.26 times more fish OTUs than Futou Lake and the Jinshui River, with
20 overlapping species among the areas. We identified typical excitation-emission matrix (EEM)
components of DOM and three PARAFAC fluorescent components: C1 (microbial humic-like), C2
(terrestrial humic-like), and C3 (tryptophan-like). Sequence diversity was positively correlated with
EC, TDS, pH, NH3-N, DO, CODMn, biological index (BIX), and freshness index (β/α). Taxonomic
diversity positively correlated with spectral slope ratio (SR) and C3. Functional diversity positively
correlated with SR but negatively correlated with humification index (HIX). The combined eDNA
and DOM monitoring approach shows promise for future assessments of fish biodiversity in river
basin environments.

Keywords: fish biodiversity; eDNA metabarcoding; dissolved organic matter (DOM); spatial pattern;
river

Key Contribution: Combining eDNA and water quality monitoring in the Jinshui River Basin effec-
tively assessed the impact of dissolved organic matter (DOM) on fish diversity, revealing important
correlations and highlighting the approach’s potential for evaluating biodiversity in large river basins.

1. Introduction

Freshwater fish at higher trophic levels serve as key indicators of ecosystem health [1].
They significantly contribute to biomass production, regulate food webs and nutrient cycles,
and maintain ecosystem stability [2]. The decline in fish biodiversity in China underscores
the need for improved monitoring [3]. Essential Biodiversity Variables (EBVs) assess
biodiversity [4]. These include genetic diversity (sequence diversity) [5], covering species
diversity (taxonomic diversity) [6], and functional diversity [7]. Environmental DNA
(eDNA) metabarcoding offers a reliable, accurate, and effective method for biodiversity
monitoring [8], detecting species without direct observation [9].

eDNA offers a more sensitive and efficient method for monitoring aquatic species
compared to traditional approaches [10]. Fish eDNA is effective for addressing ecolog-
ical and environmental issues [11]. eDNA metabarcoding has been employed to assess
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fish diversity across different ecosystems, including rivers [12], estuaries [13], lakes [14],
ponds [15], wetlands [16], coasts [17], and oceans [18]. eDNA monitoring also explores
factors affecting freshwater fish diversity, such as sequencing diversity [19], taxonomic
diversity [20], and functional diversity [21]. However, human activities [22], pollution [23],
and water quality [24] pose serious threats to fish diversity. Fish can accumulate toxins
and are sensitive to low pollutant levels [25]. In areas of uneven contamination, some
organisms may migrate to avoid exposure [24], which can lead to biodiversity loss and
impact ecosystem structure and function [26].

Pollutants in water bodies, such as PAHs, heavy metals, and trace organic contam-
inants, pose significant threats to the survival of fish. Dissolved organic matter (DOM),
a complex and heterogeneous mixture of active organic species (e.g., polysaccharides,
proteins, lignin) and diverse functional groups (e.g., aldehyde, amino, carboxyl, ester,
hydroxyl, ketone, phenol), is distinguished by its widespread distribution, compositional
variability, and high reactivity in natural waters [27]. Due to these characteristics, DOM
directly impacts aquatic organisms [28] and interacts with substances like heavy metals [29],
polycyclic aromatic hydrocarbons (PAHs) [30], and organic microcontaminants [31]. By
influencing the fate and transport of these trace contaminants, DOM plays a critical role in
mitigating their harmful effects, particularly the toxicity of metals [32] and PAHs [33], by
altering their bioavailability and reducing their impact on fish. Specifically, PAHs induce
immunotoxicity in fish [34], making them more susceptible to diseases [35]. However,
PAHs bind strongly to organic matter, especially humic substances, which significantly
reduces their uptake compared to freely dissolved forms [36]. Similarly, heavy metals such
as Cu, Pb, and Cd primarily affect fish gills, disrupting ion transport and balance and
often leading to mortality [37–39]. Here, DOM provides protective effects by accumulating
on fish gills [40], altering the electrical properties of heavy metals, and regulating ion
transport [41]. For example, DOM can protect fish from severe Cu toxicity [42] by com-
plexing Cu ions and modifying the transport and permeability properties of fish gills [43].
Additionally, the toxicity of Cu and Pb can vary by up to two-fold depending on the type
of DOM present [29]. Further evidence shows that DOM concentrations above 15 ppm
carbon significantly reduce cadmium (Cd2+) accumulation in zebrafish (Danio rerio) eggs,
underscoring its role in mitigating cadmium’s ecotoxicological impacts [44]. DOM also
provides protective effects on fish gills under varying pH conditions. At low pH, DOM
from the upper Rio Negro helps fish maintain gill function in ion-poor, acidic environ-
ments [45]. Notably, natural DOM may directly interact with gills to provide protection,
which can override protective effects typically associated with calcium ions (Ca2+) [46]. At
near-neutral pH, DOM from allochthonous sources enhances gill ionoregulation by altering
the electrical properties of the gills [41]. Moreover, DOM reduces the bioaccumulation
of organic microcontaminants such as benzo(k)fluoranthene [47], phenanthrene [48], and
prometryn [49], with higher concentrations of humic acid leading to a significant decrease
in their uptake by fish.

The decline in fish biodiversity in the Yangtze River Basin highlights the need for
better monitoring [50]. While fish diversity in the Yangtze River Basin has been well stud-
ied [50,51], the Jinshui River Basin (Jinshui River, Futou Lake, and Gan River), a tributary,
remains underexplored, particularly regarding the effects of DOM on fish community
structure. We propose to use eDNA analysis to investigate how DOM properties and
sources affect fish biodiversity in the Jinshui River Basin. By performing 12S rDNA high-
throughput sequencing and analyzing ecological traits, this study aims to (a) explore the
spatial characteristics of DOM; (b) compare eDNA results with traditional fishing meth-
ods; (c) assess fish diversity in terms of sequence, taxonomic, and functional aspects; and
(d) elucidate the impacts of DOM on various facets of fish diversity. The findings will
highlight DOM’s spatial impact on fish biodiversity, aiding river ecological protection
efforts, particularly in the Jinshui River Basin.
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2. Materials and Methods
2.1. eDNA Sample Collection

On 10–11 June 2023, we sampled ten sites across three sub-catchments of the Jinshui
River Basin (29.7186–30.3138◦ N, 114.1313–114.3854◦ E). These sites comprised four sites
along the Gan River, four around Futou Lake, and two within the Jinshui River (Figure 1
and Table S1). At each site, surface water was collected three times at a depth of 0.5 m
using a 1 L water sampler. The sample were combined in a 5 L polyethylene bucket and
kept at 4 ◦C. Each liter of water was filtered with 0.45 µm Mixed Cellulose Ester (MCE)
microporous filter membranes (JinTeng, Tianjin, China) in triplicate, with concentrated
samples sealed in 5 mL cryopreservation tubes (AXYGEN, Union City, CA, USA) and
stored at −80 ◦C before environmental DNA extraction. A filter blank of 1 L DEPC water
was used to control for contamination.
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Figure 1. Sampling sites selected in the Jinshui River Basin, China. The red circles indicate the
sampling sites (see Supplementary Table S1 for details information).

2.2. eDNA Extraction, PCR Amplification, and Sequencing

eDNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, North
Rhine–Westphalia, Germany) with a modified protocol [52]. Quality was assessed by
1.0% agarose gel electrophoresis and concentration measured with a NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA). Samples were stored at −80 ◦C.

The hypervariable region 12S rDNA gene of the fish mitochondrial was amplified using
MiFish-U-F (5′-GTCGGTAAAACTCGTGCCAGC-3′) and MiFish-U-R (5′-CATAGTGG-
GGTATCTAATCCCAGTTTG-3′) primers [53] on a T100 Thermal Cycler PCR thermocycler
(BIO-RAD, Hercules, CA, USA). The PCR mixture included 10 µL of 2 × Phanta Max
Master Mix, 0.8 µL of each 5 µM primer, 10 ng of template DNA, and ddH2O to a final
volume of 20 µL. PCR conditions were 94 ◦C for 5 min, 35 cycles of 98 ◦C for 20 s, 60 ◦C
for 45 s, 72 ◦C for 30 s, and a final extension at 72 ◦C for 10 min. Products were extracted
from a 2% agarose gel, purified with the PCR Clean-Up Kit (YuHua, Shanghai, China), and
quantified with a Qubit 4.0 (Thermo Fisher Scientific, Waltham, MA, USA).

Purified amplicons were pooled and sequenced in paired-end mode on an Illumina
MiSeq 2500 (Illumina, San Diego, CA, USA) following Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China) protocols. Raw sequencing data were deposited in the NCBI
Sequence Read Archive (SRA) database (Accession Number: PRJNA1132588).
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2.3. Data Processing

The sequencing depth of 12S rRNA sequencing was determined by generating an
average of 75,686 raw sequences per sample, a total of 227,579 raw sequences. The raw
FASTQ files were first de-multiplexed using an in-house perl script, then quality-filtered
with fastp version 0.19.6 [54] and merged using FLASH version 1.2.7 [55]. The quality
filtering followed these criteria: (i) Reads were truncated at any site with an average
quality score < 20 over a 50 bp sliding window, and shorter than 50 bp or containing
ambiguous characters were discarded. (ii) Only overlapping sequences longer than 10 bp
were assembled with a maximum mismatch ratio of 0.2 in the overlap region; unassembled
reads were discarded. (iii) Samples were distinguished based on barcodes and primers, with
exact barcode matching and up to 2 nucleotide mismatches allowed in primer matching.
The optimized sequences were then clustered into operational taxonomic units (OTUs)
using UPARSE 7.1 [56,57] with a 97% sequence similarity threshold. The most abundant
sequence for each OTU was selected as a representative sequence. To account for sequencing
depth effects on alpha and beta diversity measures, the 12S rRNA gene sequences from
each sample were rarefied to 3009, achieving an average Good’s coverage of 99.09%.

2.4. Rarefaction Curve

In the Jinshui River Basin, rarefaction curves were created for fish species and OTUs
identified through eDNA analysis using the R package iNEXT. These curves revealed
differences between observed and extrapolated species and OTU rarity.

Historical fish catch data from May and November 2020 were collected using electric
fishing and ground cage methods (details in Text S1). Taxonomic details were confirmed
through fishbase.org. A Pearson correlation analysis compared fish species counts from
traditional fishing and eDNA data. Fish status information in China was obtained from
fishbase.org using the R package rfishbase.

2.5. Fish Sequence, Taxonomic, and Functional Diversity

To compare sequence diversity across areas, a paired Kruskal–Wallis test was used to
assess differences based on average sequence variants within species [58]. Fish richness,
calculated using the Chao index, represented taxonomic diversity. Functional richness
(FRic) was determined by integrating traits such as migration patterns, trophic levels,
and feeding types with the mFD package [52]. FRic was assessed using convex hull
volumes in multidimensional trait space (details in Text S1). GLM regression and Pearson
analysis examined the correlation between sequence, taxonomic, and functional diversity
in each area.

2.6. Differences in Diversity Facets Across Areas

Principal coordinate analysis (PCoA) was used to investigate differences in fish se-
quence, taxonomic, and functional diversity in the Jinshui River Basin. Sequence and
functional diversity were analyzed with Bray–Curtis dissimilarity, while taxonomic diver-
sity was assessed using weighted UniFrac dissimilarity. PCoA for taxonomic diversity
was conducted at the species level. ANOSIM analysis was used to evaluate differences
between areas.

LOESS analysis (locally weighted scatterplot smoothing) examined correlations be-
tween diversity facets (sequence, taxonomic, functional) and distances from the Yangtze
River. Distances to the Yangtze River Estuary (E114.127◦, N30.331◦) were calculated using
the R package geosphere.
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2.7. Spectroscopic Analysis

The water samples were collected simultaneously with the eDNA water samples, with
three replicates taken at each site. Each replicate consisted of 500 mL of water, which
was filtered within 24 h using 0.45 µm MCE filters. Ultraviolet–visible absorbance and
excitation–emission matrices (EEMs) fluorescence spectroscopy were performed within a
week of sample collection to analyze DOM. Absorbance was measured from 200 to 700 nm
using a SPECORD 200 PLUS ultraviolet–visible spectrophotometer (Analytik Jena, Jena,
Thuringia, Germany) with Milli-Q water as the reference. EEM fluorescence was analyzed
with an F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) using a 700 V xenon
lamp. The value of specific ultraviolet absorbance at 254 nm (SUVA254) and spectral slope
ratio (SR) was calculated from ultraviolet–visible absorption spectroscopic analysis. The
biological index (BIX), fluorescence index (FI), humification index (HIX), and freshness
index (β/α) were calculated from the EEMs of the dissolved organic matter (DOM) samples.
See details in Text S1.

PARAFAC modeling in R with the staRdom package decomposed the EEM data into
individual components. Component fluorescence intensity was based on maximum fluo-
rescence (Fmax), and the number of components was determined by split-half validation.
Identified components were compared with published data on the OpenFluor website:
http://www.openfluor.org (accessed on 28 May 2024), using a Tucker congruence coeffi-
cient above 0.99 for similarity. See Text S1 for more details.

2.8. Evaluation the Impact of DOM and Physicochemical Parameters on Fish Diversity

The water samples were collected simultaneously with the eDNA water samples, with
three replicates taken at each site. Each replicate consisted of 1 L of water. A comprehensive
analysis was conducted, measuring a total of 14 physicochemical parameters (Table S3)
at each sampling site, which included water factors measured using an HQ30d portable
meter and nutrients analyzed through chemical methods, see details in Text S1.

To identify significant environmental factors associated with various fish diversity
facets within the Jinshui River Basin, Mantel’s test was employed. For the analysis of fish
structure at order level between sites, the R package vegan was utilized, employing redun-
dancy analysis (RDA). Spearman’s correlation analysis was used to assess the relationships
between environmental factors and fish species, with significance defined as p < 0.05 and
|r| > 0.5. The network plot visualizations were generated using Gephi software (version
0.10.1, WebAtlas, Paris, France).

Statistical analyses were performed in R (version 4.4.0), and figures were created using
the R packages ggplot2, ggpubr, and igraph.

3. Results
3.1. eDNA Annotation and Rarefaction Curve

In the Jinshui River Basin, comprising 10 sites, eDNA results reached 84.62% of OTUs
asymptote (176 ASVs) and 91.06% of species asymptote (49 sp.) (Figure 2). In total, 9 orders,
21 families, 36 genera, and 45 fish species were detected in the Jinshui River Basin, with
8.89% being endemic, 15.56% introduced, and 75.55% native to China (Figure 3D and
Table S2). Fish OTUs in the Gan River were 1.21 and 1.26 times richer than those in the
Futou Lake and Jinshui River, respectively (Figure 3A). The highest number of fish species
was found in the Gan River (40 species), followed by Futou Lake (31 species) and the
Jinshui River (24 species), with 20 species overlapping among the three areas (Figure 3C).

http://www.openfluor.org


Fishes 2024, 9, 489 6 of 18
Fishes 2024, 9, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 2. Cumulative curve for fish OTUs and species based on observed numbers in the Jinshui 
River Basin. 

 
Figure 3. Monitoring fish species in the Jinshui Basin using environmental DNA: the number of 
OTUs (A), occurrence (B), relative abundance (C), status in China (D). 

Figure 2. Cumulative curve for fish OTUs and species based on observed numbers in the Jinshui
River Basin.

Fishes 2024, 9, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 2. Cumulative curve for fish OTUs and species based on observed numbers in the Jinshui 
River Basin. 

 
Figure 3. Monitoring fish species in the Jinshui Basin using environmental DNA: the number of 
OTUs (A), occurrence (B), relative abundance (C), status in China (D). 
Figure 3. Monitoring fish species in the Jinshui Basin using environmental DNA: the number of
OTUs (A), occurrence (B), relative abundance (C), status in China (D).



Fishes 2024, 9, 489 7 of 18

3.2. Fish Trophic Level, Occurrence, and Dominant Species Based on eDNA Analysis

Fish trophic levels were categorized into three levels: high level (15.55%), medium
level (60%), and low level (24.45%) of the total 45 fish species across 10 sites in the Jinshui
River Basin (Figure 3). Their trophic levels and relationships within the food web were
explored in the Jinshui River Basin (Figure S2B), revealing that detection signals of high-
trophic fish increased significantly with greater distance between sampling sites and the
Yangtze River Estuary (Figure S2C). Detection signals for high-trophic fish in the Gan River
were higher, with their average occurrence being 1.46 times and 1.64 times greater than in
the Jinshui River and Futou Lake, respectively (Figure 3B).

Based on eDNA analysis, the dominant fish species can be clearly distinguished across
the three areas (Figure 3). For instance, species such as Silurus meridionalis (Siluriformes
order, high-trophic), Oryzias latipes (Beloniformes order, medium-trophic), Danio rerio
(Cypriniformes order, medium-trophic), Hypophthalmichthys nobilis (Cypriniformes order,
medium-trophic), Cyprinus carpio (Cypriniformes order, medium-trophic), and Schizothorax
sinensis (Cypriniformes order, low-trophic) were present in all three areas with a 100%
occurrence (Figure 3B) and high relative abundance (Figure 3C), indicating their dominance.
However, species Channa argus (Anabantiformes order, high-trophic), Macropodus ocellatus
(Anabantiformes order, medium-trophic), and Schizothorax richardsonii (Cypriniformes
order, low-trophic) were only detected in the Futou Lake, each with a 25% occurrence
(Figure 3B). In contrast, species Opsariichthys uncirostris (Cypriniformes order, high-trophic)
and Odontobutis sinensis (Gobiiformes order, medium-trophic) were only detected in the
Gan River, with occurrence of 25% and 75% (Figure 3B), respectively, illustrating that these
species mainly inhabit this area. The evolutionary tree of fish can also be further explored
based on the eDNA results obtained from the Jinshui River Basin (Figure S2A).

3.3. Diversity Facets: Variations Across Areas

Using eDNA analysis, distinct variations were revealed in the sequence, taxonomic,
and functional diversity of fish in the Jinshui River Basin. The sequence diversity was
significantly higher in Futou Lake compared to the Jinshui and Gan Rivers, whereas the
Gan River exhibited significantly higher taxonomic and functional diversity than Futou
Lake (Figure 4A, p < 0.05). The PCo1 axis effectively distinguished the sequencing diversity,
taxonomic community structures, and functional structures among the Jinshui River, Futou
Lake, and Gan River (ANOSIM, sequencing: Figure S1A, R = 0.4071, p = 0.001; taxonomic:
Figure S1B, R = 0.2997, p = 0.001; functional: Figure S1C, R = 0.2354, p = 0.007).

In Futou Lake, a negative correlation was observed between sequence diversity and
taxonomic diversity (Pearson R = 0.84, p < 0.001), with similar trends observed between
sequence and functional diversity (Figure 4B, R = −0.75, p < 0.001). In contrast, taxonomic
and functional diversity showed a positive relationship in the Jinshui River (R = 0.95,
p < 0.001), Futou Lake (R = 0.95, p < 0.001), and Gan River (R = 0.31, p =0.036) (Figure 4B).

Fish diversity (sequencing, taxonomic, and functional) varied with the distance from
the Yangtze River Estuary in the three areas of the Jinshui River Basin (Figure 4C). With
the increasing distance from Yangtze River Estuary, the sequence diversity increased from
Jinshui River and reached the peak in Futou Lake, then sharply decreased in Gan River
(R < 0.01, p = 0.897). Taxonomic diversity increased in the Jinshui River, reached their
lowest point in Futou Lake, peaked at the confluence of the Jinshui River into Futou Lake,
and then decreased again in the Gan River (R < 0.01, p = 0.412), and functional diversity
exhibited similar trends (R = 0.08, p = 0.224).
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Figure 4. Fish sequence, taxonomic, and functional diversity in the Jinshui River Basin. (A) Assessing
diversity facets variation across river areas using the Wilcoxon Test. (B) Correlations between three
diversity facets. (C) Trend of three facets of diversity with increasing distance from sampling sites
to the Yangtze River Estuary using LOSSEN analysis with locally weighted scatterplot smoothing.
“*” represents the degree of significance: “*” represents p < 0.05; “**” represents p < 0.01.

3.4. The Composition, Fluorescence Characteristics, and PARAFAC Components of Dissolved
Organic Matter (DOM)

Ultraviolet–visible absorbance spectroscopy was used to analyze the composition
and variability characteristics of DOM (Figure 5 and Table S4). The highest average
SUVA254 values were observed downstream of the Gan River, followed by the confluence
of the Gan River and Futou Lake, indicating a higher abundance of aromatic substances
in these areas compared to Futou Lake and Jinshui River. The mean SR value was also
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highest downstream of the Gan River, suggesting an enrichment of low-molecular-weight
compounds, followed by the Jinshui River and Futou Lake.

Fishes 2024, 9, x FOR PEER REVIEW 9 of 19 
 

 

of the Gan River and Futou Lake, indicating a higher abundance of aromatic substances 
in these areas compared to Futou Lake and Jinshui River. The mean SR value was also 
highest downstream of the Gan River, suggesting an enrichment of low-molecular-weight 
compounds, followed by the Jinshui River and Futou Lake. 

 
Figure 5. Correlations between composition, fluorescence characteristics, and EEM-PARAFAC 
components of dissolved organic matter (DOM) and the Yangtze River Estuary distances in the 
Jinshui River Basin: A LOESS analysis (locally weighted scatterplot smoothing). 

To explore the sources contributing to DOM, fluorescence characteristics such as the 
BIX, β/α, FI, and HIX were calculated (Figure 5 and Table S4). The highest average values 
BIX and β/α were found in Futou Lake, followed by the Gan River and Jinshui River. This 
suggests that Futou Lake had recently produced, labile DOM, while the Jinshui River 

Figure 5. Correlations between composition, fluorescence characteristics, and EEM-PARAFAC
components of dissolved organic matter (DOM) and the Yangtze River Estuary distances in the
Jinshui River Basin: A LOESS analysis (locally weighted scatterplot smoothing).

To explore the sources contributing to DOM, fluorescence characteristics such as the
BIX, β/α, FI, and HIX were calculated (Figure 5 and Table S4). The highest average values
BIX and β/α were found in Futou Lake, followed by the Gan River and Jinshui River.
This suggests that Futou Lake had recently produced, labile DOM, while the Jinshui River
exhibited older, more recalcitrant, and less autogenic DOM. The range of FI values indicated
that DOM in these areas derives from both microbial and terrestrial sources, with DOM in
the Gan River primarily from microorganisms and in Futou Lake mainly from terrestrial
sources. The HIX value was highest in the Jinshui River and lowest in the Gan River,
indicating that humification and molecular complexity decreased with increasing distance
from the Yangtze River Estuary.
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In the Jinshui River Basin, typical EEM components of DOM were identified, and
three PARAFAC fluorescent components were established through split-half validation
(Figures S6 and S7). The values of Component 1, Component 2, and Component 3 exhibited
similar trends with increasing distance from the Yangtze River Estuary (Figure 5 and
Table S4). These include two humic-like (Component 1 and Component 2) and one protein-
like (Component 3) (Figure S4, Tables S4 and S5). Component 1 (C1), with its peak excitation
at 260/290 nm and emission at 390 nm, closely resembles Peak M (ex300/em390), which
is identified as a microbial humic-like component [59]. Component 2 (C2), characterized
by Ex/Em wavelengths of 260/445 nm, is classified as a blend of traditional humic-like
peaks, specifically peak A (ex260/em450), indicative of a terrestrial humic-like component
representative of terrestrial environments [60]. Component 3 (C3) had excitation and
emission peaks at 275 nm and 330 nm, respectively, typical of protein-like (tryptophan-like)
compounds [61]. The C1/C3 ratio was positively correlated with C2/C3 (Figure S8, Pearson
R = 0.97, p < 0.001). C3 reflects the characteristics of DOM in downstream of Jinshui River;
C1, C2, and C3 reflect the characteristics of DOM in Futou Lake; and C1 and C2 reflect the
characteristics of DOM in Gan River.

3.5. Impact Evaluation of DOM

In the Jinshui River Basin, fish sequence diversity was most strongly associated with
physicochemical parameters and DOM (Figure 6). The physicochemical parameters signifi-
cantly related to sequence diversity were pH (p < 0.01), total dissolved solids (TDS, p < 0.01),
electrical conductivity (EC, p < 0.01), ammonia nitrogen (NH3-N, p < 0.01), permanganate
index (CODMn, p < 0.05), and dissolved oxygen (DO, p < 0.05), as well as fluorescence
parameters, including β/α (p < 0.01) and BIX (p < 0.05). Taxonomic diversity had a strong
correlation with SR (p < 0.01), followed by C3 (p < 0.05) and pH (p < 0.05). Functional
diversity was least influenced by environmental factors and strongly correlated only with
SR (p < 0.01) and HIX (p < 0.05).
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The correlation between physicochemical parameters and DOM with fish relative
abundance at both the order and species levels was analyzed using redundancy analysis
(RDA) (Figure S9) and co-occurrence network analysis (Figure S10), respectively. The
Centrarchiformes order showed a positive relationship with the BIX, the β/α ratio, and
DO. The Gobiiformes and Cichliformes order were both positively correlated with the
SR, C3, and fluorescence index (FI). Ammonia nitrogen (NH3-N) and total organic carbon
(TOC) showed negatively correlation with fish distribution. The Cypriniformes order
showed positive correlations with the HIX, SUVA254, TOC, total nitrogen (TN), and NH3-N
(Figure S9). The relative abundance of Carassius carassius was positively correlated with
pH, DO, oxygenation, and CODMn. Similarly, the relative abundance of Carassius gibelio
showed positive correlations with these parameters, as well as with NH3-N. The number of
fish species associated with SR was the largest, followed by C3, C1, and HIX (Figure S10).

4. Discussion
4.1. Impact Evaluation of Physicochemical Parameters and DOM on Fish Diversity Facets

Significant environmental differences might could explain the distinct sequence vari-
ants, species composition, and functional diversity recovered by eDNA in the Jinshui
River Basin. In this study, we found more correlations between environmental factors and
sequence diversity compared to the other two diversity facets (Figure 6). This observation
aligns with a previous study indicating that fish sequence diversity in the Yalujiang Estu-
ary (YLJK) in the Yellow Sea of China was more strongly associated with environmental
factors than taxonomic and functional diversity facets [52]. In Futou lake, the chlorophyll-a
concentrations showed the similar trends with DO and pH (Figure S3), a pattern supported
by a previous study that found a positive correlation between chlorophyll-a levels, DO,
and pH [62]. NH3-N, as the primary excretory product of fish [63], is toxic to fish by
inducing homeostasis disruption and toxicity through shared mechanisms [64]. Regions
with evaluated NH3-N and CODMn level can promote phytoplankton growth, leading
to increased chlorophyll-a levels; as phytoplankton photosynthesize, they release oxy-
gen, thereby raising DO and pH levels [65]. However, abundant nutrients can also lead
to water eutrophication and oxygen depletion [66]. Oxygen is a key limiting factor for
many fish species, with low levels potentially diminishing effective population sizes and
thereby reducing genetic diversity [67]. Higher DO levels support a greater variety of fish
species [68], reduce physiological stress [69], and promote the growth of plants and algae
that sustain robust food webs [70], all while indicating good water quality and maintaining
habitat integrity [71]. A previous study found that the β/α ratio and BIX were highly
correlated [72], and a similar correlation was observed across the Jinshui River Basin in this
study (Figure S5C). In Futou Lake, the highest BIX and β/α values were observed com-
pared to other areas (Figure 5), indicating high levels of autochthonous (microbial-derived)
and recently produced DOM [72]. Healthy microbial activity, as indicated by high BIX,
supports primary producers [73], which in turn support higher trophic levels, including
fish [74]. Bacterioplankton that utilize DOM provide extra energy to zooplankton, which
are then consumed by planktivorous fish [75].

Notably, the similar trends in taxonomic and functional diversity with increasing
distance from the Yangtze River Estuary (Figure 4C) align with the significant positive
correlations observed between these facets (Figure 4B) as discovered in earlier research [52].
These results indicate that eDNA is a powerful tool for mapping the spatial distribu-
tion of fish diversity in rivers and reflecting the relationship between different diversity
facets [52,76].

High SR values represent a higher presence of low molecular weight, diminished
aromaticity and photobleaching [77], higher algal contribution, and enhanced biological
degradation [72]. Previous studies have recorded SR values in various aquatic environ-
ments, with an average value of 0.99–1.12 in Yongding River Basin [78] and 0.70–2.40 in lake
waters [79]. In this study, initial SR values varied from 0.99 to 1.51, suggesting that DOM
was primarily derived from autochthonous origins. In the downstream of the Gan River
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to the entrance of Futou Lake, SR values, along with taxonomic and functional diversity,
were the highest (Figure 5), suggesting that taxonomy and functional diversity of fish were
positively correlated with algal contribution and biological degradation.

Furthermore, the highest C3 was found downstream of Gan River, which might be
caused by high temperature and may have accelerated phytoplankton growth and led to
an increase in protein-like substances [80]; then, the phytoplankton could be consumed by
grazing fish directly or indirectly (e.g., phytoplankton–zooplankton–fish model) [81]. A
higher degree of DOM humification indicates that fewer nutrients in the water are available
for cyanobacteria absorption and utilization, which can promote the shift from an algae-
dominated system to one dominated by macrophytes [82]. These results indicating that
functional diversity is significantly influenced by the increasing humification and molecular
complexity of DOM. Humic substances (HSs) can impact fish by lowering ammonia and
nitrite toxicity in zebrafish (Danio rerio) embryos [83], reducing iron toxicity in brown trout
(Salmo trutta) [84], and decreasing the uptake of mercury, cadmium, and zinc in chinook
salmon (Oncorhynchus tshawytscha) eggs [85]. Another study found that HS-like and
tryptophan-like components can accumulate in the blood of tilapia [86]. These findings
may explain why we observed that humic-like and tryptophan-like substances positively
affected fish taxonomic and functional diversity.

4.2. Factors Determining River Basin Fish Community Structures

At the order level, RDA analysis revealed that DO was the main factor driving the fish
community structure, followed by temperature (Figure S9A). Oxygen levels strongly influ-
enced the spatial distribution of fish species [67]. DO and temperature significantly affected
both fish biomass and species richness [87]. The concentration of NH3-N was negatively
correlated with fish distribution. This finding is in agreement with a prior study that re-
vealed a negative correlation between NH3-N and CODMn levels and fish distribution in the
middle and downstream regions of the Yangtze River Basin, indicating considerable water
pollution in these zones [51]. SR showed a positive correlation with the relative abundance
of Gobiiformes (Figure S9B), indicating that Gobiiformes might be mainly influenced by the
aromaticity of DOM. The relative abundance of Centrarchiformes was positively associated
with BIX and β/α values (Figure S9B), suggesting that Centrarchiformes primarily inhab-
ited waters characterized by autochthonous (microbial-derived) and recently produced
DOM. Additionally, higher HIX levels, indicating strong humification and fewer nutrients
for cyanobacteria, promote the transition to a macrophyte-dominated water body [82]. The
positive correlation between HIX and Cypriniformes (Figure S9B) might be attributed to
the dominance of Cyprinus carpio in the Jinshui River Basin (Figure 3). As omnivores,
these fish usually forage in shallow waters where water hyacinth and rooted macrophytes
are abundant [88].

The variation in fish communities was also assessed at the species level. We observed
that pH had a positive correlation with five fish species, whereas CODMn showed a positive
correlation with four fish species and a negative correlation with one species (Figure S10A).
A previous study revealed that pH had a significant impact on the fish community [89].
Another study found that DOM derived from planktonic algae leads to increased CODMn
levels along the middle route of the South-to-North Water Diversion Project (SNWD)
in North China [90]. This is consistent with our results, where biological activity and
the presence of recently produced autochthonous DOM in Futou Lake were associated
with the highest CODMn levels. Among the DOM optical properties and PARAFAC
components, SR had the strongest correlation with fish species, being associated with
eight species (positively: seven species; negatively: one species). Similarly, microbial
humic-like substances (C1) were positively correlated with eight species, while protein-
like (tryptophan-like) substances (C3) showed a positive correlation with seven species
(Figure S10B). These results indicate that these fish primarily inhabit waters characterized
by a greater algal contribution, less humified organic matter, and more biodegradable
organic matter (C3: tryptophan-like substances).
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5. Conclusions

Using eDNA metabarcoding analysis, our study demonstrated how DOM sources
impact fish biodiversity in the Jinshui River Basin. We detected 45 species through eDNA
method. eDNA results from 10 sites reached 84.62% OTUs asymptote (176 ASVs) and
91.06% species asymptote (49 species). The Gan River had 1.21 and 1.26 times more fish
OTUs than Futou Lake and the Jinshui River, respectively. It also had the highest number
of fish species (40), followed by Futou Lake (31) and the Jinshui River (24), with 20 species
overlapping among the areas. Sequence diversity was highest in Futou Lake, while tax-
onomic and functional diversity were highest in the Gan River. There was a positive
relationship between taxonomic and functional diversity in the Jinshui River Basin. We
identified typical EEM components of DOM and three PARAFAC fluorescent components:
C1 (microbial humic-like), C2 (terrestrial humic-like), and C3 (protein-like, tryptophan-like).
Sequence diversity in Futou Lake was notably high and positively correlated with various
water quality parameters (dissolved oxygen, electrical conductivity, total dissolved solids,
pH, and ammonia nitrogen), as well as β/α ratio and BIX, which represent autochthonous
(microbial-derived) and recently produced DOM. Both taxonomic and functional diver-
sity exhibited similar patterns as the distance from the Yangtze River Estuary increased,
indicating a positive relationship with SR, which reflects algal contributions and biodegrad-
able DOM. Taxonomic diversity was positively linked with high C3 (represents DOM
bioavailability), whereas functional diversity negatively correlated with HIX (represents
humification). Humic-like substance (C1 and C2) also positively affects fish taxonomic and
functional diversity. The combined eDNA and DOM monitoring approach holds promise
for future assessments of fish biodiversity in river basin environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes9120489/s1, Text S1: Supplementary Methods and Results;
Table S1: Information about sampling sites in the Jinshui River Basin; Table S2: Information on
45 species fish in the Jinshui River Basin; Table S3: Physicochemcal parameters in the Jinshui River
Basin; Table S4: Optical properties in the Jinshui River Basin; Table S5: Analysis of PARAFAC com-
ponent descriptions and wavelength positions, alongside comparisons with analogous components
identified in the OpenFluor database; Table S6: Topological properties of co-occurring networks;
Figure S1: Principal co-ordinates analysis (PCoA) on fish sequence diversity (A), taxonomic com-
position of communities (B), and functional composition (C) in the Jinshui River Basin. Sequence
diversity and functional structure were analyzed using Bray–Curtis dissimilarity, while taxonomic
diversity was assessed using weighted UniFrac dissimilarity. Differences between areas were eval-
uated through ANOSIM analysis to identify variations; Figure S2: Fish evolutionary tree (A) and
food web relationships in Jinshui River, Futou Lake, and Gan River (C) within Jinshui River Basin
(B) based on eDNA data in the Jinshui River Basin; Figure S3: Correlations between physicochemical
parameters and the Yangtze River Estuary distances in the Jinshui Basin: A LOESS Analysis (Lo-
cally weighted scatterplot smoothing). Tem represents Temperature (◦C); Oxygenation represents
dissolved oxygen percentage; DO represents dissolved oxygen (mg/L); WFR represents water flow
rate (m/s); EC represents electrical conductivity (µS/cm); TDS represents total dissolved solids
(mg/L); ORP represents oxidation-reduction potential (mV); NH3-N represents ammonia nitrogen
(mg/L); TP represents represents total phosphorus (mg/L); IMn represents permanganate index
(mg/L); TOC represents total organic carbon (mg/L); TOD represents total oxygen demand (mg/L);
Chl-a represents chlorophyl-a; Figure S4: Contour plots of dissolved organic matter (DOM) in the
Jinshui River Basin using excitation–emission matrix fluorescence spectroscopy (EEM) combined with
parallel factor analysis (PARAFAC); Figure S5: Biplot of (A) biological index (BIX)–fluorescence index
(FI), (B) humification index (HIX)–biological index (BIX), (C) freshness index (β/α)–biological index
(BIX), (D) humification index (HIX)–fluorescence index (FI), (E) freshness index (β/α)–fluorescence
index (FI), and (F) freshness index (β/α)–humification index (HIX). The likelihood that each point
falls within the highest density region, as defined by the specified probs; Figure S6: Comparisons of
excitation and emission spectra, split into halves, based on the three-component PARAFAC model;
Figure S7: Spectral comparisons: 3-Component PARAFAC Model versus OpenFluor Database. The
similarity score was 0.99 for both the excitation and emission of Component 1 and Component 3, and
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it was 0.98 for the excitation and 0.99 for the emission of Component 2; Figure S8: Discriminating
sampling sites using C1/C3 ratios versus C2/C3 ratios; Figure S9: Redundancy analysis (RDA)
of fish species at order level with physicochemical parameters (A), DOM optical properties and
PARAFAC components (B) in Jinshui Basin, respectively. Fish species at order level are indicated
by the pink arrows; physicochemical parameters, optical properties, and PARAFAC components
are indicated by blue arrows; Figure S10: Network analysis of fish species with physicochemical
parameters (A) and DOM optical properties and PARAFAC components (B). The criteria were p < 0.05
and r >|0.5|; red and green lines represent the positive and negative correlations between fish species
and environmental factors, respectively; the thickness of the edges is proportional to the strength of
the correlation; the color of nodes represents the fish species at order level. ([91–110] are cited in the
Supplementary Materials)
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