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Abstract. Capture-based methods are commonly used for biomonitoring fish assemblages in freshwater. The
recent advancement in environmental DNA (eDNA) metabarcoding provides a sensitive, cost-effective, and non-
intrusive alternative to traditional methods. Nevertheless, the effectiveness of this approach in river–lake systems
has yet to be assessed, and there is ongoing debate regarding the selection of sampling media. In this study, we
investigated fish assemblages based on traditional approaches and the eDNA metabarcoding method by analyzing
water and sediment from 30 locations along the Baiyang Lake and its inflow rivers (China). The results showed
that 21 species were identified based on traditional methods, and a total of 29 species were detected using
eDNA, with 22 species found in river water eDNA, 25 species in lake water eDNA, and 27 species in surface
sediment samples. Nine benthic fish species were detected exclusively in sediment. The community composition
of rivers and lakes revealed by water eDNA is similar, reflecting the biotic homogenization in this river–lake
system. A neutral community model (NCM) analysis based on lake water and river water eDNA showed that
fish assemblages were not dominated by random processes (5.3 % and 2.7 % concordance with the neutral model,
respectively), while analysis of surface sediment eDNA showed more support for random processes (50.2 %).
Temperature was the main environmental factor correlated with water eDNA, while NH3–N and TP were the
main factors correlating with sediment eDNA.

Graphical abstract 1 Introduction

Freshwater fish represent one-fourth of the world’s verte-
brates and provide irreplaceable goods and services (Manel
et al., 2020; Su et al., 2021). As an important element of
aquatic biodiversity, fish display integrated responses to mul-
tiple pressures and are ideal objects for a comprehensive as-
sessment of the ecological health of rivers and lakes (Poikane
et al., 2017; Ritterbusch et al., 2022; Yu et al., 2021). Under-
standing the geographical distribution patterns and assembly
mechanisms of fish assemblages is essential for the conserva-
tion and management of fish diversity (Jackson et al., 2001).
Theories based on niche and neutral processes describe the
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assembly mechanisms of fish assemblages. According to the
niche theory, the structure and diversity of a biological com-
munity are primarily controlled by biotic interactions, inter-
specific trade-offs, and abiotic conditions (Chesson, 2000;
Chase and Myers, 2011). In contrast, the neutral process the-
ory assumes that biomes exhibit random equilibrium in the
loss and gain of the class group and emphasizes random
processes (birth, death, migration, immigration, speciation,
and limited dispersal) that shape the community structure
(Hubbell, 2001). While niche theory has been a foundational
principle in ecology, providing a framework for understand-
ing species distributions and interactions, it is essential to
recognize the diversity of theoretical perspectives that con-
tribute to our understanding of ecological systems. Neutral
theories have been shown to reliably reproduce certain pat-
terns of species distribution and β diversity (Mitchell et al.,
2019), offering valuable insights into community assembly
processes that are not solely dependent on niche differences.
Empirical studies have demonstrated that neutral theory is
not mutually exclusive with classic niche theory but comple-
mentary, as it defines the special case when species are eco-
logically equivalent to one another, and the stabilizing forces
required for their coexistence may be immeasurably small
(Shinen and Navarrete, 2014; Siepielski and McPeek, 2010).
Therefore, a significant amount of research is dedicated to
reconciling the importance of niche and neutral processes
in species coexistence, like the relative materiality of habi-
tat associations and seed dispersal across various tree growth
stages (Comita et al., 2007), the development of a contin-
uum model with the niche and neutral models as the two ex-
tremes to predict the relative importance of niche and neutral
processes in controlling community dynamics (Gravel et al.,
2006), and the operational framework to determine the in-
fluence for biotic and abiotic factors through the functional
traits (de Bello et al., 2012).

Previous studies in fish assemblages have focused on de-
terministic responses to environmental gradients like tem-
perature (Magnuson et al., 1979), nutrient salt (Öğlü et al.,
2020), pH (Harvey, 1975), and ecological species interac-
tions such as predation (Roff et al., 2019) and competition
(Wikramanayake, 1990). A study on the drivers of fresh-
water fish diversity and clustering patterns in China quan-
tified the effects of both biogeographic and anthropogenic
activities, showing that biogeographic drivers accounted for
21.8 % of fish assemblage patterns, compared to 15.6 % con-
tributed by human drivers, including economic level and fish-
ery resources (Guo et al., 2019). Research on the human
impacts on global freshwater fish biodiversity shows that
temperate rivers, whose biodiversity changes were primar-
ily due to river fragmentation and the introduction of non-
native species, are impacted the greatest (Su et al., 2021).
However, other studies have shown that there is no clear pat-
tern between fish diversity and environmental drivers and
that stochastic processes are responsible for fish assem-
blage structure in most shallow lakes (Jia et al., 2022; Lu

et al., 2023). Fish assemblage assembly mechanisms vary
significantly across different water types and spatial scales.
Rivers and lakes exhibit significant differences in geomor-
phology and hydrology, which shape the different biogeo-
chemical cycling, species assemblages, interspecific interac-
tions, and aquatic ecosystem species composition between
them (Haakonsson et al., 2017; Jones et al., 2017). In re-
sponse to this, lakes and rivers have distinct methods for the
assessment of biodiversity and different management regula-
tions. However, limited studies have assessed the impact of
hydrology, water quality factors, and species dispersal on fish
distribution patterns in continuous river–lake systems, hin-
dering the development of effective management plans.

Traditional fish surveys typically utilize methods such as
bottom trawling, electric fishing, ground cage, and others
(Jiang et al., 2023; Wang et al., 2021; Marques et al., 2021;
Valdivia-Carrillo et al., 2021; Hänfling et al., 2016). How-
ever, these methods can be time-consuming and expensive
and could damage the fish diversity (Hiddink et al., 2011;
Thomas et al., 2019; Sogn-Grundvåg et al., 2022; Baner-
jee et al., 2022a). Therefore, there is a demand for an effi-
cient, comparatively inexpensive, and non-invasive alterna-
tive method for qualitative and quantitative fish investiga-
tions. Environmental DNA (eDNA) metabarcoding, which
detects the presence of organisms via intracellular or extra-
organismal DNA in the environment and partially dam-
aged or fragmented specimens, has emerged as a promis-
ing tool for species detection and utilizes high-throughput
sequencing after PCR amplification of conserved genomic
regions (barcodes) from environmental samples (Taberlet et
al., 2012; Yan et al., 2023; Chen et al., 2023; Qian et al.,
2023). Compared to traditional methods, the eDNA method
offers distinct advantages when sampling in complex habitats
such as river water heads and deep waters (Saenz-Agudelo
et al., 2024) and can distinguish cryptic species sensitively
(Banerjee et al., 2022b). Water and sediment are commonly
used environmental media for eDNA studies of aquatic or-
ganisms. Sediments are generally considered to have better
preservation ability (Turner et al., 2015; Kuwae et al., 2020),
but some studies have shown comparable preservation times
between sediments and water (Wei et al., 2018), with more
species being detected in water samples (Buxton et al., 2018;
Sales et al., 2021). Consequently, the detection efficiency of
these two environmental media is still controversial.

The purpose of this study was to characterize the fish as-
semblages by eDNA in different media and to shed light on
the potential assembling mechanisms of fish assemblages in
a complex river–lake system. We compare fish assemblages
identified by traditional fishing methods and eDNA to ex-
amine the influence of sample medium (water or sediment)
and water body type (river or lake) on eDNA detection and
explore how they further influence our determination of the
assembly mechanisms of fish assemblages.
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Figure 1. Map of sampling sites of the Baiyang Lake and its inflow
rivers.

2 Materials and methods

2.1 Site description and sample collection

The Baiyang Lake basin (Fig. 1) is located in the North China
Plain (38°44’–38°59’ N, 115°45’–116°07’ E), with an area of
366 km2 and an average water depth of approximately 2–5 m.
It consists of several small lakes that are connected to eight
inflow rivers: the Baigouyin River, Ping River, Pu River,
Cao River, Fu River, Tang River, Xiaoyi River, and Zhulong
River, forming a typical river–lake connection system. Un-
fortunately, the construction of dams and reservoirs upstream
of the Baiyang Lake basin has led to a decrease in the flow of
most inflow rivers, with some even drying up at times. Conse-
quently, Baiyang Lake’s water level has decreased, resulting
in a deteriorating ecological situation (Chen et al., 2020).

In this study, a total of 30 sampling sites were selected
in April 2019, comprising 15 sites (R1–R15) in the 7 inflow
rivers and 15 sites (L1–L15) in the lakes (Fig. 1). At each
site, a sample of 1 L of water was collected to determine
the physical and chemical characteristics. For eDNA analy-
sis, 5 L of water samples were filtered using a LEADFLUID
(BT103S) speed-variable peristaltic pump through a diam-
eter of 0.22 µm polycarbonate membrane (Millipore, USA).
At each site, three duplicate samples were collected for anal-
ysis.

Purified water was filtered as a negative control at
each site. After each filtration, the filtration apparatus was
carefully rinsed with deionized water to prevent cross-
contamination (Li et al., 2019; Zhang et al., 2022). The filter
membranes were folded using sterile tweezers, placed into
5 mL sterile freeze tubes, and stored in liquid nitrogen until
DNA extraction. The sediment samples were collected only
in lakes, and 25 g of surface sediment was collected at each
site. The sediment was then placed in a sampling tube and
frozen in liquid nitrogen, and the DNA extraction was com-
pleted within 1 week.

2.2 Traditional fish surveys

Five lake sites, spaced more than 300 m apart, were selected
for sample collection using a combination of the electric fish
method and the hanging net method. A double-shouldered
32-tube ultrasonic electric fishing instrument was used for
the sample locations with a water depth less than 1.5 m and
the wading region along the lakeshore (Sullivan et al., 2015).
Gill nets were utilized to catch fish for roughly an hour in
samples where the water depth was more than 1.5 m. To
achieve a more thorough sampling, the gill nets employed
have three different mesh sizes: 6 cm× 6 cm, 12 cm× 12 cm,
and 20 cm× 20 cm. Each site’s catch of fish was tallied
in terms of both species and individuals. Fish were classi-
fied into the species level on site, with unidentified species
brought back to the lab for further identification.

2.3 Environmental factor detection

Several water parameters, temperature (T), electrical con-
ductivity (SpCond), dissolved oxygen (DO), pH, turbidity
(Turb), oxidation reduction potential (ORP), and chlorophyll
a (Chl a), were measured on site using the multi-parameter
water quality detector Hydrolab HL4 (HACH, USA). Addi-
tionally, CODCr and TP were measured in the laboratory. For
sediment, heavy metals (Cr6+, Zn, Ni, Cr, Cu, Pb, Cd, As,
and Hg) and nutrients (NH3–N, TN, and TP) were measured
in the laboratory.

2.4 Environmental DNA processing

The DNeasy PowerWater Sterivex Kit and DNeasy Power-
Max Soil Kit (Qiagen, Germany) were used to extract eDNA
from the filter and sediment samples, respectively. The ex-
perimental procedures were carried out in accordance with
the instructions. The concentration and quality of extracted
eDNA were measured using a UV spectrophotometer (Nan-
oDrop, Thermo Scientific Inc., USA). All DNA extracts were
stored at −20° until paired-end library preparation. Negative
controls were coextracted alongside the samples and were
subjected to the same protocol as the samples. The DNA con-
centration was determined using the Qubit dsDNA HS Assay
Kit and detected in a 1.0 % agarose gel. No bands were ob-
served for the negative controls.

The 12S primers were used to tar-
get the teleost fishes: MiFish-U-F (5’-
GTCGGTAAAACTCGTGCCAGC-3’) and MiFish-U-R
(5’-CATAGTGGGGTATCTAATCCCAGTTTG-3’) (Miya et
al., 2015), with the 12 bp barcode added to the 5’ end. We
used a 25 µL PCR reaction solution containing 12.5 µL of
CloneAmp HiFi PCR Premix (Takara, Japan), 0.5 µL of each
MiFish primer (5 µM primer F/R), 1 µL of eDNA template,
and up to 25 µL of sterile distilled water. To minimize the
loss of PCR, a sample was performed with eight technical
repetitions using eight tubes of 0.2 mL. Following an initial
3 min denaturation at 94°, the thermal cycle profile was as
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follows: a 30 s denaturation at 94°, a 20 s annealing at 45°,
and a 50 s extension at 72°. After the cycles, a 10 min final
extension was performed at 72°. Then, eight tubes of PCR
results were combined into one 1.5 mL tube, and the com-
bined products were filtered with a GeneRead Size Selection
Kit (Qiagen) to get rid of dimers and monomers. Sequencing
was performed via 180 bp paired-end sequencing by the
Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA,
USA). Base calling analysis transforms the resulting raw
image data files into raw sequenced reads.

2.5 Bioinformatics analysis

The raw sequencing data were cleaned by eliminating tags
and reads shorter than 100 bp using MEGA (v7.0). Subse-
quently, paired-end reads were merged based on overlaps us-
ing FLASH (v1.2.11) (Magoč and Salzberg, 2011). Then,
the reads were clustered into operational taxonomic units
(OTUs) using USEARCH (version 7.0.1090) (Rognes et al.,
2016) with a 97 % threshold, and chimeras were filtered out
using UCHIME (v4.2.40) (Rognes et al., 2016). Each tag was
mapped to its corresponding representative OTU sequence
using USEARCH. OTUs with a count of < 10 or a percent-
age of < 0.1 % were filtered out for each PCR, and then
the OTU abundance table was generated. The taxonomic as-
signment of OTU sequences was performed using BLAST
against the NCBI database and MitoFish database. The OTUs
with alignment lengths less than 90 % and similarity less
than 80 % were filtered out, and the boundaries of five taxo-
nomic levels of species, genus, family, order, and class were
assigned according to the thresholds of 98 %, 95 %, 90 %,
and 85 % similarity. OTUs corresponding to marine and/or
non-resident species were attributed to DNA contamination
in the sewage and excluded from further analyses. All of the
OTUs that were ultimately retained had known morpholog-
ical records within the study area. OTU data at the species
level were used for the following analyses.

2.6 Ecological and statistical analyses

All statistical analyses were carried out in R (v4.2.2, R
Core Team, 2022), and graphs were plotted using GGPLOT2
v2.2.1. The OTU abundance table was transformed using the
Hellinger method, which consists of turning abundances into
proportional values out of the sample total count and per-
forming the square root transformation. The environmental
data were conversed logarithmically, centered, and scaled
to offset the effects of different dimensions. Detrended cor-
respondence analysis (DCA) was performed to determine
whether to use redundancy analysis (RDA) or canonical cor-
respondence analysis (CCA).

A combined bar chart was used to show the variation in
the number of species detected in eDNA from water (L1-
w∼L15-w) and sediment (L1-s∼L15-s) samples across each
lake site. Differences between fish assemblage structure in-

ferred from eDNA in river water (R1∼R15), lake water
(L1-w∼L15-w), and lake sediment (L1-s∼L15-s) were vi-
sualized using nonmetric multidimensional scaling (NMDS)
with 999 permutations. The community difference was cal-
culated based on the Jaccard dissimilarity, and NMDS
stress was utilized to assess the representation of ordina-
tion. Permutational multivariate analysis of variance (PER-
MANOVA) was used to evaluate the differences in the two
media (water and sediment) and two water types (river and
lake). NMDS and PERMANOVA were calculated using “ve-
gan” package v2.5.6’s “metaMDS” and “adonis” functions,
respectively.

A neutral community model (NCM) (Sloan et al., 2006)
was employed to assess the impact of stochastic processes.
The NCM predicts the relationship between occurrence fre-
quency and relative species abundance in metacommunities
based on random drift and dispersion (Lu et al., 2023) and
assumes equal fitness among species. The parameter Nm is
an estimate of dispersal between communities, where N is
the size of the meta-community, and m is the migration rate;
the parameter R2 measures the fitness of NCM (nonlinear
least-squares fitting), and a higher R2 implies that stochastic
processes have contributed a greater portion to the commu-
nity assembly (Isabwe et al., 2022).

Additionally, RDA and variation partitioning analysis
(VPA) were performed to evaluate the influence of water en-
vironmental factors on fish assemblage structure.

3 Results

3.1 Fish community composition monitored by eDNA
and traditional methods

A total of 7295 OTUs were detected in the eDNA survey,
and 112 and 114 OTUs were annotated to the species level
in the NT and MitoFish databases, respectively. A total of 32
species that had not been recorded in the historical surveys
and the traditional survey were excluded from the analysis;
it has been noted that eDNA does not always indicate the
presence of species due to the utilization of indirect markers
(Oka et al., 2021). To prevent potential cross-contamination
or limitation from an incomplete reference database, the 32
non-native species were excluded for subsequent analysis. A
total of 29 species belonging to 11 families and 4 orders were
detected by eDNA, 21 species belonging to 3 families and 2
orders were captured by traditional methods, 3 species were
only obtained by traditional methods, and 12 species only
occurred in eDNA data (Table S1 in the Supplement). The
species composition of the river water, lake water, and lake
sediment was roughly similar, and at the order level, four or-
ders were presented among the three groups: Cypriniformes,
Perciformes, Siluriformes, and Beloniformes, with decreas-
ing proportions. A total of 19 species of 8 families were de-
tected in river samples, 23 species of 12 families were de-
tected in lake water, and 27 species of 13 families were de-
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Table 1. The analysis of similarities (ANOSIM) pairwise test re-
sults of the river water eDNA, lake water eDNA, lake sediment
eDNA, and traditional methods.

Pairs R2 p

Lake water vs. lake sediment 0.04 0.23
River water vs. lake water 0.05 0.101
River water vs. lake sediment 0.09 0.003
River water vs. traditional methods 0.22 0.002
Lake water vs. traditional methods 0.21 0.002
Lake sediment vs. traditional methods 0.23 0.002

tected in lake sediments (Fig. 2). There were some differ-
ences in the main species at different sites. Cyprinus carpio is
the dominant species in most sites, especially in L8 and L15.
But at some sites, Pseudorasbora parva (R13), Hemiculter
leucisculus (R4 and R14), Channa argus (R3), and Hypoph-
thalmichthys nobilis (L6-w) are the main species. Species
composition revealed by traditional methods differed greatly
from that by eDNA, mainly containing Carassius auratus at
all sites.

A total of 19 species were detected in lake water sam-
ples, all of which were also detected in the sediment, while
9 species were detected only in the sediment. Among the
nine species, Acheilognathus macropterus and Zacco platy-
pus prefer to live in the middle and upper water layer, and
Rhynchocypris lagowskii prefer the middle and lower wa-
ter layers; the remaining six species were benthic fish (Ta-
ble S1). Additionally, more species were detected in sedi-
ment than water at almost half of the 15 lake sampling sites
(Fig. S2). At the 15 lake sampling sites, more species were
detected in sediments at almost half of the sites (Fig. S2). At
5 traditional survey sites, 11 species were exclusively iden-
tified using traditional methods, 8 species were common in
both media and methods, and 3 and 5 species were detected
solely in water and sediment eDNA (Fig. 3).

3.2 Fish α and β diversity

For three eDNA groups, lake sediment had the highest β di-
versity, followed by lake water, with river water being the
lowest. Five sites in traditional methods had a low varia-
tion in fish assemblages. Although lake sediment detected
nine unique species relative to lake water, there was no sig-
nificant difference in β diversity (R2

= 0.04, p = 0.23) be-
tween the two media. River water and lake water were also
not significantly different (R2

= 0.05, p = 0.101), but all
eDNA groups were significantly different from traditional
data (Fig. 4, Table 1).

Five traditional survey sites had a higher α diversity, and
subsequent rankings were lake sediment, river, and lake wa-
ter. All groups showed no significant difference in α diver-
sity, except for the lake water group, which exhibited a sig-
nificant variance compared to traditional methods (Fig. 5).

3.3 Relative importance of stochastic and deterministic
processes in community assembly

A significant disparity was observed in the R2 between lake
water and sediment in the neutral community model, indi-
cating a substantial difference in their fit with the model
(Fig. 6a, b). Lake sediment eDNA data have a high fitting de-
gree with the NCM (R2

= 0.502), while lake water data do
not fit well (R2

= 0.053). The combined results of the wa-
ter and sediment data did not fit the model (R2

=−0.013)
(Fig. 6c). The riverine eDNA also did not fit the neutral
model well (R2

= 0.027) but demonstrated a strong migra-
tory ability of riverine eDNA (Nm= 16) (Fig. 7d). The lake
water eDNA exhibited low migration (Nm= 9), and the de-
gree of community migration of sediment eDNA was the
lowest (Nm= 1).

3.4 Environmental drivers of the community structure

After the DCA test, RDA and CCA were used to visualize the
influence of water and sediment environment factors on fish
distribution. The results showed that for water, temperature
was the sole factor significantly influencing fish assemblage
structure (Fig. 7a, Table S3), and for sediment, TP and NH3–
N acted together on the eDNA distribution in sediment, while
heavy-metal elements influenced the community in a similar
way (Fig. 7b, Table S3). VPA was further utilized to quantify
the contribution of the factors significant to variation in fish
assemblage. The findings indicate that for water, temperature
influenced 7 % of variations in fish assemblage composition,
and the remaining environmental variables influenced 1 %.
A total of 92 % of the changes in community migration were
unresponsive to the explanation of the water environmental
variables. For lake sediment, TP and NH3–N influenced 20 %
of variations, and the remaining environmental variables in-
fluenced 4 %, while 79 % of the change was not explained
(Fig. S3).

4 Discussion

4.1 Complementarity of eDNA and inference of sources
of error

eDNA metabarcoding detected 16 species belonging to 6
families and 3 orders that were also caught by traditional
methods, along with an additional 13 species from 7 fam-
ilies and 3 orders (Table S1). Studies have demonstrated
that eDNA metabarcoding can detect a great number of fish
species compared to traditional methods like bottom trawl-
ing, underwater visual censuses, and backpacking electric
fishing (McColl-Gausden et al., 2021; Valdivia-Carrillo et
al., 2021; Zou et al., 2020). However, three species captured
by traditional methods were not detected by eDNA in the
whole basin, and more than half of the species in traditional
methods were not detected at five fishing sites.
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Figure 2. Relative abundance (%) of species in Baiyang Lake and its inflow rivers. Species that rank below the top 10 in average abundance
are displayed as other species.

Figure 3. Comparison of species obtained by eDNA methods and
traditional methods in water and sediment in five lake sites.

One possible reason for the low overlap could be the lim-
itation of primers – the 12S barcode may not be able to dis-
tinguish some closely related species (Valdivia-Carrillo et
al., 2021; Jerde et al., 2019). While MiFish-U demonstrates
higher discriminatory power for species, genera, and fami-
lies, it may underperform in recovering species richness. Ad-
ditionally, primer amplification bias contributes significantly
to the taxonomic bias in eDNA detection (Polanco et al.,
2021). Furthermore, amplification efficiency varies among
species, and certain species preferences differ in various fish
assemblages due to primer bias (Shu et al., 2021). The lack
of comparison in local databases is another contributing fac-
tor. The incomplete reference database significantly restricts
the taxonomic identification of species to the available taxa,

Figure 4. NMDS analysis of the river water eDNA, lake water
eDNA, lake sediment eDNA, and traditional methods.

leading to the identification of species with DNA sequence
deletions at higher taxonomic levels (Brown et al., 2015).

Although there is only partial taxonomic overlap among
the resulting datasets, multiple datasets provide complemen-
tary views of an integrative system. To maximize the detec-
tion capabilities of eDNA methods, it is imperative to en-
hance the taxonomic coverage of reference databases, deter-
mine the threshold at which specific primers can fully re-
flect actual species in local studies through comparisons with
traditional methods (Brown et al., 2015), and use alternative
barcodes for the same taxa to improve taxonomic accuracy.
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Figure 5. Comparison of α diversity in lake and river water. The
blue and green dots represent individual data points of lake and river
water samples, respectively, and the horizontal line in the middle
represents the median. The results of the Wilcoxon rank sum test
are shown at the top.

4.2 Effects of media on eDNA investigation of fish
assemblages

Each lake site has a varying number of species that can be
detected in the two media, and neither of the media exhibits
any clear advantages across all sites, highlighting the limita-
tions of relying on a single medium for eDNA fish surveys.
Surface sediments have long been thought to have a stronger
eDNA preservation capacity than the aqueous phase; for ex-
ample, the eDNA of Cyprinus carpio can be concentrated
8–1800 times more in sediment than in water and can be
preserved in sediments for up to 132 d (Turner et al., 2015).
However, the eDNA of Grandidierella japonica has a com-
parable half-life in both surface sediments and water, lasting
from a few days to a few weeks (Wei et al., 2018). Addition-
ally, the eDNA of the great crested newt showed a higher site
occupancy in the water phase (Buxton et al., 2018). It seems
that the existence time of eDNA varies by species. But as a
whole, sediment contains more species information. Among
the 15 lake sites, 9 species can only be found in sediment, 6
of which are benthic fish. The number of species that were
only detected in sediment was also slightly higher than in
water at the five fishing sites. The findings may be specifi-
cally relevant to the relatively small spatial scales and lentic
ecosystems, but a study in large rivers has shown that the
detection rate of fish in different media is almost unaffected
by habitat preference (Shaw et al., 2016), which may be at-
tributed to the resuspension and horizontal migration of sed-
iments under strong hydrodynamic conditions (Turner et al.,
2015; Wotton and Malmqvist, 2001). In summary, although
species, habitat preference, and hydrodynamic dynamics will
all influence the survey results of both media, these errors
seem to be negligible (Sales et al., 2021).

Figure 6. Fits of the neutral community model (NCM) with the
community assembly. Fit of the neutral community model of com-
munity assembly based on data from (a) lake water, (b) lake sedi-
ment, (c) lake water, and (d) river water. The solid blue lines rep-
resent the best fit of the model, the dashed blue lines represent the
95 % confidence interval around the model prediction, species that
occur within the predicted range are shown in black, and species
that occur more or less than predicted are shown in blue or red. R2

represents the fit degree of the model, and Nm represents the prod-
uct of community size and migration times.

4.3 Fish assemblage structure reflects the connectivity
of the river–lake system

Rivers and lakes differ in various aspects, such as hydrol-
ogy, habitat, and water quality, leading to differences in as-
semblage between them (Vitule et al., 2012). However, when
the river–lake system has a long connection time, the water
volume of the linked river is relatively stable, the water state
will be more similar, and the composition of the aquatic com-
munity will tend to be consistent (Lesack and Marsh, 2010).
The loss of the river–lake connectivity can lead to uneven ex-
tinctions of fish, especially rare orders and families, further
reducing the diversity of fish assemblages (Li et al., 2024).
Contrarily, isolated or fragmented ecosystems often lead to
regional differentiation due to increased habitat heterogene-
ity and environmental gradients, and β diversity will increase
(Jiang et al., 2021; Zhang et al., 2019). The high similarity of
river–lake communities in this study suggests that there is
good river–lake connectivity between Baiyang Lake and in-
flow rivers. Although Baiyang Lake has been cut off due to
drying up many times since 1960, the government has replen-
ished the ecological water more than 50 times since 1980 (Li
et al., 2021). Our research reflects the effectiveness of eco-
logical water replenishment measures to some extent.
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Figure 7. Redundancy analysis (RDA) among the species and envi-
ronmental factors in (a) river and lake water and (b) lake sediment.

4.4 Community assembly patterns reflected by eDNA in
different media

The neutral community model makes predictions based on
the different capacities for the dispersion of species within a
community. The points above the curve represent species that
are found more frequently than expected, indicating that they
have stronger migration ability and can disperse to more lo-
cations, and the points below the curve represent species that
are found less than expected, which indicates that they have
low dispersion capacity (Chen et al., 2019). In this study,
species data obtained by the two media performed very dif-
ferently in their fits with the neutral community model. The
fitting degree of the sediment samples performed a strong,
dominant role in the neutral process; however, the data ob-
tained from the water samples showed that the deterministic
factors had a greater impact on the community (Fig. 6). This
difference may be caused by the characteristics of the two
media: eDNA can form sediment rapidly in shallow lakes,
and the combination of eDNA with minerals and insoluble
organic particles in sediments provides a more stable preser-
vation environment, making the results reflected by surface
sediments more steady (Kuwae et al., 2020; Shaw et al.,
2016; Turner et al., 2015). In addition, eDNA in water may
be greatly affected by hydrological factors such as velocity
and flow rate and environmental factors such as temperature
and pH (Stewart, 2019; Wang et al., 2021), which increased
the uncertainty in water eDNA. However, the combination of
lake water and sediment eDNA did not fit the NCM, which
is different from the results when each medium is considered
alone, suggesting that simply combining data from both me-
dia is not a straightforward approach for analyzing the mech-
anisms of lake community assembly.

The RDA analysis of water indicates that temperature had
a significant effect on fish assemblages. Numerous studies
indicate water temperature could influence the metabolism,
growth, physiology, and immune function of fish and in-
crease the excretion of genetic material (Engelsma et al.,
2003; Selong et al., 2001; Takahara et al., 2012). Addition-
ally, fish mobility may increase with water temperature, and
genetic signals may also be more homogenized accordingly

(Stewart, 2019). The VPA analysis reveals environmental
factors just have a minor impact on the fish assemblages
(Figs. 7 and S3, Table S3). Regarding the dispersion degree
represented by Nm, sediment samples exhibit lower values
compared to traditional methods. This confirms the dura-
bility of eDNA in sediment locations. However, this stabil-
ity may lead to an underestimation of mobility when using
sediment eDNA for community assembly correlation anal-
ysis. The migration degree of fish reflected by river eDNA
is higher than that of lake fish reflected by traditional sur-
veys, which could be attributed to the migration of eDNA
driven by strong hydrodynamic forces in rivers (Díaz et al.,
2020). However, since NCM has always been applied to pre-
dict with a massive amount of data, an insufficient amount
of fish data may cause the indeterminacy of the result. Ad-
ditionally, the technical defects of eDNA, like amplify bias
and cross-contamination, mean that eDNA abundance is not
always a good proxy for species abundance, and the fish as-
semblage assembly mechanisms still need more research to
be verified.

5 Conclusions

In this study, traditional investigation and eDNA detection of
fish in surface sediments and water in a complex river–lake
system were combined to reveal the structure, pattern, and as-
sembly mechanism of fish assemblages in the river–lake sys-
tem, and the results in two environmental media were com-
pared. The results show that (i) fish assemblages in complex
river–lake systems can be highly homogeneous. (ii) There is
no significant difference in the fish assemblage composition
reflected by water and sediment eDNA; however, eDNA in-
vestigations using only water samples may miss important
benthic fish, so it is recommended to combine both media
in investigations focusing on the specific species. (iii) When
depending on the neutral community model to analyze com-
munity assembly mechanisms, lake sediment eDNA reflected
that the fish assemblages are primarily influenced by stochas-
tic processes (50.2 %), while the river and lake water eDNA
indicated fish assemblages are predominantly shaped by de-
terministic processes. (iv) Upon exploring deterministic fac-
tors, water environmental factors accounted for only 8 % of
the variance, suggesting that hydrological factors like veloc-
ity, discharge, and water level may exert a strong influence on
water eDNA. In contrast, sediment environmental factors ex-
plained 21 % of the variance, with TP and NH3–N identified
as the primary factors influencing the sediment eDNA. Al-
though the NCM successfully predicted the fish assemblage
distribution, it is difficult to infer the large proportion of un-
explained variance revealed by VPA. To fully understand the
fish community assembly mechanisms, it is suggested that
future research considers the sampling-scale effects (spatial
extent and timescale) and, more importantly, explanatory de-
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terministic factors (e.g., hydrographic factors and species in-
teractions).
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Öğlü, B., Bhele, U., Järvalt, A., Tuvikene, L., Timm, H., Seller,
S., Haberman, J., Agasild, H., Nõges, P., Silm, M., Berno-
tas, P., Nõges, T., and Cremona, F.: Is fish biomass controlled
by abiotic or biotic factors? Results of long-term monitoring
in a large eutrophic lake, J. Great Lakes Res., 46, 881–890,
https://doi.org/10.1016/j.jglr.2019.08.004, 2020.

Oka, S., Doi, H., Miyamoto, K., Hanahara, N., Sado, T., and
Miya, M.: Environmental DNA metabarcoding for biodiver-
sity monitoring of a highly diverse tropical fish community
in a coral reef lagoon: Estimation of species richness and
detection of habitat segregation, Environ. DNA, 3, 55–69,
https://doi.org/10.1002/edn3.132, 2021.

Poikane, S., Ritterbusch, D., Argillier, C., Białokoz, W., Blabolil,
P., Breine, J., Jaarsma, N. G., Krause, T., Kubečka, J., Laurid-
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