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The fisheries resources of the Yangtze Estuary and its adjacent waters have undergone

dramatic declines as a consequence of environmental changes and human activities,

with traditional ecological investigations demonstrating progressive decreases in species

diversity and annual numbers in the fisheries resource. Environmental DNA (eDNA)

technology has been demonstrated as an effective tool by many studies for detecting

fish species, monitoring fish biodiversity, and indicating the abundance of fish. In the

present study, we chose the Yangtze Estuary and its adjacent waters as a primary

research area to investigate fish assemblage structure using eDNA technology. A total

of 50 eDNA samples were collected in the estuary in 2018. The results showed

that 41 operational taxonomic units were identified from three seasons, with 18,

12, and 33 fish species associated specifically with spring, summer and autumn,

respectively. The fish assemblage differed significantly among seasons. Canonical

correspondence analysis showed that water temperature, salinity, and dissolved oxygen

were the main environmental factors affecting structure of the seasonal assemblages.

Results of the present study indicate that eDNA technology can be an effective tool

not only for fisheries monitoring, but might also importantly assist marine resources

conservation, sustainable exploitation of fisheries, the aquatic products processing

industry, eco-friendly development, and socioeconomic stability.

Keywords: Yangtze Estuary, marine fish, assemblage structure, environmental DNA, MiSeq, seasonal

assemblages

INTRODUCTION

The Yangtze Estuary and its adjacent waters is an important spawning and nursery ground formany
commercial fish species, and is also a large and important bait field for many species in summer and
autumn (Luo and Shen, 1994). Additionally, the Yangtze Estuary is the only migration channel of
the endangered species such as Chinese sturgeon, roughskin sculpin, and reeves shad. Thus, the
Yangtze Estuary occupies an important ecological and economical position (Luo and Shen, 1994).
In recent years, with the environmental changes and human activities, fisheries resources of the
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Yangtze Estuary seriously decline, and the species and
numbers of fisheries resources based on the traditional
ecological investigation is decreasing year by year
(Zhang et al., 2015, 2016, 2019).

Environmental DNA (eDNA) refers to DNA that can be
extracted from environmental samples without first isolating any
target organisms (Taberlet et al., 2012). Ficetola et al. (2008) were
the first to report on eDNA. By collecting eDNA samples, based
on genetic analysis methods (e.g., next-generation sequencing
technologies), it is possible to detect species that appear in the
survey area. Recently, research conducted in various aquatic
environments and concerning different species have verified the
effectiveness and sensitivity of eDNA in species detection. For
example, a large study conducted in the United States by the
Water Conservation Center developed eDNA technology for the
detection of silver carpHypophthalmichthys molitrix and bighead
carpH. nobilis in waterways connecting to the Great Lakes (Jerde
et al., 2011). Goldberg et al. (2011) demonstrated the use of eDNA
techniques involving DNA extraction and PCR methods for the
detection of Idaho giant salamander Dicamptodon aterrimus and
Rocky Mountain tailed frog Ascaphus montanus in source-water
streams. Thomsen et al. (2012) showed that eDNA techniques
can be effective for monitoring crustaceans, aquatic insects,
aquatic mammals, birds, and terrestrial mammals in freshwater
environments. Since 2012, there has been a significant increase
in articles on the use of eDNA for the detection of vertebrates,
including several review papers, notably those of Bohmann et al.
(2014), Barnes and Turner (2016), and Rees et al. (2014), plus
at least 12 papers on biosafety as mentioned by Goldberg et al.
(2015). Together, these studies provide a necessary foundation
for further using eDNA technology for detecting fish species and
monitoring fish biodiversity in marine environments.

Marine fish stock surveys are usually carried out using
sampling with nets, which is most reliable when monitoring
highly abundant species but has less probability of catching
valued though low-abundance fish or endangered species. Thus,
as many wild fish resources continue to decrease, traditional
resource survey methods may lack reliability (Magnuson et al.,
1994). Numerous studies have now shown that the eDNA
method can be more sensitive and efficient than traditional
survey methods. For instance, Dejean et al. (2012) investigated
two traditional bullfrog species in a study of alien species
invasion, and compared a traditional survey method with eDNA
technology; their results showed that eDNA was the more
convenient and effective choice. Takahara et al. (2012) developed
a method using eDNA technology for estimating the biomass
of carp in experimental environments and in waters in the
wild, and concluded that eDNA technology might be aptly
applied to estimations of fish biomass in the wild. Davy et al.
(2015) used eDNA to monitor eight species of freshwater turtles,
thereby demonstrating the method’s applicability to potential
investigations and monitoring of endangered species. Sigsgaard
et al. (2015) monitored a near-extinct species of loach in
Danish waters using both traditional survey methods and eDNA
techniques; the results showed that the eDNA method was
reliable and cost less. Smart et al. (2016) likewise concluded that
the eDNA method would be more cost-efficient than traditional

methods for the purposes of aquatic taxonomy, and they explored
the costs of optimizing eDNA technology. Evans et al. (2017)
compared the advantages and disadvantages of the electroshock
method with eDNA metabarcoding for quantifying brook trout
Salvelinus fontinalis, showing that the eDNA method was more
time- and labor-efficient (saving about 67% of the costs); thereby
suggesting that eDNA can valuably complement other methods
of investigation.

Spatial and temporal variation in fish assemblages of the
Yangtze Estuary has been widely studied (Yang et al., 1990;
Zhu et al., 2002; Zhong et al., 2007; Zhang et al., 2015,
2016, 2019). The changing environmental status of the Yangtze
Estuary has compelled numerous studies of the seasonal
variation in species composition and biodiversity, including
the characteristics of the region’s ichthyoplankton assemblage
structure and its relationship with environmental factors, such as
water temperature, depth, dissolved oxygen, and salinity.

This study utilized water samples and data on environmental
conditions collected during three cruises on the Yangtze
Estuary and its adjacent waters, in 2018, to characterize
the estuary’s fish assemblage. Especially, we applied eDNA
technology to determine species composition and biodiversity,
and thereby further reveal relationships between the spatial-
temporal distribution patterns in the fish assemblage and
prevailing environmental factors. To our knowledge, this
investigation is the first attempt to use eDNA in the Yangtze
Estuary and its adjacent waters for the benefit of fishery science
in the region. The results should provide an improved scientific
basis for management and sustainable utilization of the estuary’s
fisheries resources.

MATERIALS AND METHODS

Sample Collection
A total of 50 eDNA samples were collected from the Yangtze
Estuary and its adjacent waters (30◦45′-32◦00′ N, 121◦00′-
123◦20′ E), during spring, summer and autumn cruises, in
2018. We collected 15 eDNA samples in spring and summer,
and 20 in autumn. Briefly, 2-L water samples were collected
at the surface using a bucket, and from bottom waters using a
van Dorn sampler (Table 1 and Figure 1). Water samples were
immediately filtered on the research vessel using a SterivexTM-
GP filter unit without a filling bell (pore size 0.22µm; EMD
Millipore Corp.). To minimize cross-contamination, the filter
funnels and measuring cups were bleached after every filtration,
and 50 artificial seawaters were filtered. We then added DNA
preservation buffer (Tiandz Inc.) into the filter unit. Total eDNA
was extracted from each filter using a DNeasy Blood and Tissue
Kit (Qiagen). To check for cross-contamination during eDNA
extraction, eDNA was simultaneously extracted from deionized
water. These eDNA samples and negative-control samples were
obtained specifically for this study.

Real-time data on the environmental parameters of the
water column were measured, including water temperature
(T), salinity (S), total nitrogen (TN), total phosphorus (TP),
pH, suspended matter (SPM), depth (D), dissolved oxygen
(DO), and chemical oxygen demand (COD). Collection of all
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data followed the guidelines in “Specification of Oceanographic
Investigation” (GB12763-2007).

Paired-End Library Preparation on the
MiSeq Platform
Amplicon libraries of partial 12S rRNA genes were obtained
by PCR amplification using the universal primer pairs for fish
eDNA, MiFish-U/E (Miya et al., 2015). The first PCR was
performed using the two universal primer pairs. The total
reaction volume was 12 µl and comprised 6.0 µl of 2× KAPA
HiFi HotStart ReadyMix, 3.6 pmol of each MiFish primer, 1 µl
of template, and water. The thermal-cycle profile was: 95◦C for
3min; 35 cycles of 98◦C for 20 s, 65◦C for 15 s, and 72◦C for
15 s; and 72◦C for 5min. The first PCR products were diluted

TABLE 1 | Sampling location.

Station Longitude Latitude Spring Summer Autumn

01 122.00 30.75 + + +

02 122.17 30.75 + + +

03 122.33 30.75 + + +

04 122.00 31.00 + + +

05 122.17 31.00 + + +

06 122.33 31.00 + + +

07 122.50 31.00 + + +

08 122.67 31.00 + + +

09 122.00 31.13 + + +

10 122.17 31.25 + + +

11 122.33 31.25 + + +

12 122.50 31.25 + + +

13 122.67 31.25 + + +

14 122.50 31.50 + + +

15 122.67 31.50 + + +

16 122.67 31.75 +

17 123.00 31.75 +

18 123.33 31.75 +

19 123.00 31.50 +

20 123.00 31.25 +

10 times using Milli-Q water, and used as a template for the
following PCR. The second PCR was performed to add MiSeq
adaptor sequences and 8 bp index sequences to both amplicon
ends. The total reaction volume of the second PCR was also 12
µl, comprising 6.0 µl of 2× KAPA HiFi HotStart ReadyMix, 3.6
pmol each of the forward and reverse primers, 1 µl of template,
and water. The thermal-cycle profile for the second PCR was:
95◦C for 3min; 12 cycles of 98◦C for 20 s, and 72◦C for 30 s; and
72◦C for 5min. PCR amplifications were performed in triplicate
for each eDNA sample. As a result, three replications of a single
eDNA sample had different index sequences, allowing us to assess
whether PCR replication increased the number denoting the
species detected. All the indexed PCR products were pooled in an
equal volume and the pooled libraries were purified by agarose
gel electrophoresis. Finally, the libraries were sequenced using
an Illumina MiSeq v2 Reagent Kit for 2 × 150 bp paired-end
reads (Illumina, San Diego, CA, USA). We acknowledge that all
samples analyzed in the present study were sequenced on a single
MiSeq run, but that samples analyzed for other research projects
were simultaneously sequenced on this run. The total number of
reads obtained from the run was 2,308,620 for spring, 1,475,304
for summer, and 4,320,556 for autumn.

Data Quality Control and Reads Assembly
Using the program FastQC (Andrews, 2010), the tails of each
MiSeq read were trimmed until the Phred quality score (related
to the base-calling accuracy) of the last base was ≥20. The
paired-end reads (R1 and R2 in the MiSeq platform) were then
assembled using the program Flash (Magoč and Salzberg, 2011)
when read pairs overlapped by more than 9 bp; reads that
could not be assembled were discarded. Next, we discarded
reads containing ambiguous bases (Ns). After that, because the
expected amplicon length (target region+ 127 bp of the first PCR
primer sequences) was 297 ± 25 bp, according to comparisons
of fish 12S rRNA gene sequences, reads with sequence lengths
outside the range 272–322 bp were similarly discarded. In
addition, chimeric reads were searched and removed using
UCHIME (Edgar et al., 2011). Finally, primer sequences were
removed from each read using TagCleaner. In this process, we
allowed for mismatches in <4 bases in the search for primer

FIGURE 1 | Sampling location.
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sequences, for two reasons: the sequence of MiFish-U/E primer
sets show a two-base difference in forward primers and a one-
base difference in reverse primers; and, PCR can amplify fish 12S
rRNA sequences even if the sequences have a few mismatches in
the primer binding sites.When primer sequences were not found,
the read was discarded. This data processing was implemented by
the MitoFish database (Iwasaki et al., 2013) and MiFish pipeline
(Sato et al., 2018; available at http://mitofish.aori.u-tokyo.ac.jp/).

Fish Species Identification
We used the same pipeline program mentioned above for
taxonomic assignment of the obtained sequences. Before
taxonomic assignment, MiSeq reads with an identical sequence
(97% sequence similarity, E-value= 10−5) were assembled using
UCLAST (Edgar et al., 2011), and assembled sequences with ≥2
MiSeq reads were subjected to a BLAST search (Camacho et al.,
2009). If the sequence similarity between queries and the top
BLAST hit was ≥99% and the E-value was ≤10−5, the assembled
sequence was assigned to the top-hit species. Conversely, if
the top-hit sequence was <99%, the unique sequence was not
subjected to the following analyses. Note that ≥99% similarity
indicates a less than two-base difference between the query
and reference sequences because the maximum sequence length
subjected to taxonomic assignment is 195 bp. This procedure
also works as a filter for erroneous reads because erroneous
reads are expected to never match the reference species DNA
at ≥97% similarity by chance. After BLAST searches, assembled
sequences assigned to the same species were clustered, and we
considered the clustered sequences as an operational taxonomic
unit (OTU). The reliability of each assignment was evaluated
and classified as high, moderate, or low (Miya et al., 2015). Of
those three classes, low-confidence assignments suggest that the
taxon assigned to an OTU cannot be distinguished from a second
candidate taxon. In the present study, MitoFish, NCBI Organelle
Genome Resources were used for the BLAST search. After blast,
we confirm the species name according to supplementary ofMiya
et al. (2015).

Fish Assemblage Structure
Fish abundance was analyzed according to the total number of
reads of each species that was detected in the Yangtze River in the
present study.

The Simpson index (D) and Shannon–Wiener index (H′, loge)
were calculated for each season. The related equations were as
follows (Ludwig and Reynolds, 1988):

D = (S− 1)/ lnN (1)

H′
= −

S∑

i=1

Pi · ln Pi (2)

Where S is the number of species, N is the total individuals, and
Pi is the proportion of individuals belonging to a species to the
total individuals. Calculations were carried out using the diversity
function in the vegan package of R software (v3.5.3).

Nonmetric multidimensional scaling (NMDS) was
used to show the seasonal difference. NMDS analysis
was performed on the weighted UniFrac distance and

TABLE 2 | OTUs and species information for three seasons.

OTU ID Species Spring Summer Autumn

AB969962 Pennahia argentata †

AB970004 Harpadon nehereus † † †

AB972202 Upeneus japonicus †

AB972205 Larimichthys crocea †

AB972229 Trichiurus japonicus † †

AB972233 Nibea mitsukurii †

AB974486 Benthosema pterotum † †

AB974524 Acropoma japonicum †

AB974683 Liparis tanakae † †

NC002333 Danio rerio †

NC003196 Pagrus major †

NC006131 Acanthogobius hasta † † †

NC006291 Carassius carassius †

NC009579 Coilia nasus † † †

NC010194 Hypophthalmichthys nobilis †

NC011707 Pampus sp. † † †

NC011710 Larimichthys polyactis † † †

NC014263 Collichthys niveatus † †

NC014350 Collichthys lucidus †

NC014351 Miichthys miiuy † †

NC015205 Nibea albiflora †

NC016693 Trypauchen vagina †

NC018347 Bahaba taipingensis †

NC020466 Cyprinidae sp. †

NC020468 Setipinna taty † † †

NC021130 Johnius grypotus †

NC021460 Psenopsis anomala †

NC022464 Johnius belangerii † †

NC023538 Coilia grayii †

NC023980 Saurida microlepis † †

NC028228 Sillago japonica †

NC029228 Amblychaeturichthys hexanema †

NC029341 Phoxinus semotilus †

NC030374 Odontamblyopus lacepedii †

AB969925 Decapterus maruadsi †

AB972113 Scomber japonicus † †

KM257636 Coilia mystus † †

NC009057 Oreochromis sp. † †

NC021597 Glyptosternon maculatum †

NC024184 Trachinotus carolinus †

NC025669 Oreochromis niloticus †

unweighted UniFrac distance using R software (v3.5.3),
and assemblage structure was described by a two-dimensional
sorting graph. The thermal image was used to show the
difference of assemblage composition based on the abundance
distribution of the OTUs or the degree of similarity between
the seasons.

Canonical correspondence analysis (CCA) was applied to
analyze the correlation between environmental factors and
the distribution pattern of ichthyoplankton assemblages.
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FIGURE 2 | Species distribution in three seasons.

To eliminate the effect of few dominant species and
plenty of zeros in the species data and highly variable
values in the environment data, all data matrices were
transformed by log(x + 1). This analysis was performed with
CANOCO 5.0.

RESULTS

Species Composition
After the quality-control process, the total number of reads
obtained from the run was 2,308,620 for spring, 1,475,304
for summer, and 4,320,556 for autumn. All the reads were
blasted in MitoFish, NCBI Organelle Genome Resources,
and M.M.’s laboratory (the raw data is available online
as Supplementary Material). A total of 41 OTUs were
identified from the three seasons in the Yangtze Estuary
and its adjacent waters in 2018; there were 18, 12, and
33 species separately belonging to spring, summer, and
autumn, respectively (Table 2 and Figure 2), 17 species
were found in at least two seasons. Due to the strong biases
of species composition in different seasons, we selected
the first 20 species with read numbers higher than 4,000
for further analysis, because others were detected only
in autumn.

The dominant fish species were large yellow croaker
Larimichthys crocea, Bombay duck Harpadon nehereus,
Chinese drum Miichthys miiuy, burrowing goby
Trypauchen vagina, Japanese grenadier anchovy Coilia
nasus, the lizardfish Saurida microlepis, croaker Johnius
grypotus, scaly hairfin anchovy Setipinna taty, Osbeck’s
grenadier anchovy Coilia mystus, and pinkgray goby
Amblychaeturichthys hexanema, with read numbers all higher
than 10,000.

TABLE 3 | Diversity index in different seasons.

Index Spring Summer Autumn

Simpson index (D) 0.16 ± 0.02A 0.08 ± 0.01B 0.56 ± 0.05C

Shannon-Wiener index (H’) 0.31 ± 0.02A 0.12 ± 0.01B 1.15 ± 0.11C

P < 0.01, Numbers with different superscript are significantly different with each other.

Diversity and Seasonal Assemblage
Structure
Indices D and H′ were calculated in each season to show
differences among the three seasons (Table 3 and Figure 3).
Autumn presented the highest diversity indexes, and summer
presented the lowest (Table 3). Furthermore, according to the
results of multiple comparisons, the diversity indices all differed
significantly among spring, summer, and autumn (Figure 3).

Seasonal assemblage structure was described in a two-
dimensional sorting graph based on the NMDS analysis. These
results showed that the assemblage structure differed significantly
among the three seasons (Figure 4). The thermal image was also
used to show the difference of assemblage composition based
on the abundance distribution of the OTUs or the degree of
similarity among the seasons (Figure 5).

Relationship With Environmental Factors
The relationships between the environmental factors and the
detected species were clarified in a CCA ordination diagram
using data from the 20 species and the set of eight environmental
factors (Table 4). AMonte-Carlo test indicated that T was the key
environmental factor affecting the fish assemblages (P < 0.05); as
shown in the plot, the first axis is strongly correlated with T, S,
and DO.
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FIGURE 3 | The seasonal difference based on Simpson and Shannon-Wiener index; *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 4 | Two-dimensional sorting graph of NMDS analysis.

As shown in the CCA ordination plot of fish species
(Figure 6), the correlation between environmental factors and
distributions of the different species was inconsistent, although
most of the species showed a strong relationship with T and DO.

DISCUSSION

The results of the present study demonstrate that eDNA
can likewise be an effective tool to estimate fish species
diversity, abundances, biomass, and spatial distributions in
the Yangtze Estuary and its adjacent waters. As a survey
method in aquatic environments, eDNA technology is
less disruptive to target species and less destructive to
ecosystems, and it can be used to monitor species in

different vertebrate categories. For example, eDNA has been
effectively used to detect the Japanese giant salamander
Andrias japonicus (Fukumoto et al., 2015), the loach
Misgurnus fossilis (Sigsgaard et al., 2015), Alabama sturgeon
Scaphirhynchus suttkusi (Pfleger et al., 2016), and brook
trout Salvelinus fontinalis (Evans et al., 2017), among other
monitored species.

In recent years, studies have shown that by monitoring
changes in eDNA concentrations, eDNA can be used to predict
functional trends for spawning grounds, feeding grounds, and
nursery habitats in a target area, with less effort and research
cost and more-efficient ecological monitoring. Spear et al.
(2015) used eDNA to investigate the resource of hellbender
salamander Cryptobranchus alleganiensis and found that the
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FIGURE 5 | Thermal image shows the difference of assemblage composition; OTUs id refers to Table 2.

TABLE 4 | Conditional effects and correlations of environmental variables by CCA.

Factor Explains % Contribution % Pseudo-F P

T 8.8 27.8 3.8 0.002

S 4.3 13.6 1.9 0.03

DO 3.5 11.1 1.6 0.118

COD 3.1 9.7 1.4 0.168

pH 2.5 7.9 1.1 0.362

TN 5.6 17.6 2.6 0.004

D 2.2 7 1.1 0.356

TP 1.7 5.4 0.8 0.598

eDNA concentration was at its highest during the animal’s
concealed breeding period. Erickson et al. (2016) studied the
migration path and spawning location of invasive carp using
eDNA techniques, and found a correlation between the eDNA
concentration and the migration path. Buxton et al. (2017)
found that the seasonal concentration of eDNA for northern
crested newt Triturus cristatus was highest starting in June
and exposed an increasing population size for juveniles starting
in mid-August. Bylemans et al. (2017) demonstrated that
changes in eDNA concentration were an important means
of monitoring the oviposition behavior of the endangered
freshwater Macquarie perchMacquaria australasica, and likewise
might be used to discern the spawning periods of other
fish species.

Other studies have shown that species abundance and floristic
distribution could be determined based on positive correlations
between eDNA concentrations and species biomass. Pilliod
et al. (2013) used traditional field survey methods and eDNA
to sample 13 rivers in Idaho, concluding that the eDNA
method was more advantageous and that eDNA concentrations

FIGURE 6 | The CCA biplot of fish species; OTUs ID were in italic and referred

to Table 2.

significantly positively correlated with biodensity and biomass.
Maruyama et al. (2014) studied the release rate of eDNA
into the freshwater environment for various developmental
stages of bluegill Lepomis macrochirus and found a positive
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correlation between eDNA concentration and biomass, based
on qPCR. Evans et al. (2016) determined the sequences of
six mitochondrial gene fragments for nine freshwater species
(eight fishes and one amphibian); the sequence copy number
positively correlated with the abundances of the nine species.
Doi et al. (2017) undertook a snorkeling survey of the
Zopo River in Japan and proved a relationship between the
concentration of eDNA and the abundance and biomass of ayu
Plecoglossus altivelis. Pont et al. (2018) demonstrated of the
capacity of eDNA metabarcoding to describe longitudinal fish
assemblage patterns in a large river, and metabarcoding appears
to be a reliable, cost-effective method for future monitoring.
Thus, eDNA has the potential to be used as an indicator of
biological abundance. Lacoursière-Roussel et al. (2016) argue
that a large number of examples showing a relationship
between eDNA concentration and species abundance proves
that eDNA might now be feasibly and widely used in
fisheries assessments.

In the present study, after quality control, the total number of
reads obtained from the run was 2,308,620 for spring, 1,475,304
for summer, and 4,320,556 for autumn, with a total of 41 fish
species identified in the 2018 samples across three seasons.
This number is a reasonable estimate when compared with
traditional surveys. For instance, Zhang (2012) identified 36
species from fish captures in the estuary in 2004 and 2007, 42
species in 2009 and 2010, and 36 species in 2011, though the
species composition differed from that found in the present study
(Table 5). However, the dominant species were different from
the present work compared to other studies. The main reason
for this should be for the net survey, IRI index is always used
for determine dominant species (Zhang, 2012) while we used
number of sequence reads in the present study. Other studies
also suggest that eDNA analysis is a useful tool to estimate fish
abundance/biomass as well as their spatial distribution (such as
Doi et al., 2017).

Besides the detection of dominant species, our eDNA
analysis also distinguished several rarer fishes, namely large
yellow croaker Larimichthys crocea, bighead croaker Collichthys
niveatus, Pacific rudderfish Psenopsis anomala, and Gray’s
grenadier anchovy Coilia grayii, which were all regularly
captured in the 1980s, before construction of the Three Gorges
Dam (Luo and Shen, 1994), but have not been captured in
recent years. This finding is particularly useful in relation to
conservation of the fisheries resource in the Yangtze Estuary and
its adjacent waters.

Strong seasonal changes in the composition of estuarine fish
communities are relatively common (Castillo-Rivera et al., 2003),
particularly in intermittently open estuaries. Many studies have
shown that most estuarine fish assemblages undergo significant
seasonal changes in community structure, often related to
changes in the estuarine mouth phase and salinity regime (e.g.,
Vorwerk et al., 2003; Becker and Laurenson, 2008; James et al.,
2008; Mendoza et al., 2009). However, some studies have found
no seasonal patterns in the fish communities of intermittently
closed estuaries, such as in southeastern Australia and along the
southeast coast of South Africa; there is no clear seasonality to
the mouth-opening events in these systems, which might explain

TABLE 5 | Species composition in different years.

Year Species

number

Dominant species Method

1998–2001 (Yu

and Xian, 2010)

48 Harpodon nehereus, Benthosema

ptero tum, Setipinna taty, Pampus

argenteus, Johnius belengeri

Net survey

2004 and 2007

(Zhang, 2012)

36 Trichiurus lepturus, Setipinna taty,

Engraulis japonicus, Trachurus

japonicus, Larimichthys polyactis,

Scomber japonicus

Net survey

2009 and 2010

(Zhang, 2012)

42 Larimichthys polyactis,

Chelidonichthys kumu, Harpadon

nehereus, Setipinna taty, Pampus

argenteus

Net survey

2011 (Zhang,

2012)

36 Coilia mystus and Larimichthys

polyactis

Net survey

2018 (This study) 41 Larimichthys crocea, Harpadon

nehereus, Miichthys miiuy,

Trypauchen vagina, Coilia nasus,

Saurida microlepis, Johnius grypotus,

Setipinna taty, Coilia mystus,

Amblychaeturichthys hexanema

eDNA

the lack of seasonal patterns in the fish species composition
(Griffiths, 2001; Jones and West, 2005; James et al., 2008).

In the present study, the D and H′ indices calculations,
NMDS, and the thermal image showed that significant seasonal
differences occur in the Yangtze Estuary and its adjacent
waters. CCA indicated that T, S, and DO were the main
environmental factors affecting the seasonal fish assemblages.
In previous work, we attributed significant variations in the
fish assemblage from 1999 to 2009 to declines in the number
of fish species and biomass, leading to the succession of
dominant species. Water temperature, depth, and salinity still
have a strong impact on the fish assemblage, while TSM has
an important influence on their spatial structure. Freshwater
inflow is the critical factor determining abiotic and biotic
variability (Morais et al., 2009), and has an important impact
on the distribution and abundance of ichthyoplankton within an
estuarine ecosystem (Faria et al., 2006). Changes in freshwater
flow into an estuary and adjacent areas affect nutrient levels,
with consequences for primary productivity and associated
trophic chains (Morais et al., 2009). In Yangtze Estuary
and its adjacent waters, there are significant differences of
freshwater flow in different seasons (Luo and Shen, 1994),
thus the environmental factors, especially T, S, and DO
change a lot in different season. Variation in environmental
factors plays a major role in partitioning fish assemblages in
many estuarine systems (e.g., Akin et al., 2003, 2005). The
current results suggest that the environmental factors impacting
the estuary’s fish assemblage have likely changed since the
previous study; while it is a common phenomenon that an
estuary ecosystem may undergo change, continuous ecological
monitoring is needed.

The present primary study is the first case to use eDNA
to determine the seasonal fish assemblage structure in the
Yangtze Estuary and its adjacent waters, and ongoing research
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on this topic is warranted. Continuing investigation will
broadly benefit the region’s marine resource conservation,
sustainable exploitation of fisheries, aquatic products
processing, environmental-friendly development, and
socioeconomic stability.
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