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Abstract
Poyang Lake is the largest freshwater lake in China, and its unique ecosystem plays an important role in maintaining biodiver-
sity. However, the biodiversity of Poyang Lake is facing a serious threat as a result of human activities. Species investigation 
is the basis of biodiversity protection. In order to improve the water ecological monitoring system and achieve efficient and 
non-invasive species monitoring, environmental DNA metabarcoding was used in this study to assess biodiversity in differ-
ent habitats in Poyang Lake. A total of 45 species including 31 fish species and six bivalve species were detected in water 
samples collected from 29 sampling sites in six habitats in Poyang Lake (Jiangxi section of the mainstream of the Yangtze 
River, channel connecting Poyang Lake and the Yangtze River, main lake area of Poyang Lake, Nanjishan Nature Reserve, 
Junshan Lake and Qinglan Lake). The species were detected through a standardized process involving water sample collec-
tion, filtration, environmental DNA extraction, genetic marker amplification, high-throughput sequencing and bioinformatics 
analysis. The 31 fish species, which included 11 alien species, were mainly cyprinids and lake dwellers. Alpha diversity 
analysis indicated a decline in biodiversity in Poyang Lake habitats and a serious need for water ecology conservation. Beta 
diversity analysis revealed significant differences in the biotic community structures of the six habitats in Poyang Lake. 
The results align with those obtained with more traditional methods, and hence, environmental DNA metabarcoding can be 
used as an alternative biodiversity monitoring tool for rapid detection of the diversity and spatial distribution of organisms 
(especially fish). This technique provides a new toolkit for biodiversity monitoring and aquatic ecological conservation in 
Poyang Lake area.
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Introduction

The loss of biodiversity is one of the most serious environ-
mental crises facing the world, and the biodiversity decline 
in freshwater populations is even greater than that in marine 
and terrestrial ecosystems (Valentini et al. 2016). The devel-
opment of rapid and effective tools to monitor biodiversity 
fluctuations is the focus of scientific research on conserva-
tion and management strategies. Traditional survey meth-
ods have been invaluable for monitoring aquatic biodiversity 

and developing management and conservation strategies, 
but they also have many shortcomings, such as inefficiency, 
selectivity, destructiveness or strict reliance on declining 
taxonomic expertise (Wheeler et al. 2004).

The recently developed environmental DNA metabar-
coding technology can directly extract DNA from envi-
ronmental samples (such as water, sediment, soil, etc.), 
apply universal primers for target groups, and identify 
multiple target species in environmental samples through 
polymerase chain reaction (PCR) amplification combined 
with high-throughput sequencing (Taberlet et al. 2012). 
There is no need to collect target organisms. The advan-
tages of non-destructive sampling and high detection 
sensitivity compensate for the deficiencies of traditional 
morphological monitoring. The environmental DNA meta-
barcoding technology has great application potential for 
biodiversity assessment (Thomsen and Willerslev 2015). 
In recent years, environmental DNA metabarcoding has 
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been widely used for fisheries management and diversity 
monitoring in freshwater ecosystems (Ruppert et al. 2019). 
A variety of amphibians, fish, mammals, insects and crus-
taceans have been found in environmental DNA biodiver-
sity surveys in hundreds of ponds, streams and rivers in 
the USA (Thomsen et al. 2012). Evans et al. (2017) used 
three pairs of common fish primers to detect all fish spe-
cies previously identified in a reservoir using traditional 
methods as well as 11 previously uncaptured fish species. 
Zhang et al. (2020) systematically evaluated the influence 
of spatial sampling design on the fish community structure 
in three lakes of different sizes based on environmental 
DNA technology, and the results confirmed that shoreline 
sampling was equally effective.

Located on the south bank of the middle and lower 
reaches of the Yangtze River, Poyang Lake is the largest 
freshwater lake in China and one of only three lakes con-
nected to the Yangtze River (Zhang and Li 2007). Water 
flows into Poyang Lake from five major rivers; the Ganji-
ang, Fuhe, Xinjiang, Raohe and Xiushui Rivers. The water 
then passes into the Yangtze River in the Hukou region 
after being regulated and stored in the lake (Zhang 1993). 
In recent years the increase in human activities, especially 
the overexploitation and utilization of freshwater resources 
(e.g. reclaiming land from lakes, sand mining, damming 
rivers, dike breeding, overfishing, etc.,) has caused seri-
ous damage to the freshwater ecosystem in Poyang Lake. 
These activities place the lake at risk of degradation and 
have seriously affected the biodiversity (especially fish 
species), resulting in significant changes in the community 
structure (Hu et al. 2011; Chen et al. 2012). The biodiver-
sity and ecological balance of Poyang Lake have attracted 
close attention from the state and Federal government. In 
recent years, relevant measures have been taken to ban 
fishing in Poyang Lake (Xu et al. 2020).

There is an urgent need to establish a rapid, effective, 
and environmentally friendly monitoring system for biodi-
versity conservation and ecological restoration in Poyang 
Lake. Baseline data can provide a scientific foundation for 
the formulation and implementation of fishery manage-
ment and ecological protection policies.

In this study, environmental DNA metabarcoding tech-
nology was used for the first time to investigate the struc-
ture and constitutive mechanisms of biological communi-
ties in different habitats in Poyang Lake. This study can 
provide the required baseline data to enable better under-
standing of the degradation of the lake fishery habitat and 
the evolution of biodiversity patterns. It can also provide 
important data for the restoration of the lake habitat and 
biodiversity, and provide a theoretical framework for the 
conservation and adaptive management of important fish-
ery lakes.

Materials and methods

Study area

Poyang Lake is a seasonal lake formed by water from the 
Yangtze River and five other rivers, with obvious flood and 
drought rhythms. It covered an area of about 2000 km2 at 
the time of sampling. We divided Poyang Lake into six 
habitats (Jiangxi section of the mainstream of the Yangtze 
River, channel connecting Poyang Lake and the Yangtze 
River, main lake area of Poyang Lake, Nanjishan Nature 
Reserve, Junshan Lake and Qinglan Lake) (Fig. 1).

Environmental DNA sampling

In this study, samples were collected from Poyang Lake in 
April 2019. According to the geographical environment, 
hydrology and habitat characteristics of Poyang Lake, 
a total of 29 sampling sites were set up in six habitats 
(Fig. 1). A 1 L surface water sample was collected from 
each site in a sterile plastic bottle and stored at – 4 °C 
before filtration. We conducted a study on the vertical dis-
tribution differences for the environmental DNA diver-
sity of fish in Poyang Lake, and the results showed that 
there were no significant differences (unpublished). Three 
duplicate samples were collected at each site. To reduce 
contamination between the sites, the surveyor followed a 
sterile protocol, e.g. wearing sterile gloves at each site, and 
the equipment was sterilized between each site. We filled 
the sample bottles with sterilized water to ensure there was 
no contamination on site or in the bottles.

Water sample filtration and environmental DNA 
extraction

The water was filtered within 24 h through a 0.45-μm 
mixed cellulose filter membrane (Jinteng, China) with an 
oil-free vacuum pump (Rocker 300, Taiwan). In order to 
assess the possible presence of exogenous DNA contami-
nation, a field blank control was used during filtration. The 
membranes were folded and preserved in sterile 1.5 mL 
centrifuge tubes at − 20 °C. Environmental DNA was 
extracted from the samples and blanks using the DNeasy 
Blood & Tissue Kit (Qiagen, Germany) according to the 
method described by Zhang et al. (Zhang et al. 2020). 
Three extractions were performed for each site. A blank 
membrane was used as the negative control.
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Amplification and high‑throughput sequencing

Mitochondrial cytochrome b degenerate primers L14912-
CYB: 5'-TTC​CTA​GCC​ATA​CAY​TAY​AC-3' (Y = C or T) 
and H15149-CYB: 5'-GGT​GGC​KCCT​CAG​AAG​GAC​
ATTTGKCCYCA-3' (K = G or T, Y = C or T) were ampli-
fied by PCR with barcodes for an eight-base sequence 
unique to each sample (Miya and Nishida 2000). The 
product size was approximately 285 bp and the target site 

of the primer pair was a conserved region widely found in 
vertebrates (Minamoto et al. 2012). PCR reactions were 
performed in triplicate in a 25 µL mixture comprising 5 μL 
of 5 × reaction buffer, 5 μL of 5 × GC buffer, 2 μL of a 
deoxynucleotide (dNTP, 2.5 mM) mixture, 1 μL of forward 
and reverse primers (10 uM), 50 ng of DNA template, 
0.25 μL of Q5 High-Fidelity DNA (2 U/μL) Polymerase 
(New England Biolabs, USA), and molecular biology-
grade water added up to 25 μL. For all samples, PCR was 

Fig. 1   Sampling sites at six 
habitats in Poyang Lake basin. 
Jiangxi section of the main-
stream of the Yangtze River 
(A1–A3), channel connecting 
Poyang Lake and the Yangtze 
River (B1–B8), main lake area 
of Poyang Lake (C1–C8), Nan-
jishan Nature Reserve (D1–D3), 
Junshan Lake (E1–E5), and 
Qinglan Lake (F1–F2)
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performed as follows: 98 °C for 2 min, followed by 30 
cycles of 98 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s, 
with a final extension at 72 °C for 5 min. Molecular biol-
ogy-grade water was used as a template for the negative 
control in each PCR reaction. Amplicons were extracted 
from 2% agarose gels and purified using the AxyPrep DNA 
Gel Extraction Kit (Axygen Biosciences, Union City, CA, 
US) according to the manufacturer’s instructions. All neg-
ative controls had no target bands, indicating that there 
was no exogenous DNA contamination during sampling, 
filtration, DNA extraction and PCR amplification. Paired-
end sequencing was performed on an Illumina MiSeq. The 
Mova-Seq-PE250 sequencing strategy was used. Low-
quality sequences were removed using QIIME software 
according to the following conditions: (1) sequences less 
than 150 bp in length, (2) sequences with an average Phred 
quality score < 20, (3) sequences containing ambiguous 
bases other than N, (4) sequences with base mismatches 
for the 5' end primers > 1, and (5) sequences containing 
single nucleotide repeats > 8 bp (Caporaso et al. 2010). 
Sequence alignment was performed using the UCLUST 
tool in QIIME software (Edgar 2010). Clusters with high-
quality sequence consistency over 97% were identified 
as operational taxonomic units (OTUs). The sequence 
with the highest abundance was selected from each OTU, 
screened against GenBank using the Basic Local Align-
ment Search Tool (BLAST), and assigned to the taxon 
with the highest total score (Chariton et al. 2010). Finally, 
OTUs with relative abundance values below 0.001% were 
removed (Bokulich et al. 2013). The relative abundance of 
all species at each site was estimated with pi = Ni/N, where 
Ni is the number of reads for species i and N is the total 
read for all species in the sample.

Data analysis

The parameters used for species annotation were identity 
value ≥ 97% and e-value < 10–10. OTUs that aligned to the 
same species were merged. If there was an OTU that could 
not be annotated at the species level, the analysis was car-
ried out one level higher. The number of valid sequences 
of species in each sample was counted in an Excel table. A 
species was considered to be present at the sampling point if 
it was detected in at least two duplicate samples. Sequencing 
produced a total of 2.98 million paired end reads, with 2.51 
million reads remaining after quality filtering. The average 
number of reads per site after filtering was 60,185.

The alpha diversity for each sample was calculated 
using four diversity indices: Shannon–Wiener index 
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index (D = (S − 1)/lnN), where S is the total number of spe-
cies in each sample, pi is the relative abundance, Ni is the 

number of reads for species i and N is the total read for 
all species in the sample. The differences in biodiversity 
between habitats were compared via non-parametric tests 
using IBM® SPSS® 25.0. The Kruskal–Wallis test was 
used to evaluate whether the distributions of multiple bio-
diversity indices were significantly different. Beta diversity 
refers to the differences or similarities in community com-
position among different groups of samples, determined 
through inter-group comparative analysis. Beta diversity 
was assessed using Principal Component Analysis (PCA), 
Nonmetric Multidimensional Scaling (NMDS) and clus-
ter analysis. For NMDS, multivariate analysis of variance 
(Adonis) was used to evaluate the differences in community 
structure in different habitats.

Results

Major taxa at the class level based on environmental 
DNA metabarcoding

In the spring of 2019, Pisces species accounted for 68.9% of 
all species identified in Poyang Lake, followed by Bivalves 
at 13.3%. The Pisces species in the Yangtze River habitat 
(A1–A3) accounted for about 70% of the total. Other classes 
included Mammalia, Bivalvia and Insecta (Fig. 2). The num-
ber of classes found at each sampling site in the channel 
connecting Poyang Lake and the Yangtze River (B1–B8) 
varied considerably. The samples collected at the B1 site 
contained Pisces and Mammals, with the former accounting 
for about 65% of all species. The samples collected at the 
B2, B3, B7 and B8 sites contained Pisces, Mammalia and 
Mastigophora. Four or more classes were identified at B4, 
B5 and B6. Among the sampling sites in the main lake area 
of Poyang Lake, five classes were identified at C1 and C6, 
and three classes were identified at C2, C3, C4 and C5. Oli-
gotricla was only found at C7. In Nanjishan Nature Reserve 
(D1–D3), Pisces species were absolutely dominant and the 
sample from D2 only contained fishes. In Junshan Lake and 
Qinglan Lake habitats, Pisces accounted for more than 50% 
of the species identified (Fig. 2).

Species composition and abundance

A total of 45 species were identified in the six habitats inves-
tigated, including 31 species of Pisces and six species of 
Bivalves (Table 1). Among the habitats, the largest number 
of species (28 species) was identified in the channel connect-
ing Poyang Lake and the Yangtze River, while the lowest 
number was identified in Qinglan Lake (10 species). Among 
the Pisces species identified, Cyprinus carpio were found 
in all habitats. Three fish species, Tachysurus fulvidraco, 
Hypophthalmichthys nobilis and Cyprinus rubrofuscus, 
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were identified in at least four habitats. Some fishes, such as 
Myxocyprinus asiaticus, Gobiobotia filifer, Rutilus rutilus, 
Mugilogobius myxodermus, Oreonectes platycephalus, and 
Microphysogobio tafangensis, were identified in only one 
habitat. Among the Bivalves identified, Solenaia oleivora 
and Nodularia douglasiae were found in four habitats, 
Arconaia lanceolata and Acuticosta chinensis were found 
in three habitats, and Lamprotula leai and Limnoperna fortu-
nei were found in only two habitats. Human sequences were 
present in all habitats. The amplified sequence contained 
a significant proportion of human sequences, which was 
normal because there were traces of human activity in the 
water. The primers used in this study need human sequence-
inhibiting primers to be added during amplification. These 
primers were not added in our study, which was why the 
human sequences were present in all habitats.

In this study, 31 fish species from eight orders, 11 fami-
lies and 24 genera were identified, including 20 indigenous 
species belonging to eight families and 15 genera as well as 
11 exotic species from five families and 10 genera (Table 1). 
Among them, 70.97% were limnicolous fishes, 16.13% were 
river–lake migratory fishes, 9.68% were river-sea migratory 
fishes and 3.23% were potamophilous fishes. Among the fish 
sequences detected, 94.62% were for limnicolous, 5.61% for 
river–lake migratory fishes, 0.15% for river-sea migratory 
fishes, and 0.06% for potamophilous fishes. The Pisces spe-
cies included the orders Cypriniformes, Siluriformes, Clu-
peiformes, Beloniformes, Osmeriformes, Gymnotiformes, 
Cyprinodontiformes and Perciformes, with Cypriniformes 
comprising the largest number of species at 19.

The highest abundance of C. carpio and Fundulus notatus 
was found in the Jiangxi section of the mainstream of the 
Yangtze River (Fig. 3). C. carpio and T. fulvidraco were 
most abundant in the channel connecting Poyang Lake and 

the Yangtze River habitat. Only C. carpio showed high 
abundance in both the main lake area of Poyang Lake and 
Nanjishan Nature Reserve. The species with the highest 
abundance in the Junshan Lake habitat were C. carpio and 
Xenocypris davidi. Hypophthalmichthys nobilis was the most 
abundant in Qinglan Lake.

Alpha diversity analysis of different habitats

The Shannon-Weiner diversity index for the different habi-
tats ranged from 0.45 to 1.70. The highest diversity index 
was found at the Jiangxi section of the mainstream of the 
Yangtze River, followed by the channel connecting Poyang 
Lake and the Yangtze River. The lowest diversity value was 
found in Qinglan Lake (Fig. 4). The Pielou Index ranged 
from 0.20 to 0.61, with the highest value in the Jiangxi sec-
tion of the mainstream of the Yangtze River and the lowest 
in Qinglan Lake. The Simpson index ranged from 0.22 to 
0.84, with the highest value in Qinglan Lake and the low-
est in the Jiangxi section of the mainstream of the Yangtze 
River. The Margalef index ranged from 1.04 to 2.62, with 
the highest value in the channel connecting Poyang Lake 
and the Yangtze River and the lowest in Nanjishan Nature 
Reserve. There was no significant difference (P = 0.416) in 
the diversity indices among different habitats (Fig. 4).

Beta diversity analysis in different habitats based 
on environmental DNA metabarcoding

PCA showed that the habitats in the channel connecting 
Poyang Lake and the Yangtze River, the main lake area of 
Poyang Lake, Nanjishan Nature Reserve and Junshan Lake 
had relatively similar species compositions. The Jiangxi sec-
tion of the mainstream of the Yangtze River and Qinglan 

Fig. 2   Class-level diversity of 
major taxa across the surveyed 
sites in Poyang Lake. Jiangxi 
section of the Yangtze River 
(A1–A3), channel connecting 
Poyang Lake and the Yangtze 
River (B1–B8), main lake area 
of Poyang Lake (C1–C8), Nan-
jishan Nature Reserve (D1–D3), 
Junshan Lake (E1–E5), Qinglan 
Lake (F1–F2)
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Table 1   Species identified 
through environmental DNA 
metabarcoding of water samples 
collected from six habitats in 
Poyang Lake

A—Jiangxi section of the mainstream of the Yangtze River, B—channel connecting Poyang Lake and the 
Yangtze River, C—main lake area of Poyang Lake, D—Nanjishan Nature Reserve, E—Junshan Lake, F—
Qinglan Lake. HG represents ecotype
LT limnicolous, MRL river–lake migratory, RM river-sea migratory, RT potamophilous
a Indicates species not previously detected in Poyang Lake

No. Species name HG A B C D E F

1 Cyprinus carpio Fish LT  +   +   +   +   +   + 
2 Tachysurus fulvidraco Fish LT  +   +   +   +   + 
3 Tachysurus nitidus Fish LT  + 
4 Chanodichthys ilishaeformis Fish LT  + 
5 Xenocypris davidi Fish MRL  + 
6 Xenocypris argentea Fish LT  + 
7 Xenocypris hupeinensis Fish LT  +   +   + 
8 Parabramis pekinensis Fish MRL  +   +   + 
9 Myxocyprinus asiaticus Fish MRL  + 
10 Saurogobio gymnocheilus Fish LT  +   + 
11 Hypophthalmichthys nobilis Fish MRL  +   +   +   + 
12 Hypophthalmichthys molitrix Fish MRL  +   +   + 
13 Carassius auratus Fish LT  + 
14 Coilia nasus Fish RM  +   + 
15 Gobiobotia filifer Fish LT  + 
16 Silurus asotus Fish LT  + 
17 Cyprinus rubrofuscusa Fish LT  +   +   +   +   + 
18 Hemiramphus far Fish LT  +   +   + 
19 Mugilogobius myxodermus Fish LT  + 
20 Coilia brachygnathus Fish LT  + 
21 Hemisalanx brachyrostralis Fish LT  + 
22 Oreonectes platycephalusa Fish RT  + 
23 Puntius sophorea Fish RM  +   + 
24 Barbatula minxianensisa Fish LT  + 
25 Brachyhypopomus hendersonia Fish LT  +   + 
26 Rutilus rutilusa Fish RM  + 
27 Fundulus notatusa Fish LT  + 
28 Microphysogobio tafangensisa Fish LT  + 
29 Barbus pleurogrammaa Fish LT  + 
30 Lepomis marginatusa Fish LT  +   + 
31 Brachyhypopomus albertia Fish LT  + 
32 Solenaia oleivora Mussel −   +   +   +   + 
33 Nodularia douglasiae Mussel −   +   +   +   + 
34 Arconaia lanceolata Mussel −   +   +   + 
35 Acuticosta chinensis Mussel −   +   +   + 
36 Lamprotula leai Mussel −   +   + 
37 Limnoperna fortunei Mussel −   +   + 
38 Homo sapiens Mammal −   +   +   +   +   +   + 
39 Pomatorhinus ruficollis Bird −   + 
40 Nilaparvata lugens Insect −   +   +   +   + 
41 Drosophila melanogaster Insect −   + 
42 Amynthas longisiphonus Earthworm −   + 
43 Diaphanosoma dubium Crustacean −   + 
44 Daphnia galeata Crustacean −   + 
45 Monosiga brevicollis Mastigot −   +   +   + 
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Lake were very different from the other habitats (Fig. 5a). 
After standardized conversion of the species abundance in 
the 29 sampling sites, clustering was performed based on 
the Euclidean distance and ward minimum connections. 
The results showed that the 29 sampling sites were clus-
tered into three branches with a Euclidean distance D = 17.2. 
Branch I included all sampling sites in the Jiangxi section 
of the mainstream of the Yangtze River. Branch II included 
24 sampling sites in four habitats, specifically the channel 
connecting Poyang Lake and the Yangtze River, the main 
lake area of Poyang Lake, Nanjishan Nature Reserve and 
Junshan Lake. The sampling sites at Qinglan Lake were part 
of branch III (Fig. 5b).

In this study, NMDS analysis was conducted on 5 groups 
of samples (Qinglan Lake was deleted due to the small num-
ber of sample points) at the species level. The NMDS stress 
value was 0.12, indicating a good result. The overall com-
munity structure was significantly different among habitats 
(R2 = 0.486, P < 0.001) (Fig. 6). Adonis analysis showed that 
there were significant differences between the Jiangxi section 
of the mainstream of the Yangtze River and the main lake 
area of Poyang Lake (R2 = 0.017, P = 0.025) and between the 
main lake area of Poyang Lake and Junshan Lake (R2 = 0.020, 
P = 0).

Fig. 3   Log-scaled percentage heat map at species level. Horizontal coordinates indicate sampling sites, vertical coordinates indicate species 
names. Red indicates high abundance. Blue indicates low abundance
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Discussion

Fish community structures in Poyang Lake based 
on environmental DNA

A total of 31 fish species were detected in this study using 
environmental DNA metabarcoding technology. The major-
ity of fish were Cyprinidae (16 species), accounting for 
51.61% of all fish species identified, which was consistent 
with the results obtained using traditional methods (Fang 
et al. 2016; Zhang and Li 2007). This confirms a previous 
report indicating that the majority of fish in Poyang Lake 
were Cyprinidae, and that limnicolous fish were the most 
abundant (Yang et al. 2015). In addition, 11 exotic species 
were detected in this study distributed in four orders. Cyprin-
iformes were the most abundant, possibly due to their strong 
adaptability. The detection of the rare fish Coilia nasus in 
the channel connecting Poyang Lake and the Yangtze River 
as well as in the main lake area of Poyang Lake indicated 
that environmental DNA metabarcoding is effective for the 
detection of endangered species. The second-class state pro-
tected animal M. asiaticus was detected in the Junshan Lake 
habitat due to artificial cultivation of the species over a large 
surface area in this habitat. Cyprinus carpio was the domi-
nant fish species in the Jiangxi section of the mainstream of 

the Yangtze River, the channel connecting Poyang Lake and 
the Yangtze River, the main lake area of Poyang Lake and 
Nanjishan Nature Reserve, as determined with environmen-
tal DNA metabarcoding. The dominant fish species caught 
using traditional methods are C. carpio and Carassius aura-
tus (Wang et al. 2016; He et al. 2016; Xiong 2018; Hu et al. 
2005). The dominant species observed in Qinglan Lake and 
Junshan Lake were closely related to the cultivated species 
at the time because dike breeding is performed in these two 
lakes.

Even with environmental DNA metabarcoding 
approaches, valuable input from taxonomic experts is often 
required (Evans and Lamberti 2018). Firstly, environmen-
tal DNA metabarcoding can only determine the presence of 
species based on the genetic information available in envi-
ronmental samples. The technique cannot capture informa-
tion about the population size, age structure, physiological 
status and growth developmental stage of the target spe-
cies (Shu et al. 2020). Secondly, environmental DNA meta-
barcoding relies on the integrity of molecular databases, 
which can lead to false negatives when the target species 
sequence is missing from the database (Cristescu and Hebert 
2018). In addition, the bias of PCR may lead to the failure 
of environmental DNA detection for some low abundance 
species (Carew et al. 2013) and biomass estimation errors 

Fig. 4   Differences in biodiversity index among different habitats. 
A—Jiangxi section of the mainstream of the Yangtze River, B—chan-
nel connecting Poyang Lake and the Yangtze River, C—main lake 

area of Poyang Lake, D—Nanjishan Nature Reserve, E—Junshan 
Lake, F—Qinglan Lake
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(Elbrecht and Leese 2015, 2017). Therefore, in actual prac-
tice, traditional survey methods should be combined with 
environmental DNA detection technology to monitor aquatic 
biodiversity more comprehensively and efficiently. These 
methods will play a more active role in the construction of 
aquatic ecological civilizations (Ge et al. 2020).

Alpha diversity of biological communities in Poyang 
Lake

Higher Shannon-Weiner index values indicate higher diver-
sity in a community. A Shannon-Weiner diversity index 
between 1.5 and 3.5 indicates the community has a high 
level of biodiversity (Magurran 1988). In this study, the 
Shannon-Weiner diversity indices for the habitats in the 
Jiangxi section of the mainstream of the Yangtze River, the 
channel connecting Poyang Lake and the Yangtze River and 
the Junshan Lake in Poyang Lake were between 1.5 and 3.5 
(Fig. 4). This means the biodiversity in these habitats was 
high. The other habitats had low diversity, especially the 
Qinglan Lake habitat. The high biodiversity in the Jiangxi 
section of the mainstream of the Yangtze River and the chan-
nel connecting Poyang Lake and the Yangtze River was due 
to their special geographical location. The spatial and tem-
poral continuity of rivers and lakes is an important reason for 

Fig. 5   Principal component analysis and clustering analysis in six 
habitats, a Sample of principal component analysis. Treat 1: Jiangxi 
section of the mainstream of the Yangtze River, Treat 2: channel con-
necting Poyang Lake and the Yangtze River, Treat 3: main lake area 
of Poyang Lake, Treat 4: Nanjishan Nature Reserve, Treat 5: Junshan 
Lake, Treat 6: Qinglan Lake, b Sample hierarchical clustering tree 

based on OTU levels. Jiangxi section of the mainstream of the Yang-
tze River (A1–A3), channel connecting Poyang Lake and the Yangtze 
River (B1–B8), main lake area of Poyang Lake (C1–C8), Nanjishan 
Nature Reserve (D1–D3), Junshan Lake (E1–E5), and Qinglan Lake 
(F1–F2)

Fig. 6   Nonmetric multidimensional scaling (NMDS) ordination of 
the community compositions of all environmental DNA samples 
colored according to the habitat. A—Jiangxi section of the main-
stream of the Yangtze River, B—channel connecting Poyang Lake 
and the Yangtze River, C—main lake area of Poyang Lake, D—
Nanjishan Nature Reserve, E—Junshan Lake, F—Qinglan Lake. 
(0.01 < *P ≤ 0.05, 0.001 < **P ≤ 0.01, ***P ≤ 0.001)
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their high biodiversity. Some scholars believe that the con-
vergence of rivers can help increase fish diversity (Fernandas 
et al. 2004; Röpke et al. 2015). For the channel connecting 
Poyang Lake and the Yangtze River, seasonal inundation 
makes the floodplain a rich habitat for aquatic animals. 
Vegetation along the lakeside and in the water can provide 
shelter for aquatic animals as well as spawning grounds for 
C. carpio, C. auratus and other fishes during the flood sea-
son (Qian et al. 2002). Due to the temperature gradient and 
vortex formed at the confluence, nutrients, wood debris and 
organic matter accumulate in these areas, which is condu-
cive to the growth of phytoplankton and zooplankton and 
provide a rich source of food for aquatic animals (Gayoso 
and Podesta 1996). Due to the frequent dike aquaculture 
activities in Qinglan Lake, fishery farming has damaged the 
biological community structure of the water body, severely 
affecting the biological diversity. Aquatic plants were seri-
ously damaged in Junshan Lake due to a large number of 
crab farms in the early twentieth century. Subsequently, the 
lake underwent a decade-long ecological restoration. Jun-
shan Lake has a high Shannon-Weiner diversity index and 
Pielou index, which is attributed to the 10 years of ecologi-
cal restoration. The biodiversity level of habitats in which 
dike farming was prohibited showed a decreasing trend due 
to overfishing. For example, the Shannon-Weiner diversity 
index recorded using traditional methods in the channel 
connecting Poyang Lake and the Yangtze River was greater 
than 2 in 2012 (He et al. 2016). Data based on net fishing in 
2014 in Hukou indicated a Shannon-Weiner diversity index 
of 2.59 (Wang et al. 2016). Survey data from 2009 showed 
that there were 42 freshwater mussel species in Poyang 
Lake (Xiong et al. 2011). Survey data from 2016 to 2017 
showed that there were 24 mussel species in Poyang Lake 
(Li et al. 2019). The species richness of mussels in Poyang 
Lake decreased significantly. The situation for water eco-
logical protection is grim with the continuous decline of 
biodiversity in Poyang Lake. In an effort to improve eco-
logical protection, a 10-year fishing ban will be imposed on 
the waters of the mainstream of the Yangtze River and the 
Hukou region in Poyang Lake from January 1, 2021.

Beta diversity analysis in six habitats

PCA and clustering tree analysis showed that the habitats 
in the channel connecting Poyang Lake and the Yangtze 
River, the main lake area of Poyang Lake, Nanjishan Nature 
Reserve and Junshan Lake had relatively similar community 
structures (Fig. 5). However, the community structures in 
these four habitats were obviously different from those in 
the Jiangxi section of the mainstream of the Yangtze River 
and Qinglan Lake (Fig. 5). This may be related to the fact 
that the Jiangxi section of the mainstream of the Yangtze 
River is located at the confluence of Poyang Lake and the 

river, resulting in a higher Shannon-Weiner diversity index 
and Pielou index compared to the other habitats. Due to 
frequent aquaculture and lack of timely ecological restora-
tion, the community structure in the Qinglan Lake habitat is 
quite different from those of the other habitats. The species 
composition and abundance heat maps for all habitats were 
different (Table 1, Fig. 3) and there were significant differ-
ences in community structure among the habitats (Fig. 6). 
These results are of great significance for the protection, 
restoration and scientific management of fishery lakes in 
China. They can provide a foundation for decision-making 
by government management departments.

Conservation strategies for biodiversity in Poyang 
Lake

The current fishing ban policy is conducive to the restoration 
of biodiversity in Poyang Lake. Based on the results of this 
study, the following suggestions are proposed. Firstly, carry 
out artificial proliferation and release to curb the decline of 
fishery resources. Secondly, strengthen pollution control and 
strictly control the pollution of lakes. Thirdly, formulate a 
scientific and reasonable sand mining plan. Fourthly, regular 
monitoring and early warning systems should be established, 
such as by increasing seasonal sampling and developing 
monitoring plans.

Conclusions

Environmental DNA metabarcoding technology has great 
application potential for the monitoring and conservation 
of biodiversity. This study represents the first application of 
environmental DNA metabarcoding for the assessment of 
biodiversity in Poyang Lake and demonstrates the feasibil-
ity of using environmental DNA metabarcoding to detect 
species composition and the distribution of organisms (espe-
cially fish) in different habitats. The results of high-through-
put sequencing showed a decreasing trend in the biodiversity 
and characteristics of the habitat community structure in 
Poyang Lake. Although environmental DNA metabarcod-
ing cannot completely replace traditional fish survey meth-
ods, it can serve as an important complementary tool for 
rapid determination of the diversity and spatial distribution 
of organisms in water bodies. It can reduce potential dam-
age to the ecosystem compared to traditional monitoring 
techniques, shorten the survey period, improve the detec-
tion efficiency, and provide reliable data to enable a rapid 
response for the aquatic ecological protection.
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