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Abstract

:

Dam impoundment can cause many adverse impacts on fish assemblages upstream of dams. Here, we investigated fish diversity in one plateau riverine reservoir (Wanfeng Reservoir) using environmental DNA (eDNA) metabarcoding technology. The following conclusions were drawn: (1) 39 species of fish were monitored belonging to 9 orders and 13 families in the Wanfeng Reservoir, most of which were Cypriniformes and included a variety of common farmed fish belonging to Culter, Oreochromis, Acipenser, and Clarias; (2) the fish assemblage structures in the Up (upstream section), Mid (midstream section), and RA (reservoir area section) of this reservoir was significantly different (p-value < 0.01); (3) among the 7 environmental variables that were measured (Tem, TDS, Sal, pH, DO, NH4+, and Tra), DO (p-value < 0.01) and pH (p-value < 0.05) were the main environmental stressors causing differences in fish assemblages in different sites of the Wanfeng Reservoir. This study concluded that dam construction in the karst region provided habitats for the establishment and dispersal of exotic fish.
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1. Introduction


In recent decades, biodiversity has been damaged to different degrees worldwide due to anthropogenic activities. Freshwater fishes are an important part of biodiversity, and this taxon is under more severe environmental stress because it is more dependent on the environment than terrestrial animals [1,2,3,4,5]. China is the country with the largest karst distribution area in the world, and the karst plateau in southwest China is one of the three major karst landform concentration areas in the world. There are many caves, gullies, voids, underground rivers, rock pits, and other relatively closed ecosystems, thus creating many complex microhabitats. These small habitats with high landscape heterogeneity nurture rich biodiversity, making the region one of the most concentrated and diverse areas for rare and endemic species in China. At the same time, karst ecosystems are typically fragile ecosystems with shallow soils, poor soil carrying capacity, and fragile ecological and geological environments [6]. In the past decades, the karst plateau in southwest China has undergone hydropower development and damming to create numerous artificial reservoirs due to regional needs for development and other reasons, as well as due to urbanization, industrialization, and aquaculture importing large amounts of pollution sources into the natural water system. A variety of factors have coalesced to put fish in the area under severe stress [7,8].



Dams are one of the strongest factors affecting fish assemblages, and their effects include, among others, lack of fish migration pathways and blockage of fish migration routes. Dam interception changes the water depth, water temperature, and climatic conditions of the original river section. Fish netting in reservoirs introduces exotic fish [9,10,11,12,13]. In general, the effect of dams on upstream water levels decreases with increasing distance. This indicates that there is also a relationship between the effect of dams on fish assemblages and the distance from the dam [14,15].



Environmental DNA (eDNA) metabarcoding is a technology that that allows qualitative or quantitative analysis of organisms in the environment by extracting eDNA [16,17,18]. eDNA is usually derived from skin debris, gametes, mucus, and feces dropped by organisms in the environment [19]. Ficetola et al. [20] used eDNA to successfully detect a freshwater frog (Rana catesbeiana) in an aquatic environment, the first time eDNA was used to monitor an aquatic species. Now, scientists worldwide are applying eDNA metabarcoding technology to almost all water bodies such as rivers, lakes, seas, etc., to monitor fish species composition [21,22,23,24], estimate fish biomass, and monitor fish spatial distribution patterns [25,26]. Since fish universal primers based on the mitochondrial 12S region are more effective in monitoring fish than the 16S, COI, and Cytb regions, fish universal primers based on the 12S region are being used more often [27]. eDNA metabarcoding technology has the following advantages: (1) it is not influenced by the subjective judgement of researchers, (2) it avoids the need for long-term fish sample collection and greatly improves the efficiency of species monitoring, and (3) it is non-invasive and has little impact on monitored species and their habitats [28,29]. Although current eDNA metabarcoding technology may be confusing for species identification of some closely related fish [30,31] and the use of universal primers may have amplification preferences for individual fish [32,33], the directivity of results based on eDNA metabarcoding technology has been validated and is widely used for aquatic species and biomass monitoring [34,35].



In spite of the fact that the applicability of eDNA metabarcoding technology in karst waters has been verified, most of the previous studies have focused on other species, and few studies have been conducted on fish diversity [36,37]. In this study, the eDNA metabarcoding technique was used to investigate the response of fish assemblages and their key drivers under multiple environmental stresses in the Wanfeng Reservoir, a typical large plateau riverine reservoir located in the karst region of southwest China.




2. Methods


2.1. Sampling Design


The Wanfeng Reservoir is located in the main stream of the Nanpan River, which belongs to the Pearl River system. It is one of the most important reservoirs in the karst plateau of southwest China and not only assumes an important role in people’s livelihood but also serves as an important ecological barrier in the upper reaches of the Pearl River [38].



According to the special karst geomorphic and water environment points of the Wanfeng Reservoir, it was appropriate to set up sampling points in the upstream section (Up), midstream section (Mid), and reservoir area section (RA) inlet and outlet of the reservoir as well as the central area of the reservoir and bay, respectively. Five sampling points were set in each section. The last sampling point was set under the dam for comparative observation of fish species monitoring (Figure 1).



We collected eDNA samples in September 2020. Latitude and longitude were recorded during sampling, and the water temperature (Tem), total dissolved solids (TDS), salinity (Sal), pH, dissolved oxygen (DO), and NH4+ levels were measured using a YSI (Pro Plus) portable water quality detector. Water transparency (Tra) was measured using a Secchi disc (Table 1).




2.2. Collection and Processing of eDNA Samples


Samples were collected on the deck of the vessel with a 5 L collector at each site for the upper (1 m), middle (5 m) and lower (10 m) layers and then mixed. Due to the shallow water level at sample site S1, only upper and bottom water samples were collected for mixing at this site. Each site collected 2 L of mixed water samples for this study, and the collector changed gloves once at each site. eDNA samples were stored at low temperature and protected from light and then filtered immediately upon to the laboratory. The water samples were filtered using a diaphragm vacuum pump and a sand core glass filter. eDNA was collected using a 50 mm filter membrane made of glass fiber, with pore size of 0.45 μm. The operating environment was adequately ventilated in advance, and the bench was cleaned in sequence with 1% hypochlorite solution and anhydrous ethanol. The collection bottles and all experimental equipment were treated with 1% hypochlorite solution and cleaned with distilled water. A blank control was set up, and 2 L of ddH2O was filtered using the same membrane to test for environmental contamination. After filtration, the membrane was placed in a 1.5 mL centrifuge tube and stored at −20 °C.




2.3. Extraction, Amplification, and Sequencing


Water DNA was extracted using the Water DNA Kit D5525 from Omega, and the entire extraction process was carried out strictly according to the kit instructions. We selected the following universal primers for the 12S region of the fish mitochondrial gene [39]:


Tele02-F AAACTCGTGCCAGCCACC










Tele02-R GGGTATCTAATCCCAGTTTG.











PCR was conducted using TransStart Fastpfu DNA Polymerase in the following 20 μL reaction system: 4 μL 5 × FastPfu Buffer, 2 μL dNTPs (2.5 mM), 0.8 μL Forward Primer (5 μM), 0.8 μL Reverse Primer (5 μM), 0.4 μL FastPfu Polymerase, and 10 ng Template DNA, supplemented with ddH2O to 20 μL. The PCR reaction parameters were as follows: 1 × (5 min at 95 °C); cycles × (30 s at 95 °C; 30 s at 55 °C (Tm); 45 s at 72 °C); 10 min at 72 °C, 10 °C until halted by the user. PCR products from the same sample were mixed and detected by 2% agarose gel electrophoresis. PCR products were detected and quantified by the QuantiFluor™-ST blue fluorescence quantification system (Promega) for the preliminary quantification results of electrophoresis. Samples whose bands met the sequencing requirements were subjected to high-throughput sequencing using the Illumina Nova Seq6000 platform.




2.4. Bioinformatics Analysis


The raw sequences obtained from Illumina sequencing were first subjected to the following process: (1) setting a window of 10 bp; (2) truncating the back-end bases from the window if the average quality value within the window was below 20; (3) filtering sequences below 50 bp after quality control (Trimmomatic (Version 0.3)); and (4) splicing pairs of sequences into one sequence according to the overlap relationship of double-end sequencing, with a minimum overlap length of 10 bp and a maximum allowed overlap region; the mismatch ratio was 0.2. The non-conforming sequences were screened out (FLASH (Version 1.2.7)) and split according to the tag and primer sequences, and the sequence orientation was adjusted to obtain high-quality sequences for each sample. Operational Taxonomic Unit (OTU) clustering was performed on the high-quality sequences according to 98% similarity [22], and the chimeras were removed during clustering so as to generate OTU tables (Perl program (Version 5.18.2), USEARCH (Version 10), and QIIME (Version 1.9.1)). The generated OTU tables were compared with a self-built freshwater fish database based on the NCBI website (www.ncbi.nlm.nih.gov) (created October 2021; comparison software Blast (Version 2.3.0+)) to obtain information on fish species, with fish classification based on the Fishbase database [40].




2.5. Statistical Analysis


For more accurate identification results, the following corrections were made to the identification results: (1) low abundance sequences (mean reads of sequence samples below (1) were revised as unidentified [41]); (2) the identified hybrids were corrected as follows: if the parents of the hybrids belonged to the same genus of fish A, the hybrids were revised as A sp.; otherwise, the sequences of the hybrids were revised as unidentified. We completed the analysis of diversity using different packages of R software (Version 4.1.0). The diversity analysis was done based on the data after the subsample of the vegan package [42], including heat map and RDA analysis (capscale function). We first performed a Hellinger transformation of the data for the OTU abundance table. The environmental factor data were log2 (data + 1) transformed in order to eliminate the effect of large differences in the size of the environmental factor data on the decision curve analysis (DCA). The results of the analysis showed that the redundancy analysis (RDA) model should be selected for analysis in this study. Then, we calculated a variance-inflated factor (VIF) analysis on the environmental factor data and covariance tests on the environmental factors (vif. cca function), and gradually removed the maxima until all the VIF of environmental factor were less than 10. The plots were produced using Microsoft Excel, ArcGIS (Version 10.8), and ggplot2 [43].





3. Results


3.1. Sequencing and OTU Clustering Results


The PCR results showed that the target bands of the PCR products of the experimental samples S1–S16 were of the correct size and met the sequencing conditions, while the target bands of the blank control experimental PCR products were too weak or not detected and did not meet the sequencing conditions.



A total of 9,997,923 sequences were generated in this study. The raw sequences were quality controlled and clustered at 98% similarity to obtain 1622 fish OTU sequences. The fish orders with the largest proportion of total OTUs detected were Cypriniformes (48.78%), Siluriformes (42.62%), Cichliformes (6.59%), and Acipenseriformes (1.45%).




3.2. Fish Species Identified


After counting, 47 fish species were initially identified. Eight fish species were excluded from the artificial calibration due to low sequence abundance, and three fish species were hybrids, with both parents of the same genus. In this study, 39 fish species were ultimately identified in the Wanfeng Reservoir using eDNA metabarcoding technology. Twenty species of fish were matched in the historical survey, with Oreochromis niloticus being the only exotic species matched to the historical database. Of the fish monitored in this investigation, 20 species of Cypriniformes, 9 species of Siluriformes, 4 species of Cichliformes, and 1 species each of Acipenseriformes, Anabantiformes, Beloniformes, Centrarchiformes, Gobiiformes, and Salmoniformes were identified (Table 2).




3.3. Spatial Variations of Fish Assemblages


The results of α diversity showed that the fish assemblage diversity of RA was higher in different segment of the Wanfeng Reservoir than in the Up and Mid sections (Figure 2). Thirty-one species of fish were monitored in Up, 30 in Mid, and 36 in RA (Figure 3a). Six species of fish, Ctenopharyngodon idella, Carassius gibelio, Tatia intermedia, Hemiculter tchangi, Cyprinus carpio, and Tachysurus fulvidraco, were monitored at all sample sites, with no endemic fish at all sites. There were no fish monitored only in Up; Hemiculterella macrolepis was monitored only in Mid; and Acheilognathus macropterus, Xenocypris davidi, Silurus soldatovi, Squalidus argentatus, and Procypris rabaudi were monitored only in RA (Table 2).



The relative abundance of OTU sequences of fish from various sites in the Wanfeng Reservoir varied, and in general, the highest relative abundance of OTU sequences was found in Cypriniformes (Figure 3b). PERMANOVA analysis indicated significant fish β diversity variability in the Up, Mid, and RA sections of the Wanfeng Reservoir (Table 3).




3.4. The Relationship between Fish Diversity and Environmental Factors


In the RDA and variance inflation factor analyses, a total of seven environmental factors (Tem, TDS, Sal, pH, DO, NH4+, and Tra) were imported, and one environmental factor, TDS, was excluded. The total explanation of β diversity by the remaining six environmental factors was 49.39% (Figure 4). The sample points of the groups were interconnected to form a two-dimensional graph. The graphs formed by the three subgroups had no intersection between the Up and the RA, while the Mid and both the Up and the RA had intersections. On the RDA1 axis, Tem and DO were positively correlated, and the rest of the environmental factors were negatively correlated; on the RDA2 axis, Tem and NH4+ were positively correlated. The R2 for the environmental factors in the RDA analysis were DO, pH, Tem, Tra, Sal, and NH4+, in descending order. The p-value for DO = 0.001, the p-value for pH = 0.028, and the p-values for the rest of the environmental factors were greater than 0.05.





4. Discussion


4.1. Status of Fish Assemblages in the Wanfeng Reservoir


From 2008 to 2010, Wang et al. [44] collected 63 species of fish, including 45 species of Cypriniformes from the Yunnan section of the Nanpan River, which is located upstream of the Wanfeng Reservoir, and found that due to the eutrophication of water bodies and river fragmentation, a large number of indigenous fish populations have disappeared and multiple exotic fish species have been found. Moreover, in 2014–2018, Shuai et al. [45] showed that 8 species of Cypriniformes were among the top 10 fish species in terms of population abundance within the Hongshui River, which is located downstream of the Wanfeng Reservoir. The species and resources of indigenous fish in the Guangxi section of the Pearl River system have decreased, and biological invasion fish such as the genus Oreochromis have become the dominant species in each river section. Historical data show that Cypriniformes fish are the main fish in the upper and lower reaches of the Wanfeng Reservoir, that some indigenous fish populations in the upper and lower reaches of the Wanfeng Reservoir have been negatively affected, and that some exotic fish have been introduced. In this study, 39 species of fish were monitored in the Wanfeng Reservoir, including 20 species of Cypriniformes fish. A variety of common farmed fish were monitored, which are fully consistent with the characteristics of fish assemblages in this water.



Refer to the Fishbase database for the geographical distribution of fish. Five of the monitored fish in this study, Coptodon zillii, Oreochromis niloticus, Barbonymus schwanefeldii, Prosopium coulterii, and T. intermedia, have no distribution in China [40]. However, O. niloticus has actually been documented in China and verified in the historical fish database of Nanpan River [44]. C. zilli, B. schwanefeldii, and T. intermedia, all of which are not specifically documented, can be retrieved from the Chinese public network as unofficial records in China. P. coulterii and three hybrid fish species identified in the genus may be eDNA signatures of other fish of the same genus [30,31].




4.2. Correlations of Fish Assemblages and Environmental Factors


DO in the water column is essential for fish survival, and studies have shown that the distribution of wild fish assemblages shows a positive correlation with it [46]. Fish growth performance and water pH are also closely related, with pH tolerance varying greatly between fish species, making pH an important environmental factor that affects the distribution of freshwater fish [47].



In general, DO in water at 2–3 mg/L affects fish feeding and other life activities, while DO above 5 mg/L is completely normal for fish feeding and growth. DO was the main environmental factor causing differences in the fish assemblage structure at each site in the Wanfeng Reservoir, probably due to the shallow and narrow water surface of the Wanfeng Reservoir, which is influenced by photosynthesis of reservoir producers, respiration of reservoir aquatic organisms, and the significant daily variation in DO. In this study, the samples were taken at sunrise, when photosynthesis was in progress, so DO was above 5 mg/L. At sunset, when photosynthesis ceased, DO in some areas of the Wanfeng Reservoir dropped to less than 5 mg/L, making DO a limiting factor for fish assemblage distribution in some areas.



Fish are mostly suited to neutral or weakly alkaline waters and grow well in the pH range of 7.00–8.50. The pH of the water in the Wanfeng Reservoir during the sampling period of this study was 6.80–7.09, which is in a neutral to acidic environment. In acidic water, the pH of fish blood decreases, which will have some effect on fish physiological functions; therefore, fish will prefer neutral water [48]. This may be the reason why pH is one of the main environmental factors causing differences in the fish assemblage structure at each site in the Wanfeng Reservoir.




4.3. Challenges of Karst Plateau Fish Conservation


Although only 5 of 28 species of indigenous fish of the genus Anabarilius and Yunnanilus were collected in the traditional fish resource survey of the Nanpan River fish list [44], it can be assumed that some indigenous fish populations in the Yunnan section of the Nanpan River have been extremely reduced or disappeared. It should be emphasized that the mitochondrial gene sequences of the original indigenous fish in the target waters were lacking, and only 1 of the 28 species of indigenous fish could be retrieved from NCBI for the sequence of the mitochondrial 12S region (retrieved in June 2022). Although eDNA metabarcoding technology has been widely used to monitor fish diversity, it may still lead to an underestimation of fish species diversity in the karst plateau of southwest China.



In Guizhou Province, China, cage aquaculture has been completely banned in the target waters, but it was only completely removed in 2017. The eDNA signals of several commonly farmed fish species not matched to the historical database were monitored, not only in Wanfeng Lake, but also in other karst reservoirs in the region [44,49]. Average monthly temperature lows in the karst region of southwest China often fall below 10 degrees Celsius and are not conducive to the overwintering of fish such as Cichliformes. The construction of the dam has allowed for a dramatic increase in water depth, which means the water temperature in the region will be warmer during the winter months. This is probably the reason for the large number of Cichliformes monitored in the area. The results of this study support the view that the construction of the dam provides a habitat for more fish and increases the risk of exotic fish transmission [11,50].



Therefore, combining the results of this study with historical fish databases, some indigenous fish populations in southwest China’s karst region have shrunk in the wild, and some exotic farmed fish have increased to scale of wild populations [44,45]. The relevant authorities in the region should be more cautious about introducing exotic farmed fish and start to carry out measures that are conducive to restoring indigenous fish populations in the wild, such as stocking and releasing.





5. Conclusions


In this study, fish diversity was studied in the Wanfeng Reservoir through eDNA metabarcoding technology. It provides new methods and ideas for assessing fish diversity in karst area waters while monitoring the fish composition and distribution in the Wanfeng Reservoir. The following conclusions were drawn: (1) 39 species of fish from 9 orders and 13 families were identified in the Wanfeng Reservoir. (2) the fish assemblage structures of the Up, Mid, and RA sections of the Wanfeng Reservoir were significantly different (R2 = 0.22, p-value < 0.01); α diversity index and the number of monitored fish showed that the fish assemblage diversity of the RA was higher than that of the other sections. (3) DO (p-value < 0.01) and pH (p-value < 0.05) were the main environmental factors causing differences in fish assemblages structure between the various sites in the Wanfeng Reservoir.
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Figure 1. Map of sampling sites for eDNA sample collection at the Wanfeng Reservoir, with the geographical location of the Wanfeng Reservoir in China marked on the small map in the upper left corner. Different sections are distinguished by differently colored sampling points. 
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Figure 2. Comparison of α diversity in different sections: (a) Shannon Index; (b) Simpson Index. 
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Figure 3. (a) Fish species composition in different segments; (b) Heat map of fish composition based on relative sequence abundance at each sample site. 
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Figure 4. RDA analysis of fish OTU sequence reads. Different segment sample points are distinguished by different colors. The different groupings of sample points are joined into two-dimensional patterns. 
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Table 1. Records of latitude, longitude, and environmental factors.
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Number

	
Site

	
Longitude

	
Latitude

	
Tem

	
Tra

	
TDS

	
Sal

	
pH

	
DO

	
NH4+




	
°C

	
m

	
mg/L

	
ppt

	
-

	
mg/L

	
mg/L






	
S1

	
BaXia

	
105.11

	
24.95

	
22.00

	
3.00

	
261.95

	
0.19

	
6.93

	
5.90

	
0.14




	
S2

	
DaBa

	
105.09

	
24.94

	
25.30

	
2.50

	
261.30

	
0.19

	
7.03

	
8.30

	
0.04




	
S3

	
HongChong

	
105.06

	
24.92

	
25.60

	
1.95

	
250.90

	
0.18

	
6.99

	
8.10

	
0.03




	
S4

	
MeiJiaWan

	
105.07

	
24.90

	
25.30

	
2.20

	
256.10

	
0.19

	
7.03

	
6.90

	
0.04




	
S5

	
PoNaShu

	
105.04

	
24.88

	
25.70

	
2.25

	
257.40

	
0.19

	
7.00

	
5.90

	
0.05




	
S6

	
BaJie

	
105.03

	
24.86

	
26.00

	
2.10

	
244.40

	
0.18

	
7.03

	
6.60

	
0.03




	
S7

	
YeYaTan

	
105.04

	
24.83

	
26.30

	
1.65

	
219.70

	
0.16

	
7.07

	
7.30

	
0.02




	
S8

	
GeBu

	
105.03

	
24.80

	
25.80

	
2.35

	
245.05

	
0.18

	
7.05

	
7.80

	
0.03




	
S9

	
BaAi

	
104.95

	
24.77

	
25.90

	
2.15

	
254.80

	
0.19

	
6.97

	
7.90

	
0.04




	
S10

	
BaDaZhang

	
104.87

	
24.74

	
27.10

	
2.10

	
227.50

	
0.17

	
6.99

	
8.50

	
0.02




	
S11

	
JinZhongShan

	
104.84

	
24.68

	
26.50

	
2.05

	
234.65

	
0.17

	
7.02

	
7.80

	
0.02




	
S12

	
LaoWangZhai

	
104.76

	
24.66

	
26.50

	
1.90

	
226.85

	
0.17

	
6.99

	
8.20

	
0.02




	
S13

	
HeShe

	
104.73

	
24.62

	
26.40

	
1.70

	
226.85

	
0.17

	
7.06

	
8.20

	
0.02




	
S14

	
BaWan

	
104.69

	
24.65

	
26.90

	
1.65

	
223.60

	
0.16

	
6.80

	
11.50

	
0.03




	
S15

	
NanGuShan

	
104.61

	
24.68

	
26.50

	
2.25

	
247.00

	
0.18

	
6.96

	
8.30

	
0.03




	
S16

	
SanJIiangKou

	
104.54

	
24.73

	
26.30

	
1.75

	
219.05

	
0.16

	
7.09

	
7.09

	
0.02
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Table 2. Summary of fish identified by eDNA from the Wanfeng Reservoir.
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	Taxonomy
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10
	S11
	S12
	S13
	S14
	S15
	S16





	Acipenseriformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Acipenseridae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Acipenser sp.
	+
	
	
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Anabantiformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Channidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Channa sp.
	
	
	
	
	
	
	
	
	+
	+
	+
	+
	
	
	
	



	Beloniformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Adrianichthyidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Oryzias sinensis *
	
	
	
	
	+
	
	
	
	+
	+
	+
	+
	
	+
	
	



	Centrarchiformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Sinipercidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Siniperca scherzeri *
	+
	+
	
	+
	+
	
	
	
	
	
	
	+
	+
	
	
	



	Cichliformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cichlidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Coptodon zillii
	+
	+
	+
	
	
	
	
	+
	
	+
	
	
	
	
	+
	



	Oreochromis niloticus *
	+
	
	
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Oreochromis tanganicae
	+
	
	
	
	
	
	
	+
	+
	+
	
	+
	+
	+
	+
	+



	Oreochromis sp.
	
	
	
	+
	
	+
	+
	+
	+
	+
	
	+
	+
	+
	+
	+



	Cypriniformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Acheilognathidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Acheilognathus macropterus *
	
	+
	
	+
	+
	+
	
	
	
	
	
	
	
	
	
	



	Cyprinidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Ancherythroculter wangi
	+
	+
	+
	
	+
	+
	+
	+
	+
	+
	+
	+
	
	+
	+
	



	Barbonymus schwanefeldii
	
	
	+
	
	
	
	
	
	
	
	
	+
	
	
	
	



	Carassius gibelio
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Chanodichthys erythropterus *
	
	+
	+
	
	
	
	
	
	
	
	
	
	+
	
	
	



	Ctenopharyngodon idella *
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Culter alburnus *
	+
	
	
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Cyprinus carpio *
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Hemiculter leucisculus *
	
	
	+
	
	+
	+
	+
	+
	+
	+
	+
	+
	
	+
	+
	



	Hemiculter tchangi
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Hemiculterella macrolepis
	+
	+
	+
	
	
	
	
	
	+
	
	+
	+
	+
	+
	
	+



	Hypophthalmichthys molitrix *
	
	
	
	
	
	+
	+
	+
	
	
	
	+
	
	
	
	



	Hypophthalmichthys nobilis *
	+
	+
	+
	+
	+
	+
	
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Osteochilus salsburyi *
	+
	+
	
	+
	+
	+
	+
	+
	+
	
	
	
	
	
	+
	



	Parabramis pekinensis *
	
	
	
	
	+
	+
	
	+
	
	
	
	
	
	
	
	



	Procypris rabaudi
	+
	+
	+
	
	
	
	
	
	
	
	
	
	
	
	
	



	Squalidus argentatus *
	+
	+
	+
	
	
	
	
	
	
	
	
	
	
	
	
	



	Squaliobarbus curriculus *
	
	+
	+
	+
	+
	+
	+
	+
	
	+
	+
	
	
	
	
	



	Spinibarbus sinensis
	+
	+
	+
	
	+
	
	
	
	
	+
	
	
	+
	
	
	



	Xenocypris davidi *
	+
	
	
	
	+
	+
	
	
	
	
	
	
	
	
	
	



	Gobiiformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Gobiidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Rhinogobius similis
	+
	+
	
	
	
	
	
	
	
	
	
	+
	
	
	
	



	Salmoniformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Salmonidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Prosopium coulterii
	
	
	
	
	+
	
	+
	+
	
	
	
	
	
	
	
	+



	Siluriformes
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Auchenipteridae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Tatia intermedia
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Bagridae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Hemibagrus macropterus *
	+
	
	
	
	
	
	+
	+
	+
	+
	+
	
	
	
	
	



	Pseudobagrus crassilabris *
	+
	
	
	+
	+
	+
	
	
	+
	+
	+
	+
	+
	+
	+
	+



	Pseudobagrus medianalis
	+
	+
	
	+
	
	+
	+
	
	+
	+
	
	+
	
	
	+
	



	Pseudobagrus ondon
	+
	+
	
	+
	
	+
	+
	+
	
	+
	+
	+
	+
	+
	+
	+



	Pseudobagrus pratti
	+
	+
	
	+
	+
	+
	
	+
	+
	
	+
	+
	
	
	
	+



	Tachysurus fulvidraco *
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



	Clariidae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Clarias gariepinus *
	+
	+
	
	+
	+
	+
	+
	+
	+
	
	+
	+
	+
	
	+
	



	Siluridae
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Silurus soldatovi
	
	
	
	+
	+
	+
	
	
	
	
	
	
	
	
	
	







Note: Latin names of the fish species marked with * above right indicate that the fish was matched in the historical database [44,45]. The marker + under a sample site column indicates that the fish was monitored at that sample site.













[image: Table] 





Table 3. PERMANOVA on fish composition in different section data sets.
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	df
	SS
	MS
	F
	R2
	p-Value





	Group
	2
	0.64
	0.32
	1.70
	0.22
	0.009



	Residuals
	12
	2.27
	0.19
	0.78
	
	



	Total
	14
	2.90
	
	1
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