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Abstract

:

After the underground coal resources were exploited in the Huainan high diving mining area, the surface subsidence water formed a subsidence lake. Studying the influencing factors of the phytoplankton community structure in coal mining subsidence lakes is extremely important in enabling us to understand the nutritional status and ecological environment of the lake. In this study, we sampled phytoplankton in sunken lakes in August 2021 and analyzed the effects of the environmental factors on the phytoplankton community structure and diversity. The results showed that WT, pH, Cond, AN, NO and TP were the main environmental factors affecting phytoplankton cell density. The density and diversity of phytoplankton cells revealed obvious spatial distribution differences depending on the different drainage connectivity of sunken lakes, and the density and diversity of phytoplankton cells were higher in sunken lakes with better drainage connectivity. This study provides basic data for an in-depth understanding of sunken lakes, a special water body, and provides scientific data support for the reconstruction, restoration and sustainable development of the ecological environment in the mining area from the perspective of ecology.
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1. Introduction


Huaibei is an important energy base in China with rich coal resources and a large production scale. The influence of human coal mining activities, coupled with numerous local river networks, a shallow groundwater level, thick aquifers and a large water volume has led to large collapse and water accumulation in the mining area [1]. The stagnant lakes in these subsidence areas have become important local surface water resources with the functions of water source regulation, ecological restoration, fishery and breeding and other ecological services, which are important for the economic development of the mining area and the economic development of the ecological environment [2,3]. Constrained by factors such as hydrological conditions, ecological environment conditions in the mining area, and different ways of utilizing different waters, the water quality of each lake also appears to be significantly different, with different degrees of eutrophication in different lakes. The investigation of water quality in the Ji River showed that the water is a eutrophic water body with high levels of nitrogen and phosphorus [4] Another study found that the nitrogen and phosphorus levels in the Xifei River waters have a clear spatial and temporal distribution pattern [5].



Spatially, the sunken lakes are closely related to the hydro-ecological environment of the mine area, and the characteristics related to the hydrological conditions, the ecological environment and the human activities of the mine area are reflected in the ecosystem of the sunken lakes [6]. Lin et al. observed that there were significant differences in the community structure of zooplankton in the different habitats of sunken lakes [7]. Temporally, the nutrient status of the same sunken lake may change year to year and even vary from one sinking stage to the next depending on whether the sinking still continues and the disturbance of human activities. The structural and functional characterization of lake ecosystems and their processes and mechanisms in response to the eutrophication process of water bodies and related ecological and environmental effects are important scientific issues faced in the reconstruction, restoration and evaluation of the ecological environment of mining areas.



The phytoplankton community is a key component in determining ecosystem stability because the phytoplankton species composition and biomass in a water body can quickly respond to the ecological conditions and trophic status of the water body. It can thus be used as an ecological indicator to understand water quality [8,9,10]. Although little research has been conducted on the phytoplankton community structure of sinkhole lakes, this knowledge is crucial for understanding the trophic status of sinkhole lakes and lake ecology. Wang et al. studied the phytoplankton community in a sunken lake of Huaibei, and the results uncovered that the lake presented mild eutrophication [11]. Wan et al. showed that phytoplankton had obvious eutrophication characteristics, and there was a potential risk of cyanobacteria bloom in the subsidence lake in the Digou coal mining subsidence area [12]. The phytoplankton community structure is mainly influenced by environmental factors, such as nutrient salinity, light, and hydrological conditions. Nutrients are essential for phytoplankton cell life, and nutrient levels and ratios are important factors controlling phytoplankton composition and community distribution [13]. Periodic changes in light affect the phytoplankton cell pigment content, which in turn controls the algal photosynthetic efficiency and growth rate [14]. Light affects the uptake of nutrients, such as nitrogen, by phytoplankton cells directly or indirectly by regulating their photosynthesis [15]. The better the connectivity of the water system, the higher the habitat heterogeneity of the connected water bodies that can maintain a high species diversity; the better the connectivity of the water system, the higher the self-purification and pollution-holding capacity of the water flow [16]. Junk et al. found that rivers effectively connect the vertical and functional structural continuity of lake ecosystems [17]. Gumiero et al. found that weakened hydrological connectivity of rivers due to factors, such as river construction, can affect ecologically important functions of local watershed ecosystems [18].



In this study, the phytoplankton community structure and environmental factors were monitored in seven collapsed lakes in the Huaibei coal mining subsidence area in August 2021. The purpose of the study was to: (1) analyze the water quality and phytoplankton community structure in the subsidence lakes; and (2) evaluate the main ecological factors affecting phytoplankton diversity and cell density, with an emphasis on the influence of stream connectivity on the phytoplankton community structure.




2. Materials and Methods


2.1. Sampling Area and Sampling Time


The lakes in the Digou coal mining subsidence area (latitude and longitude) are located in Xieqiao mine, Digou town, Yingshang county, Anhui province, north of the Xi River and south of the Ji River. They mainly formed with the collapse of farmland and consist of several bodies of waters in the west, middle and east. Seven sunken lakes were selected as sampling areas. Y1, Y2, Y3 and Y4 were connected to the Ji River, among which Y1 was connected to the Xifei River tributary in the northeast and the Ji River in the southeast; Y2 and Y3 were overspread by the Ji River; and Y4 was connected to the Ji River in the south, showing poor water system connectivity. Y5, Y6 and Y7 were closed water bodies. According to the morphological characteristics of the lakes, four sampling points were set for each lake, among which two sampling points were set in the center of the lake, and two sampling points were set within 50 m from the shore. Each sampling point was set with 2 water intake layers, namely, the surface layer (0.5 m from the lake surface) and the bottom layer (0.5 m from the lake bottom). A sampling survey was conducted in August 2021. Sampling lakes are shown in Figure 1.




2.2. Collection and Identification of Phytoplankton Samples


A 25# plankton net (64 μm) (Purity, Beijing, China) was thrown into the water, and the sample was collected for qualitative analysis by performing ∞-shaped gyrations back and forth in the water several times. Quantitative samples were collected with a 5 L plexiglass water collector. A 1 L water sample was taken, fixed with Lugol’s solution (Yuanye, Shanghai, China) on site, and concentrated to 30 mL after a 48 h sedimentation in the laboratory. We employed Hu and Wei’s method for specific identification of each sample [19]. After mixing, we counted 0.1 mL of the sample in a counting chamber under a light microscope (Olympus, BX53, Münster, Germany) at ×400 magnification. In all, we identified and counted randomly selected microscopic fields at the species level for every specimen. We identified phytoplankton species based on morphology. The biomass of phytoplankton was calculated from the cell volume of phytoplankton, which was determined by the average cell dimensions for each species.




2.3. Determination of Physical and Chemical Indicators


The field measurements included water temperature (WT), dissolved oxygen (DO), electrical conductivity (Cond), pH and sampling depth (SDep). Measurements were taken by the Hach HQ40d portable multimeter (Hach, Colorado, America). Water depth (WD) and Secchi depth (SD) were determined by the Secchi disk (Fuside, Beijing, China). Water samples from each lake were also extracted to measure chlorophyll a and the nutrient concentrations in the laboratory. Chlorophyll a, total nitrogen (TN) and total phosphorus (TP) were examined according to the description of SEPB (2002) [20]. NO3−−N(NO) and NH4+−N(AN) contents of the water were measured as per the standard methods published by China’s State Environmental Protection Administration [21].




2.4. Data Analyses


In accordance with the Shannon–Wiener index (H’) [22], the Pielou index (J’) [23] and the Margalef index (D) [24], we investigated the species diversity as follows:


  H ′ = −   ∑   i = 1  s   p i  ln  p i   



(1)






  J = H ′ / ln S  



(2)






  D =   S − 1   / ln N  



(3)







The formula for calculating phytoplankton dominance was:


  Y =  n i  / N ×  f i   



(4)




where ni is the number of individuals of species i, N is the total number of individuals of all species, S is the total number of phytoplankton species, and ni/N represents the relative proportion of species i. Y ≥ 0.02 is the dominant species. H’ = 0~1 (heavy pollution type), 1~3 (moderate pollution type), >3 (light pollution or no pollution type); D = 0~2 (heavy pollution type), 2~4 (medium pollution type), 4~6 (light pollution type), >6 (clean); J = 0~0.3 (heavy pollution type), 0.3~0.5 (medium pollution type) and >0.5 (light pollution or no pollution type).



One-way ANOVA was conducted to test the significant variance of the environment and the phytoplankton communities during different sampling periods. Pearson’s correlation analysis was performed to evaluate the influence of the water quality parameters on phytoplankton densities. All analyses were performed using IBM SPSS Statistics (Version 20.0, http://www.ibm.com (accessed on 10 May 2022)). To determine the possible relations between biological and environmental data, before the analysis was carried out, we log transformed the data to ensure the data were normally distributed. We used detrended correspondence analysis (DCA) to determine that all of the first axis gradient lengths were less than 3 and chose a linear model-based RDA analysis to review them with a linear model-based RDA analysis. Using the CANOCO program, Version 4.5, we performed redundancy analysis (RDA) to isolate the important local variables that explain the phytoplankton community structure. We made columnar graphs with GraphPad Prism 5 (https://www.graphpad.com (accessed on 10 May 2022)) and an interpolation map with ArcGIS software (Version 10.4, ESRI http://www.esri.com (accessed on 10 May 2022)), utilizing the inverse distance weighting method and histograms with Origin (version 2021).





3. Results


3.1. Ecological Factors Parameters


The water temperature of the lakes in the coal mining subsidence area ranged from 24.5–27.9 °C. The average water depth of the seven lakes was 4.86 m, the minimum values of the water level in Y1 were 1.7 m, and the minimum water level in Y5 was 9.3 m, the water depth at the middle point of each lake was greater than the side points. However, the seven lakes exhibited no significant difference in the profiles of their samples (p = 0.57). The water bodies were weakly alkaline with pH values of 7.68–8.03. The mean pH values of the closed lakes Y5, Y6 and Y7 were higher than those of the connected lakes.



We compared the nutrient fractions in different lakes, and the results showed that each nutrient fraction TP, TN, AN and NO differed significantly (most p < 0.05) in each sinkhole lake. Among them, TP and NO contents showed significant spatial differences, with TP contents of Y1, Y2, Y3, Y4 and Y5 significantly lower than those of Y6 and Y7, and NO contents of Y1, Y2, Y3 and Y4 significantly higher than those of Y5, Y6 and Y7. The spatial response showed that TP contents were high in the west and low in the east, while NO contents were high in the east and low in the west. The mean DO in each lake varied from 4.67–6.43 mg/L, and the mean Cond spanned 710.25–768.75 μS/cm, with SD ranging from 51–74 cm (Table 1).




3.2. Phytoplankton Composition and Cell Density


A total of 120 species of phytoplankton were observed in this study, among which the chlorophyta was the most abundant with 52 species, accounting for 43.33% of the total species; followed by bacillariophyta and cyanobacteria with 38 and 15 species, representing 31.67% and 12.50%, respectively; euglenophyta with 6 species, constituting 5.00%; cryptophyta and chrysophyta with 3 species, making up 2.50%; pyrrophyta with 2 species, amounting to 1.67% and xanthophyta with 1 species, accounting for 0.83%.



Cell densities of the cyanobacteria and chlorophyta consistently dominated the phytoplankton in all lakes surveyed (Figure 2). The mean cell density of the seven sunken lakes was 44.42 × 106 ind./L, and the cell density fluctuated from 19.23–74.55 × 106 ind./L with the minimum cell density occurring in Y2 and the maximum in Y6 (Figure 3). According to the principle wherein a dominance of Y ≥ 0.02 represents the dominant species [25], the dominant species were Leptolyngbya tenuis, Chroococcus minor, Merismopedia sinica, Auxenochlorella pyrenoidosa, Crucigenia quadrata and Cryptomonas ovata. The dominant species were cyanobacteria and chlorophyta, except for Cryptomonas ovata, which were cryptophyte (Table 2). Among them, the cell density of Leptolyngbya tenuis accounted for 40.1% of the total cell density, which was the most dominant phytoplankton in the submerged lake.



The phytoplankton diversity indices (H, J, D) varied from lake to lake, and the seven sunken lakes were classified as clean water bodies according to the environmental quality evaluation criteria of water bodies.




3.3. Relationship between Phytoplankton and Environmental Factors


3.3.1. Pearson Correlation Analysis


A Pearson correlation analysis was performed between the cell density environmental factors of phytoplankton (Table 3). The results showed that the cell abundance of phytoplankton demonstrated a highly significant positive correlation (p < 0.01) with AN and pH, a significant positive correlation (p < 0.05) with TP and a highly significant negative correlation (p < 0.01) with Cond, NO and WT.




3.3.2. RDA Analysis


RDA was used to assess the relationship between the dominant phytoplankton species and environmental factors. The cell density of six dominant species of phytoplankton in sunken lakes was selected for a redundancy analysis with aquatic parameters, such as WT, pH, DO, Cond, SD, WD, Sdep, NO, TP, TN and AN, which were closely related to the zooplankton community structure of the two lakes as determined by RDA pre-selection and Monte Carlo replacement test screening. We selected six dominant species: Leptolyngbya tenuis, Chroococcus minor, Merismopedia sinica, Auxenochlorella pyrenoidosa, Crucigenia quadrata and Cryptomonas ovata. The RDA results revealed that all selected parameters on the first two axes (0.4603 and 0.0611, respectively) explained 52.1% of the variation in the phytoplankton community of the sunken lake (Table 4). This truly establishes and clarifies the relationship between species and environmental factors (Figure 4a). The results showed that in the sinkhole lakes, Chroococcus minor and Merismopedia sinica had negative correlations with Cond and SD, Cryptomonas ovata responded positively to Cond and SD, Auxenochlorella pyrenoidosa and Crucigenia quadrata indicated negative correlations with NO and positive correlations with pH and TP and Leptolyngbya tenuis showed positive correlations with AN, pH and TP and negative correlations with WT and DO. We found that pH, WT, SD, Cond, DO, AN, NO and TP were the main factors affecting the taxonomic composition of phytoplankton.




3.3.3. Relationships between Phytoplankton and the Environmental Factors in Lakes with Different Stream Connectivity


According to the water system connectivity, the study lakes were divided into two groups. The first group was lakes with a good water system connectivity (G), including Y1, Y2 and Y3, and the second group was lakes that contained closed lakes and poor water system connectivity (B), including Y4, Y5, Y6 and Y7. To evaluate the relationship between phytoplankton dominance and environmental factors, we ran an RDA. The RDA ranking map includes dominant species and environmental variables. The RDA results demonstrated that the parameters selected in the first two axes explained 50.0% (Table 5) and 43.9% (Table 6) of the variances of the G and B phytoplankton groups, respectively. They also uncovered that the main environmental factors affecting the dominant species of phytoplankton in group G were PH, TP and NO (Figure 4b), and the main environmental factors impacting the dominant species of phytoplankton in group B were PH, TP, NO and AN (Figure 4c). The main environmental factors influencing the dominant species of phytoplankton in different groups of lakes were different. The results indicated that the connectivity of a water system would alter the phytoplankton community structure.



Abbreviations used in the figure: WT, water temperature; SDep, sampling depth; WD, water level; SD, Secchi depth; Cond, conductivity; DO, dissolved oxygen; TN, total nitrogen; TP, total phosphorus; NO, NO32−−N; AN, NH4+−N. Taxonomic groups: Lep., Leptolyngbya tenuis; Chr., Chroococcus minor; Mer., Merismopedia sinica; Aux., Auxenochlorella pyrenoidosa; Cru., Crucigenia quadrata; Cry., Cryptomonas ovata.





3.4. Spatial Distribution of Phytoplankton


There was a significant difference in the spatial distribution of the phytoplankton cell density (Figure 5). On the whole, the density of phytoplankton in the three closed lakes was higher than in the four lakes that are connected with the Ji River. The lowest value of the phytoplankton cell density was 19.23–74.55 × 106 ind./L in Lake Y2, and the highest value was 74.55 × 106 ind./L in Y6. The density of phytoplankton in the four lakes connected with the Ji River showed a high distribution in the west and a low distribution in the east. The lowest density of phytoplankton cells was found in Lake Y2, and the highest was found in Y4 (57.17 × 106 ind./L).



The diversity indices of phytoplankton also showed a clear spatial distribution, with higher values in the three lakes (Y1, Y2, Y3) with good water connectivity (Figure 6).





4. Discussion


4.1. General Evaluation of Water Quality


The sinkhole lakes are mostly farmland and a small number of villages with many areas around the lakes being used as farmland. Pollutants such as pesticides and chemical fertilizers directly enter the water bodies from surface runoff, causing water quality pollution; in addition, local residents utilize the sinkhole lakes for long-term fishery farming and livestock farming around the water bodies, and the manure and domestic sewage produced directly enter the water bodies and affect the water quality [26]. According to the eutrophication grading standard of lakes, the average value of TN concentration in sunken lakes is above 1.3 mg/L, and the average value of total phosphorus concentration is above 0.7 mg/L, indicating that the sunken lakes are moderately eutrophic [27]. Many studies have shown that cyanobacteria and chlorophyta are the main dominant phylum in eutrophic lakes, and eutrophication increases the density of inedible cyanobacteria [28,29]. In our investigation, the sunken lakes formed a system of watershed algae with cyanobacteria as the dominant group in which the most dominant species was Leptolyngbya tenuis (40.90%, a multicellular group that belong to inedible algae). This finding was consistent with the above study. In addition, in general, among the seven sink lakes, the connected sink lakes (Y1, Y2, Y3, Y4) had lower levels of TP. This may be related to water system connectivity, which refers to the connectivity of water systems such as river trunks and tributaries, lakes and other wetlands, reflecting the continuity of water flow and the connectivity of water systems. The better the connectivity of a water system, the better the self-purification and pollution-holding capacity of the water flow. The flow of river water in the Ji River dilutes the content of total phosphorus in the water body, and Wang Yong’s study in Dongting Lake also illustrated that the overall trend of TP content decreases as the connectivity of a landscape improves [30]. Therefore, the water quality condition of the connected lakes was better than that of the closed lakes in terms of TP content. Phytoplankton diversity also reflects the pollution status of water bodies, and the results of this study show that the seven sunken lakes are clean water bodies or lightly polluted water bodies.




4.2. Effects of Environmental Factors on Phytoplankton Diversity and Cell Density


Environmental factors influenced both the phytoplankton diversity and cell density. The Pearson correlation analysis and the RDA analysis showed that the main physicochemical factors affecting phytoplankton community structure were WT, pH, Cond, AN, NO and TP. These were consistent with the results of many studies. Alkaline waters promote nitrification and nitrogen fixation in the nitrogen cycle of phytoplankton and facilitate photosynthesis [31]. A 19-year study on the Wuli River showed that the community structure and β-diversity of phytoplankton changed with global warming [32]. The relationship between nutrient ratios and nutrient limitation has been studied in Taihu Lake, and it was found that when TN:TP < 21.5~24.7, N is the nutrient limiting phytoplankton growth, while when TN:TP exceeds the above range, P is the limiting nutrient [33].



Temperature directly affects the growth and development of phytoplankton. The optimum temperature for cyanobacteria and chlorophyta is 25–30 °C [34]. The survey in this study was conducted in August 2021, and the water temperature was 24.5–27.9 °C. The dominant phylum investigated was the chlorophyta and the cyanobacteria phylum, also in accordance with the results of previous studies.



Nitrogen and phosphorus are key factors in controlling phytoplankton growth and eutrophication in water ecosystems [35,36]. Jiang et al. found that the main cause of large outbreaks of cyanobacteria in Chaohu Lake and surrounding rivers was the large amount of nutrients in the biological effluent discharged into the lake, phosphate was the key influencing factor, and there was a significant positive correlation between filamentous cyanobacteria and TP [37]. In addition, most domestic and international studies consider phosphorus as a priority factor for controlling phytoplankton growth [38,39]. In our investigation, it was demonstrated that the cell density of phytoplankton was significantly positively correlated with TP, and the RDA analysis results established that the cell density of the first dominant species, Leptolyngbya tenuis, was correlated with TP content, which also confirmed this conclusion.




4.3. Effects of Stream Connectivity on Phytoplankton Communities


Water system connectivity also changes the phytoplankton diversity and cell density. Y1, Y2, Y3 and Y4 in this study area are connected to rivers. The three lakes with better water system connectivity (Y1, Y2 and Y3), which is group G, have higher diversity indices than the other sunken lakes with significant consistency. This may be because water system connectivity not only improves water quality but also increases the landscape heterogeneity of the lakes, and lakes with higher landscape heterogeneity have higher phytoplankton biodiversity [40]. The water velocity of the Ji River is slow, and the scour effect of the water is insufficient in providing sufficient time for phytoplankton to occupy their adapted habitat. Some studies have shown that cyanobacteria easily become the dominant species in low velocity water [41].



Water retention time can directly influence the community structure and cell density of phytoplankton. In water bodies with longer hydraulic retention time, such as Y5, Y6 and Y7 in this study, the water exchange ability is weak, algae have a longer growth time, and the phytoplankton density is significantly higher [42]. Long-term water retention will lead to the weakening of nutrient exchange and the enrichment of nutrients and pollutants, thus indirectly affecting the growth of phytoplankton [43]. Our survey results exhibited that the closed lakes had higher TP content and higher phytoplankton cell density, confirming this conclusion.



In addition, the flow of river water through the Ji River brings aquatic plant propagules, which affect the existing amount and structure of aquatic vegetation in this water body and increase the aquatic vegetation cover of the water body. Aquatic plants can alleviate eutrophication and improve water quality, thus increasing the diversity of phytoplankton. Xu et al. observed that more coverage of Trapa bispinosa had a positive effect in decreasing TP. As shown in other studies, the increase in aquatic vegetation coverage led to a concurrent decrease in phytoplankton density [44]. Laboratory data have demonstrated that the aquatic macrophyte significantly inhibit phytoplankton by allelopathy [45,46]. For example, Chia et al. studied the effects of Nymphaea lotus L. and Polygonum limbatum Meisn. On the dynamic density changes of phytoplankton populations in a tropical artificial pond in Zaria, Nigeria. They recorded the highest density of phytoplankton species at a control station with no aquatic plants [47]. The growth of aquatic vegetation also provides different habitats for phytoplankton, which is conducive to the increase of phytoplankton diversity. Wang et al.’s research in the Huayang River revealed that the Huanghu Lake with richer aquatic vegetation had higher phytoplankton biodiversity [48]. Our results exhibited that the plankton density in the connected lakes was low, and the species of epiphytic diatoms (N. xigua and F. capucina) and green algae increased, while the species of cyanobacteria decreased. We speculated that the habitat diversification and allelopathy of aquatic vegetation in the connected lakes increased the diversity of phytoplankton and decreased the density of phytoplankton.
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Figure 1. Distribution of sunken lakes in Huainan. 
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Figure 2. Changes in relative densities of different phytoplankton taxa in sunken lakes. Abbreviations used in the diagram: Bac: bacillariophyta; Cry: cryptophyte; Pyr: pyrrophyta; Cya: cyanobacteria; Chr: chrysophyta; Chl: chlorophyta; Eug: euglenophyta; Xan: xanthophyte. 
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Figure 3. Average cell density of different phytoplankton in sunken lakes. Abbreviations used in the diagram: Bac: bacillariophyta; Cry: cryptophyte; Pyr: pyrrophyta; Cya: cyanobacteria; Chr: chrysophyta; Chl: chlorophyta; Eug: euglenophyta; Xan: xanthophyte. 
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Figure 4. Phytoplankton species (red arrow) and environmental factor (blue arrow) biplot based on RDA: (a) all sunken lakes; (b) sunken lakes with good water system connectivity (G); (c) sunken lakes with closed lakes and poor water system connectivity (B). 
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Figure 5. Density of phytoplankton in sunken lakes. 
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Figure 6. Spatial variation in diversity indexes of phytoplankton in sunken lakes: (a) Shannon–Wiener index of phytoplankton in sunken lakes; (b) Pielou index of phytoplankton in sunken lakes; (c) Margalef index of phytoplankton in sunken lakes. 
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Table 1. Physicochemical factors of sunken lakes (average value ± standard deviation).
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	Y1
	Y2
	Y3
	Y4
	Y5
	Y6
	Y7





	WT/℃
	27.58 ± 0.20
	26.75 ± 0.22
	26.75 ± 0.46
	26.60 ± 0.11
	26.85 ± 0.23
	26.15 ± 0.63
	26.60 ± 0.16



	pH
	7.57 ± 0.10
	7.49 ± 0.09
	7.57 ± 0.12
	7.84 ± 0.04
	7.94 ± 0.23
	8.39 ± 0.21
	8.17 ± 0.12



	DO/(mg/L)
	6.43 ± 1.03
	5.17 ± 0.91
	6.41 ± 0.86
	5.68 ± 0.62
	5.19 ± 0.57
	4.67 ± 1.05
	6.04 ± 0.77



	Cond/(Μs/cm)
	745.75 ± 2.59
	768.75 ± 11.16
	761.50 ± 11.59
	742.14 ± 0.99
	710.25 ± 3.19
	717.50 ± 12.06
	767.63 ± 1.80



	SD/cm
	53.13 ± 14.99
	73.88 ± 11.90
	58.75 ± 10.46
	51.29 ± 7.21
	52.63 ± 9.42
	62.13 ± 7.93
	55.25 ± 7.45



	WD/m
	5.23 ± 1.58
	4.23 ± 1.46
	5.58 ± 1.06
	4.03 ± 2.37
	5.18 ± 2.58
	5.13 ± 2.36
	4.65 ± 2.58



	Sdep/m
	2.73 ± 2.50
	2.24 ± 2.01
	2.83 ± 2.44
	1.56 ± 1.60
	2.64 ± 2.85
	2.65 ± 2.68
	2.38 ± 2.58



	NO/(mg/L)
	0.93 ± 0.10
	1.50 ± 0.17
	1.52 ± 0.16
	0.62 ± 0.11
	0.14 ± 0.02
	0.07 ± 0.05
	0.18 ± 0.02



	TP/(mg/L)
	0.24 ± 0.02
	0.32 ± 0.10
	0.21 ± 0.07
	0.20 ± 0.04
	0.27 ± 0.04
	0.45 ± 0.21
	0.67 ± 0.07



	TN/(mg/L)
	0.41 ± 0.47
	1.62 ± 0.20
	1.89 ± 0.48
	1.47 ± 0.19
	1.22 ± 0.27
	1.07 ± 0.76
	1.42 ± 0.43



	AN/(mg/L)
	0.68 ± 0.07
	0.20 ± 0.02
	0.21 ± 0.11
	0.20 ± 0.02
	0.30 ± 0.05
	1.15 ± 0.81
	0.57 ± 0.04
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Table 2. Dominant species of phytoplankton.
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Phylum

	
Dominant Species

	
Dominance of Phytoplankton Species (Y)

	
Proportion of Densities of Different Species (%)






	
Cyanobacteria

	
Leptolyngbya tenuis

	
0.881

	
40.90




	
Chroococcus minor

	
0.023

	
1.49




	
Merismopedia sinica

	
0.243

	
2.94




	
Chlorophyta

	
Auxenochlorella pyrenoidosa

	
0.426

	
3.21




	
Crucigenia quadrata

	
0.051

	
4.45




	
Cryptophyta

	
Cryptomonas ovata

	
0.133

	
1.80
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Table 3. Relationship between the cell density of the phytoplankton and environmental factors.
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Parameter

	
Cell Density




	
r






	
WT

	
−0.412 **




	
pH

	
0.554 **




	
DO

	
−0.168




	
Cond

	
−0.351 **




	
SD

	
−0.255




	
WD

	
−0.011




	
Sdep

	
0.036




	
NO

	
−0.713 **




	
TP

	
0.335 *




	
TN

	
−0.087




	
AN

	
0.489 **








* represents a significant correlation (p < 0.05); ** represents a very significant correlation (p < 0.01).
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Table 4. Summary of RDA analyses with environment variables explaining phytoplankton assemblage in sunken lakes.
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	Axes
	1
	2
	3
	4
	Total Variance





	Eigenvalues
	0.4603
	0.0611
	0.0243
	0.0164
	1



	Species–environment correlations
	46.03
	52.14
	54.57
	56.22
	



	Cumulative percentage variance of species data
	0.8926
	0.5399
	0.6520
	0.5346
	



	Cumulative percentage variance of

species–environment relationship
	80.11
	90.75
	94.98
	97.84
	



	Sum of all eigenvalues
	
	
	
	
	1
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Table 5. Summary of RDA analyses with environment variables explaining phytoplankton assemblage in sunken lakes with good water system connectivity (G).
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	Axes
	1
	2
	3
	4
	Total Variance





	Eigenvalues
	0.3910
	0.1086
	0.0579
	0.0280
	1



	Species–environment correlations
	39.10
	49.96
	55.75
	58.55
	



	Cumulative percentage variance of

species data
	0.8691
	0.8250
	0.6604
	0.5387
	



	Cumulative percentage variance of

species–environment relationship
	63.94
	81.69
	91.16
	95.73
	



	Sum of all eigenvalues
	
	
	
	
	1
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Table 6. Summary of RDA analyses with environment variables explaining phytoplankton assemblage in sunken lakes with closed lakes and poor water system connectivity (B).
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	Axes
	1
	2
	3
	4
	Total Variance





	Eigenvalues
	0.3170
	0.1216
	0.0757
	0.0563
	1



	Species–environment correlations
	31.70
	43.85
	51.43
	57.06
	



	Cumulative percentage variance of

species data
	0.9328
	0.7733
	0.5222
	0.8531
	



	Cumulative percentage variance of

species–environment relationship
	52.52
	72.66
	85.21
	94.54
	



	Sum of all eigenvalues
	
	
	
	
	1
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