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Abstract

:

As it is the second-largest freshwater lake downstream of the Three Gorges Dam and an important international wetland for migratory birds, there have been concerns about the ecological water health of Dongting Lake for a long time. In the present study, we studied the evolutionary characteristics of water quality in Dongting Lake in three recent years. Moreover, the evolution rules and dominant groups of the phytoplankton community were explored, and the major influencing factors of phytoplankton and their distribution were assessed based on the field survey and detection data from 2017 to 2019. The results indicated that the water quality of Dongting Lake improved in recent years. The concentration of dissolved oxygen (DO) increased by 6.91%, whereas the concentrations of the five-day biochemical oxygen demand (BOD5), chemical oxygen demand (CODCr), ammonia nitrogen (NH4+–N), total phosphorus (TP), and total nitrogen (TN) decreased by 17.5%, 13.0%, 33.8%, 7.6%, and 13.3%, respectively. The mean phytoplankton density reached 4.15 × 105 cells·L−1 in September 2017, whereas it was only 1.62 × 105 cells·L−1 in December 2018. There were 15 dominant species belonging to Cyanobacteria, Chlorophyta, Bacillariophyta, Cryptophyta, and Miozoa. Moreover, Fragilaria radians (Kützing) D.M.Williams & Round and Aulacoseira granulata (Ehrenberg) Simonsen were the dominant populations in all seasons. The Pearson and linear regression analysis also indicated that the composition and distribution of phytoplankton in Dongting Lake were mainly affected by electrical conductivity (Cond), BOD5, potassium permanganate (CODMn), and CODCr, especially in Eastern Dongting Lake. Of course, NH4+–N, TN, and TP were also the main factors affecting the density and species of the phytoplankton community, especially in Western Dongting Lake. Finally, we suggested that local government could take “The relationship between Yangtze River and Dongting Lake”, “The relationship between the seven fed rivers and Dongting Lake”, and “The relationship between human activities and Dongting Lake” as the breakthrough points to guarantee the ecological flow, water environment, and ecological quality of Dongting Lake.
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1. Introduction


Phytoplankton are primary producers in the food chain of aquatic ecosystems. Their life cycle is short, and the community structure changes with the change in the physical and chemical properties of water. Phytoplankton are widely used as an indicator of water environment quality in aquatic ecosystems [1,2,3,4,5]. Overgrowth of phytoplankton can lead to ecosystem damage and biodiversity loss [6]. Cyanobacteria bloom is a thorny environmental problem caused by the excessive growth of phytoplankton in recent years [7]. There are many adverse effects of the high bloom densities of cyanobacteria, such as the decrease in water quality, transparency, and growth of aquatic vegetation, which affect the stability of the lake ecosystem [8].



The phytoplankton community structure has been studied as the core for many decades. It is generally believed that nutrient accumulation is considered the driving force of cyanobacterial outbreaks and blooms in lakes [9]. Nutrients are considered to directly induce cyanobacteria bloom [10]. However, some researchers have found that reducing nutrient concentration does not reduce cyanobacteria density [11]. For example, in Taihu Lake of China, the cyanobacteria blooms were not reduced when the nutrient levels were significantly decreased during the past 10 years [12]. Therefore, the phytoplankton community is affected by many environmental factors. Many studies have been carried out on the effects of water quality parameters and other abiotic variables, such as water temperature, chemical oxygen demand, nutrients, pH, water levels, transparency [13,14,15,16,17,18,19,20,21,22,23], and especially the water residence time, which can act as the primary contributor of eutrophication in the lake and reservoir [24,25]. The extension of water residence time is conducive to retaining and accumulating nutrients in the lake, providing good conditions for algal growth. Therefore, it is necessary to determine the relationship between human activities and lake ecosystems when assessing the influence of main driving factors on phytoplankton communities [26,27].



Dongting Lake, located at 28°30′–30°20′ N and 111°40′–113°40′ E in the middle Yangtze River region, is the first and second largest freshwater lake downstream of the Three Gorges Dam and an important international wetland for migratory birds, with the lake area of 2625 km2, the total volume of 174 × 108 m3, and the basin area of 25.72 × 104 km2 [28,29]. It is also a critical ecological zone and on the list of Ramsar Wetlands of International Importance in the world designated by WWF. Dongting Lake is fed by seven rivers, covering four tributaries (Xiang River, Zi River, Yuan River, and Li River) and three outlets of the Yangtze River (Songzi River, Hudu River, and Ouchi River), and its outflow returns into the Yangtze River from Chenglingji section, which plays a vital role in flood control and storage, biodiversity protection, water supply, and climate regulation [30,31]. However, in the past 30 years, due to social and economic development and resource exploitation, the problems of water shortage, seasonal drought, water quality deterioration, and eutrophication in Dongting Lake have gradually emerged, seriously threatening the health of the lake ecosystem and the sustainable development of the basin [32,33,34,35,36,37].



In the present study, we hypothesized that environmental changes led to significant changes in phytoplankton in recent years. Therefore, we analyzed the three-year (2017–2019) data based on the seasonal monitoring of Dongting Lake. We mainly aimed to assess (1) the evolution trend of phytoplankton community distribution, diversity, and environmental parameters; (2) how phytoplankton density, species, and biodiversity responded to changes in environmental parameters; (3) the main affecting parameters of phytoplankton community distribution. Finally, we suggested that the local government management departments take correct measures against the current problems and influencing factors to ensure the water ecological security of Dongting Lake.




2. Materials and Methods


2.1. Study Area


Dongting Lake is one of the lakes with a considerable water level fluctuation in China, especially in the Yangtze River Basin. The lake’s elevation is 33.5 m, while the annual average water level is between 24.00 m and 31.00 m, and the average water depth is 6.7 m, with the deepest point at 15 m. The average pH value of the whole lake is 7.54, which is weakly alkaline. Dongting Lake is a typical alluvial silting plain dominated by onshore composite Delta, which belongs to the subtropical humid monsoon climate area. Therefore, monsoon circulation is the primary weather system controlling the climate of Dongting Lake. The annual average temperature of Dongting Lake is between 16.4 and 17.0 °C, while the annual average precipitation is between 1200 mm and 1450 mm, and the annual average evaporation (water surface evaporation) is about 1270 mm. Dongting Lake is in a mesotrophic to slightly eutrophic state.



A total of 15 sampling sites were set up in Dongting Lake (DL): Shahekou (S1), Nanzui (S2), Potou (S3), Jiangjiazui (S4), and Xiaohezui (S5), representing Western Dongting Lake (WD); Wanzi Lake (S6), Wanjiazui (S7), Hengling Lake (S8), Yugongmiao (S9), and Zhangshugang (S10), representing Southern Dongting Lake (SD); Lujiao (S11), East-Dongting Lake (S12), Big-small West Lake (S13), Yueyanglou (S14), and Dongting Lake outlet (S15), representing Eastern Dongting Lake (ED). Figure 1 illustrates the overall situation of the study area in Dongting Lake. In detail, the average water depth in S2 and S3 was 6 m, with the bottom mainly composed of yellow and black sand, whereas it was 8 m in S4 and S6, with water and yellow silt on the bottom. The average water depth was 5 m in S9 and S11, with the bottom mainly composed of yellow sand, whereas it was 8 m in S8, with water and yellow silt on the bottom. The average water depth was 10 m in S12, S13, and S15, with the bottom mainly composed of yellow silt.




2.2. Sampling and Analyses


Sampling was carried out seasonally from 2017 to 2019 at 15 sites, and 178, 60, 58, and 60 samples were obtained in Dongting Lake, Western Dongting Lake, Southern Dongting Lake, Eastern Dongting Lake, respectively. Water specimens were collected from the surface to bottom (three depths) at each site, fixed, refrigerated, and stored in the dark as required before transportation, and follow-up operations were completed within the specified time. A portable multiparameter detector for water quality was used to measure the real-time water temperature (WT), electrical conductivity (Cond), dissolved oxygen (DO), and pH in real time at each sampling site. In addition, the five-day biochemical oxygen demand (BOD5) was determined by the standard dilution method, the potassium permanganate (CODMn) was measured by the permanganate index method, the chemical oxygen demand (CODCr) was measured by potassium dichromate method, the ammonia nitrogen (NH4+–N) was measured by Nessler’s reagent spectrophotometry, the total phosphorus (TP) was measured by ammonium molybdate spectrophotometry, and the total nitrogen (TN) was measured by alkaline potassium persulfate ultraviolet spectrophotometry [38].



The sampling of phytoplankton in both left and right sides of each site was carried out from bottom to top in the water column with a 25-mesh sieve. Collected organisms were stored in 1.5% (v/v) Lugol’s and kept in a cylindrical separating funnel with a volume of 1 L. The supernatant was gradually sucked through a siphon until the volume of the water sample was concentrated to 10 mL less than the constant volume, the bottle piston was unscrewed, and it was transferred into the sample bottle. The supernatant was taken and shaken to the final volume of 30 mL. The concentrated plankton sample was shaken evenly, a 0.1 L sample was placed in the plankton counting box for identification and counting, and then ×300 cells were counted using a microscope under the magnification of 400× (40× on the lens and 10× on eyepiece) and identified to the lowest taxonomic level (genus or species). Taxonomic identification was performed according to a previously described method [39] and AlgaeBase (www.alagebase.org, accessed on 20 February 2022). Meanwhile, the experts were invited to verify identification results.




2.3. Data Analysis


The phytoplankton diversity, evenness, and dominance were investigated according to previously described methods [40,41,42,43]. The biological diversity (H′), evenness (J), richness (D), and dominance (Y) were calculated according to the following equations:


   H ′  = −   ∑   i = 1  S   (   N i  / N  )    log  2   (   N i  / N  )   



(1)






  D =  (  S − 1  )  / ln N  



(2)






  J =  H ′  / ln S  



(3)






  Y =  f i  ×  (   N i  / N  )   



(4)




where Ni is the number of individuals of the ith species, N is the total number of individuals, S is the total species, and fi is the occurrence frequency of the ith species. The species were defined as dominant when the value of Y was above 0.02 [44]. The number of species evaluated was based on the sum of all species observed in the sample.



Pearson correlation analysis was carried out to assess the relationship between environmental parameters and the abundance, species, diversity indices, and evenness of phytoplankton using SPSS 2020, which was also used for linear regression and curve estimation. Moreover, a univariate linear regression analysis was conducted. The regression equation was established, including two variables. One was the independent variable, expressed in x, and the other one was the dependent variable (predictive variable), represented by y. All figures were drawn by Origin 2018.





3. Results


3.1. Phytoplankton Community and Dominant Genera


In the present study, we identified 67 genera of phytoplankton belonging to six phyla in Dongting Lake (Table S1). Figure 2 shows that the density of phytoplankton gradually increased from spring to summer (March, June, and September), and it significantly decreased from autumn to winter (December). The density of phytoplankton was higher in Eastern Dongting Lake compared with Western and Southern Dongting Lake. The mean phytoplankton density reached 4.15 × 105 cells·L−1 in September 2017, whereas it was only 1.62 × 105 cells·L−1 in December 2018. Bacillariophyta and Chlorophyta were the most abundant taxonomic groups from March 2017 to June 2019, whereas Cyanobacteria became the dominant group in the summer, with a peak value of 3.33 × 106 cells·L−1 in September 2019. In addition, Cryptophyta was the dominant group only in the winter (December) of 2019 (Figure 3).



There were 15 dominant species that belonged to five phyla from March 2017 to December 2019, with the dominance ranging from 0.020 to 0.143, 0.021 to 0.041, 0.020 to 0.337, 0.020 to 0.048, and 0.020 to 0.036 in Cyanobacteria, Chlorophyta, Bacillariophyta, Cryptophyta, and Miozoa, respectively. Fragilaria radians (Kützing) D.M.Williams & Round and Aulacoseira granulata (Ehrenberg) Simonsen were the dominant populations in all seasons, and the dominant area of Aulacoseira granulata (Ehrenberg) Simonsen could reach a peak of 0.337 in March 2019. In addition, Oxynema acuminatum (Gomont) Chatchawan, Komárek, Strunecky, Smarda & Peerapornpisal, Anabaena azotica Ley, and Pseudanabaena catenata Lauterborn became dominant species in September 2019 (Figure 4).




3.2. Environmental Parameters


Table 1 shows that the environmental parameters of Dongting Lake changed significantly. The WT changed obviously among seasons, with a minimum of 8.76 °C in March 2019, whereas the maximum of 31.44 °C was found in September 2018. The mean pH value was relatively stable, ranging from 7.51 to 7.89. The mean values of Cond, DO, NH4+–N, and TN concentrations were higher in March and December (dry season) compared with June and September (wet season), whereas the mean value of CODCr concentration was higher in June and September compared with March and December. The mean values of CODMn (between 2.1 mg/L and 2.5 mg/L) and TP (between 0.06 mg/L and 0.09 mg/L) concentrations showed no noticeable difference in different seasons. The mean concentration of BOD5 showed an apparent downward trend from 2017 (between 1.62 mg/L and 2.18 mg/L) to 2019 (between 1.44 mg/L and 1.71 mg/L).




3.3. Relationship between Phytoplankton and Water Quality


In DL, the Pearson analysis indicated that the phytoplankton density was positively related to Cond (R = 0.486, p < 0.05), CODMn (R = 0.857, p < 0.01), BOD5 (R = 0.581, p < 0.05), CODCr (R = 0.849, p < 0.01), NH4+–N (R = 0.202, p < 0.05), and TP (R = 0.270, p < 0.05), whereas it was negatively related to TN (R = −0.168, p < 0.05). Moreover, the phytoplankton species was positively related to Cond (R = 0.521, p < 0.05), CODMn (R = 0.719, p < 0.01), BOD5 (R = 0.378, p < 0.05), and CODCr (R = 0.717, p < 0.01). In addition, the phytoplankton diversity was negatively related to WT (R = −0.161, p < 0.05), Cond (R = −0.181, p < 0.05), CODMn (R = −0.226, p < 0.05), BOD5 (R = −0.159, p < 0.05), and CODCr (R = −0.281, p < 0.05), whereas it was positively related to DO (R = 0.238, p < 0.05). The phytoplankton richness was positively related to Cond (R = 0.477, p < 0.05), CODMn (R = 0.622, p < 0.05), BOD5 (R = 0.284, p < 0.05), and CODCr (R = 0.615, p < 0.05), and the phytoplankton evenness was negatively related to WT (R = −0.167, p < 0.05), Cond (R = −0.243, p < 0.05), CODMn (R = −0.291, p < 0.05), CODCr (R = −0.335, p < 0.05), and TP (R = −0.157, p < 0.05), whereas it was positively related to DO (R = 0.226, p < 0.05) (Figure 5; Table S2; Figures S1, S3–S10).



Figure 5 also shows that the phytoplankton density was positively related to TN (R = 0.255, p < 0.05) and TP (R = 0.275, p < 0.05), whereas the species (R = −0.353, p < 0.05) and richness (R = −0.341, p < 0.05) were negatively related to BOD5 in WD. The phytoplankton density (R = 0.507, p < 0.05), species (R = 0.501, p < 0.05), and richness (R = 0.448, p < 0.05) were positively related to Cond, and the diversity was positively related to DO (R = 0.298, p < 0.05) in SD (Table S2; Figures S3, S4, S6, S9 and S10).



In addition, the phytoplankton density was positively related to Cond (R = 0.612, p < 0.05), CODMn (R = 0.889, p < 0.01), BOD5 (R = 0.711, p < 0.01), CODCr (R = 0.881, p < 0.01), and NH4+–N (R = 0.315, p < 0.05), whereas it was negatively related to DO (R = −0.267, p < 0.05) and TN (R = −0.408, p < 0.05). The phytoplankton species was positively related to Cond (R = 0.733, p < 0.01), CODMn (R = 0.793, p < 0.01), BOD5 (R = 0.602, p < 0.05), CODCr (R = 0.788, p < 0.01), and NH4+–N (R = 0.273, p < 0.05), whereas it was negatively related to TN (R = −0.339, p < 0.05). Moreover, the phytoplankton diversity was negatively related to pH (R = −0.369, p < 0.05), Cond, (R = −0.428, p < 0.05), CODMn (R = −0.316, p < 0.05), and CODCr (R = −0.373, p < 0.05), whereas it was positively related to DO (R = 0.257, p < 0.05). In addition, the phytoplankton richness was positively related to Cond (R = 0.710, p < 0.01), CODMn (R = 0.710, p < 0.01), BOD5 (R = 0.515, p < 0.05), and CODCr (R = 0.707, p < 0.01), whereas it was negatively related to TN (R = −0.291, p < 0.05). Moreover, the phytoplankton evenness was negatively related to pH (R = −0.425, P < 0.05), Cond (R = −0.476, p < 0.05), CODMn (R = −0.370, p < 0.05), and CODCr (R = −0.424, p < 0.05), whereas it was positively related to DO (R = 0.283, p < 0.05) (Figure 5; Table S2; Figures S2–S10).





4. Discussion


4.1. Temporal and Spatial Evolution Characteristics of Phytoplankton and Physicochemical Parameters


Our data indicated that the phytoplankton density in Dongting Lake decreased obviously from 2017 to 2019, especially in Western Dongting Lake, which was closely related to the improvement of water quality in Dongting Lake in recent years. For example, the concentration of DO increased by 6.91%, whereas the concentrations of BOD5, CODCr, NH4+–N, TN, and TP decreased by 17.5%, 13.0%, 33.8%, 7.6%, and 13.3%, respectively. In addition, the phytoplankton density in Eastern Dongting Lake was significantly higher compared with Western and Southern Dongting Lake. Such difference could be explained by the fact that the Big-small West Lake site of Eastern Dongting Lake was in the backwater area, with a significantly lower water velocity compared with other areas, resulting in the significantly higher phytoplankton density of this site compared with other sites.



Bacillariophyta, Cyanobacteria, and Miozoa are usually dominant in mesotrophic lakes, while Chlorophyta and Cyanobacteria dominate in eutrophic lakes [45]. We found that the dominant and subdominant species of phytoplankton in Dongting Lake were Fragilaria radians (Kützing) D.M.Williams & Round, Aulacoseira granulata (Ehrenberg) Simonsen, Nitzschia gracilis Hantzsch, Cyclotella meneghiniana Kützing, Navicula radiosa Kützing, Pinnularia gracillima W.Gregory, and Teleaulax acuta (Butcher) D.R.A.Hill, indicating that the water in Dongting Lake was basically in a mesotrophic state. However, it is worth noting that in September 2019, the Oxynema acuminatum (Gomont) Chatchawan, Komárek, Strunecky, Smarda & Peerapornpisal of Cyanobacteria became the first dominant group, which might be attributed to the temperature from August to September of 2019 being 1.5 to 2 degrees higher compared with 2017 and 2018.




4.2. Factors Determining Phytoplankton Density and Biodiversity


The growth and distribution of phytoplankton largely depend on the influence of environmental variables [46,47]. The temperature has species-specific effects on different phytoplankton taxa [48], affecting the growth and reproduction rates of most phytoplankton [49] and leading to changes in phytoplankton community composition. It is generally believed that a higher temperature induces the reproduction and growth of Chlorophyta and Cyanobacteria [50,51]. When the water temperature is higher than 25 °C, Cyanobacteria reach their maximum growth rate, and their cell abundance increases rapidly when the water temperature sharply increases in spring or summer. On the contrary, Bacillariophyta prefer cooler water [52]. In autumn and winter, the water temperature is relatively low and accompanied by the destruction of thermal stratification in water [53]. Bacillariophyta usually thrive while water is completely mixed. The results also indicated that the phytoplankton community was negatively related to WT just in Dongting Lake, but not in the Western, Southern, and Eastern Dongting Lake. Such a finding could be attributed to the change in the water cycle of Dongting Lake being faster (14 to 18 days) as it is a typical river-connected lake, resulting in a faster water mixing rate, unobvious thermal stratification, and the dominant Bacillariophyta. Meanwhile, Dongting Lake belongs to the subtropical region, and the WT is between 10 °C and 28 °C. Chlorophyta became the second most dominant group, which was consistent with the results of phytoplankton composition. It was worth noting that Cyanobacteria became the dominant group under the influence of continuous high temperatures in the summer of 2019.



DO was positively related to phytoplankton density, which might be attributed to the carbon dioxide absorbed and the oxygen released by phytoplankton [54]. However, we found that DO was only significantly correlated with the phytoplankton diversity in Dongting Lake, but not in Western Dongting Lake. Peroxide (O2−) is mainly produced during the release of electrons by the photosynthetic system I (PSI), and oxygen takes electrons from PSI to form O2− when the electron utilization of dehydrogenase (NADPH) is not ideal or limited [55]. However, excessive oxygen free radicals can lead to protein denaturation and cell membrane damage, affecting the metabolism and reproduction of normal cells, and this might be the primary reason for the negative correlation between phytoplankton density and DO in Eastern Dongting Lake.



The electrical conductivity reflects the current-transmitting ability of substances in water. Our results also indicated that the electrical conductivity was positively related to the phytoplankton density, species, and richness in Dongting Lake, especially in Eastern Dongting Lake, with a high positive relationship between the electrical conductivity and the species and richness of phytoplankton. The above results are also consistent with previous studies [56,57]. The photosynthesis of cyanobacteria is realized through the energy and electron transfer between light systems. The process of energy and electron transfer is photosynthetic system II    (  P S I I  )   → e  P S I  → e  N A D P H  , which is finally converted into carbohydrates for growth and metabolism [55]. Therefore, electrical conductivity played a decisive role in the community and distribution of phytoplankton in Dongting Lake, especially in Eastern Dongting Lake.



Studies have shown that TN, TP, NH4+–N, BOD5, and chemical oxygen demand can be the main driving parameters affecting the phytoplankton community and distribution [58,59,60,61,62,63,64,65,66,67,68,69,70,71,72]. Figure 6 showed that the three major industries (industry, agriculture, and service) of the economic belt around the Dongting Lake illustrated a significant growth trend in the past 20 years, especially in the past 3 years, and the proportion of industry and service far exceeded that of agriculture. Western Dongting Lake belongs to Changde City, with a large amount of agricultural wastewater and domestic sewage discharge around the lake, which directly or indirectly enters the lake. Eastern Dongting Lake is located in Yueyang City, with many organic pollutants from different sources. The pollutants, dominated by agricultural product processing, building materials, light textile and clothing, paper industry, and chemical industry, directly or indirectly enter the lake. South Dongting Lake is located in Yiyang City, which is dominated by tourism, and its economic level is far lower compared with Yueyang City and Changde City. Therefore, the amount of point source and non-point source pollutants produced in this area is relatively small [73]. On the whole, BOD5, CODMn, CODCr, and nutrients were the primary parameters affecting the water quality in Eastern Dongting Lake, while nutrients were the major parameters in Western Dongting Lake. In contrast, point source and non-point source pollutants were the minor influencing factors affecting the water quality in Southern Dongting Lake, which is basically consistent with the results of this study. In detail, BOD5, CODMn, and CODCr were positively related to the phytoplankton density, species, and richness, but negatively related to the diversity and evenness in Eastern Dongting Lake. Meanwhile, the phytoplankton community was positively related to NH4+–N, but negatively related to TN. There was a significant positive correlation between TN, TP, and the phytoplankton density and species in Western Dongting Lake, while there was no apparent relationship between the phytoplankton community and oxygen-consuming organic matter and nutrients in Southern Dongting Lake.




4.3. Implications for Dongting Lake Management


In the present study, we found that the community and distribution of phytoplankton in Dongting Lake were affected by multiple physicochemical factors, especially oxygen-consuming organic matter. Of course, the impact of nutrients could not be ignored. Dongting Lake, the second largest lake influenced by the Three Gorges Project (TGP), is significantly affected by the three outlets of the Yangtze River (Songzi River, Hudu River, and Ouchi River) flowing into the lake. Meanwhile, the four tributaries (Xiang River, Zi River, Yuan River, and Li River) also exert direct or indirect effects on water quality and phytoplankton community. Moreover, with the rapid development of the social economy in recent years, the impact of human activities has become prominent. Therefore, to ensure the water environment safety of Dongting Lake, three suggestions were put forward as follows. (1) In response to the unstable water level dominated by the change in the relationship between Yangtze River and Dongting Lake, it is necessary to further explore and promote the joint ecological regulation of the Three Gorges Reservoir and its upstream flows, to ensure the ecological flow of Dongting Lake. (2) In response to the water quality deterioration caused by the unbalanced relationship between the seven rivers and Dongting Lake, local managers should focus on the prevention and control of water pollution in the Western and Southern Dongting Lake, explore and promote the assessment and management model of nitrogen and phosphorus indicators linked by the rivers to ensure the water quality of Dongting Lake. (3) To deal with the ecological damage caused by the uncontrolled human activities, the local government of Dongting Lake, especially in the Eastern Dongting Lake, should take supervision and management as the core, delimit and stick to the ecological red line, strictly control the pollutant input, and guarantee the ecological space.





5. Conclusions


In the present study, we analyzed the evolutionary characteristics of water quality in Dongting Lake in three recent years. Moreover, we assessed the evolution rules and dominant groups of the phytoplankton community, and the main parameters affecting the phytoplankton community and distribution were investigated based on the field survey and detection data from 2017 to 2019. The results indicated that the composition and distribution of the phytoplankton community in Dongting Lake were mainly affected by Cond, BOD5, CODMn, and CODCr, and this phenomenon was particularly pronounced in Eastern Dongting Lake. Of course, NH4+–N, TN, and TP were the main factors affecting the phytoplankton density and species, especially in Western Dongting Lake. As Dongting Lake is the second-largest lake influenced by the TGP, there have been concerns about its water ecological health and safety for a long time, and the water level fluctuation has been the critical factor influencing the species diversity of Dongting Lake. Therefore, in the next step, we will combine the water level and corresponding hydrological factors to further analyze the impact of TGP operation on the water ecological environment of Dongting Lake and its evolution trend. Finally, we suggested that local government could take “The relationship between Yangtze River and Dongting Lake”, “The relationship between the seven fed rivers and Dongting Lake”, and “The relationship between human activities and Dongting Lake” as the breakthrough points to guarantee the ecological flow, water environment, and ecological water quality of Dongting Lake.
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Figure 1. Sampling sites in Dongting Lake. S1: Shahekou; S2: Nanzui; S3: Potou; S4: Jiangjiazui; S5: Xiaohezui; S6: Wanzi Lake; S7: Wanjiazui; S8: Hengling Lake; S9: Yugongmiao; S10: Zhangshugang; S11: Lujiao; S12: East-Dongting Lake; S13: Big-small West Lake; S14: Yueyanglou; S15: Dongting Lake outlet. 
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Figure 2. Temporal and spatial variation characteristics of phytoplankton density in Dongting Lake. 
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Figure 3. Interannual variation of phytoplankton composition in Dongting Lake. 






Figure 3. Interannual variation of phytoplankton composition in Dongting Lake.



[image: Water 14 01674 g003]







[image: Water 14 01674 g004 550] 





Figure 4. Dominant species of phytoplankton and their interannual variation in Dongting Lake. 
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Figure 5. Driving diagram of environmental factors to phytoplankton community. Note: The correlation between the physicochemical indicators and the phytoplankton indicators. Density, species, Scheme 0.1< R < 0.4) and significance (p < 0.05); the dashed line ”– –– –” indicates the correlation coefficient (0.4 < R < 0.7) and significance (p < 0.05), and the solid line “——” indicates the correlation coefficient (R > 0.7) and significance (p < 0.01). 
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Figure 6. Economic development trend of Dongting Lake (left) and industrial structure composition in different areas of Dongting Lake during 2017–2019 (right). The primary output is agriculture, the secondary output is industry, and the tertiary output is service industry; WD: Western Dongting Lake; SD: Southern Dongting Lake; ED: Eastern Dongting Lake. 
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Table 1. Variation characteristics of significant water quality factors of Dongting Lake from 2017 to 2019.
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WT (°C)

	
pH

	
Cond (ms/m)

	
DO (mg/L)

	
CODMn (mg/L)

	
BOD5 (mg/L)

	
CODCr (mg/L)

	
NH4–N (mg/L)

	
TN (mg/L)

	
TP (mg/L)




	
Mean ± SD






	
March 2017

	
12.864 ± 0.767

	
7.619 ± 0.146

	
26.033 ± 5.051

	
9.298 ± 0.453

	
2.133 ± 0.891

	
2.176 ± 1.027

	
9.200 ± 4.970

	
0.279 ± 0.128

	
1.983 ± 0.383

	
0.068 ± 0.018




	
June 2017

	
24.021 ± 0.929

	
7.507 ± 0.122

	
23.080 ± 4.620

	
6.965 ± 0.582

	
2.411 ± 0.726

	
1.857 ± 0.548

	
9.789 ± 3.591

	
0.160 ± 0.223

	
1.878 ± 0.291

	
0.070 ± 0.020




	
September 2017

	
26.586 ± 1.041

	
7.528 ± 0.120

	
23.913 ± 4.925

	
6.771 ± 0.539

	
2.438 ± 1.019

	
1.803 ± 0.778

	
10.077 ± 5.729

	
0.147 ± 0.127

	
1.560 ± 0.311

	
0.089 ± 0.021




	
December 2017

	
12.586 ± 1.473

	
7.539 ± 0.114

	
26.267 ± 4.398

	
9.037 ± 1.138

	
2.169 ± 0.764

	
1.620 ± 0.936

	
11.174 ± 4.225

	
0.288 ± 0.130

	
1.911 ± 0.333

	
0.078 ± 0.026




	
March 2018

	
12.629 ± 3.411

	
7.809 ± 0.398

	
25.013 ± 6.837

	
9.460 ± 0.893

	
2.060 ± 0.938

	
1.283 ± 0.581

	
8.607 ± 4.029

	
0.303 ± 0.193

	
1.762 ± 0.649

	
0.073 ± 0.020




	
June 2018

	
23.171 ± 2.152

	
7.583 ± 0.357

	
23.933 ± 4.120

	
7.125 ± 0.545

	
2.347 ± 0.803

	
1.049 ± 0.654

	
9.633 ± 4.064

	
0.080 ± 0.056

	
1.956 ± 0.432

	
0.067 ± 0.016




	
September 2018

	
29.564 ± 1.874

	
7.509 ± 0.330

	
24.873 ± 5.187

	
6.646 ± 0.808

	
2.313 ± 0.434

	
1.225 ± 0.814

	
8.520 ± 3.309

	
0.095 ± 0.065

	
1.464 ± 0.289

	
0.063 ± 0.009




	
December 2018

	
15.121 ± 2.346

	
7.406 ± 0.549

	
25.447 ± 7.462

	
8.879 ± 1.144

	
2.120 ± 0.885

	
1.419 ± 0.802

	
7.867 ± 4.809

	
0.143 ± 0.114

	
1.663 ± 0.266

	
0.070 ± 0.029




	
March 2019

	
10.293 ± 1.532

	
7.439 ± 0.528

	
23.953 ± 4.367

	
10.854 ± 1.236

	
2.173 ± 0.626

	
1.547 ± 0.884

	
7.867 ± 3.681

	
0.245 ± 0.173

	
1.947 ± 0.367

	
0.063 ± 0.015




	
June 2019

	
23.879 ± 2.064

	
7.638 ± 0.221

	
21.380 ± 5.805

	
7.647 ± 0.681

	
2.373 ± 1.209

	
1.453 ± 1.135

	
8.800 ± 7.292

	
0.078 ± 0.060

	
1.549 ± 0.222

	
0.066 ± 0.018




	
September 2019

	
28.100 ± 2.644

	
7.593 ± 0.520

	
25.033 ± 6.039

	
6.883 ± 0.652

	
2.487 ± 1.141

	
1.440 ± 1.041

	
10.000 ± 7.635

	
0.090 ± 0.086

	
1.650 ± 0.341

	
0.065 ± 0.027




	
December 2019

	
12.714 ± 1.671

	
7.751 ± 0.337

	
27.693 ± 6.328

	
9.069 ± 1.031

	
2.100 ± 0.637

	
1.713 ± 0.610

	
8.333 ± 5.205

	
0.165 ± 0.117

	
1.629 ± 0.346

	
0.068 ± 0.017
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