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Abstract

:

To reveal the effects of water diversion from the Yangtze River to Lake Taihu on the phytoplankton habitat of the main water transfer channel of the Wangyu River, we investigated the water’s physicochemical parameters and phytoplankton communities during the water diversion and non-diversion periods over the winters between 2014–2016, respectively. During the water diversion periods in the winter of 2014 and 2015, the nutrients and organic pollutant contents of the Wangyu River channel were significantly lower than those during the non-diversion period in 2016. Moreover, the phytoplankton diversities and relative proportions of Bacillariophyta during the diversion periods evidently increased during the water diversion periods in winter. The increase in the water turbidity content, the decrease in the contents of the permanganate index, and the total phosphorus explained only 21.4% of the variations in the phytoplankton communities between the diversion and non-diversion periods in winter, which revealed significant contributions of the allochthonous species from the Yangtze River and tributaries of the Wangyu River to phytoplankton communities in the Wangyu River. The increasing gradient in the contents of nutrients and organic pollutants from the Yangtze River to Lake Taihu indicated the potential allochthonous pollutant inputs along with the Wangyu River. Further controlling the pollutants from the tributaries of the Wangyu River is critical in order to improve the phytoplankton habitats in river channels and Lake Taihu.
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1. Introduction


Water diversion is a globally historic and popular engineering method for water supply [1]. Since cyanobacterial blooms induced by lake eutrophication have occurred worldwide in the past three decades [2,3], water diversion has also been taken as an emergency engineering measure to relieve this ecological problem in lakes [4,5,6,7,8]. However, water diversion always transfers allochthonous nutrients and species into lakes, and alters their hydrodynamic characteristics and water age. Thus, the ecological effects of water diversion on eutrophic lakes are attracting significant attention [6,7,8,9,10].



Lake Taihu is the third largest eutrophic shallow lake located in the Yangtze River Delta region of China, and has affected by frequent cyanobacterial blooms for most of the year [11]. To cope with this problem, water diversion from the Yangtze River to Lake Taihu (WDYT) has been conducted regularly over the past 10 years. Since the nutrient concentrations and biological communities of the Yangtze River are usually different from those of Lake Taihu [9], the allochthonous inputs of nutrients and species bring about potential ecological risks to Lake Taihu [10]. As the main water transfer channel for WDYT, the Wangyu River plays an important role in decreasing the allochthonous nutrients from the Yangtze River and tributaries of the Wangyu River, because the whole distance (over 60 km) of this main river channel provides benefits for sedimentation and the degradation of nutrients [11]. However, little attention has been focused on the effects of WDYT on the biological physicochemical habitats of the Wangyu River channel; the spatial variation of nutrients and species along the channel during water diversion periods remains especially unknown.



As the numerous and active biota in freshwaters, phytoplankton are vitally sensitive to the lake conditions such as trophic level and hydrodynamics [12,13]. Moreover, phytoplankton community succession could reflect the effects of environmental changes, and thus, is taken as the eligible index representing the evolution of aquatic ecosystems induced by external disturbance [14]. Since the water level of Lake Tiahu is always lower in winter than the control level established by the Taihu Basin Authority (TBA), most of the water diversion activities are in winter. To reveal the ecological impacts of WDYT on the Wangyu River, this study investigated the physicochemical parameters and phytoplankton communities from the Yangtze River to Lake Taihu in the winter. The ecological effects of WDYT on the water channel were determined by comparing the investigated variables among the diversion and non-diversion periods in the winters of different years. According to the spatial distribution of physicochemical parameters, this study could also provide solutions to improve the environmental management of WDYT.




2. Materials and Methods


2.1. Study Area and Sample Collection


The study area, from the Yangtze River to Lake Taihu, covers the whole line of the Wangyu River. The Wangyu River connects the Yangtze River and several lakes, such as Lake Jialing, Lake Ezhen, Lake Cao, and Lake Taihu along the whole line (Figure 1). There are two hydrojunctions in the Wangyu River. One is the Changshu hydrojunction near the Yangtze River, while the other is the Wangting hydrojunction near Lake Taihu. There were nine investigated sites distributed along the Wangyu River (Figure 1), from which sites Y and W-8 were located in the upper streams of the Changshu hydrojunction and Wangting hydrojunction, respectively.



The sampling days were 12 January 2014, 16 January 2015, and 19 January 2016. The two sampling days in 2014 and 2015 were on the 52nd and the 80th day of the water diversion activities in winter, respectively. According to the official statistics on the website of WDYT (www.tba.gov.cn:9099), the daily average inflow discharges from Yangtze River on the two water diversion days were 175.9 cm3/s and 153.9 cm3/s, respectively. For each site, 2-L water samples at about a 50-cm depth below the water surface were collected. From the 2-L water sample of each site, a 1-L sample was stored in the sterile plastic bottle and injected with the 1% Lugol’s phytoplankton ending agent for phytoplankton community identification. The other 1-L water sample was used for measuring the physicochemical parameters.




2.2. Measurement of Water Physicochemical Parameters


The values of water temperature, pH, water turbidity, and dissolved oxygen (DO) content were measured in situ using the HQ30d portable multi-parameter detector (HACH, Shanghai, China). The contents of total nitrogen (TN), total phosphorus (TP), and permanganate index (CODMn) were all determined according to the Chinese standard Kjeldahl method, the ammonium molybdate spectrophotometric method, and the permanganate method, respectively [15]. About 50 mL of the original water sample was filtered using the 0.45-μm pore size GF/F WhatmanTM filter (GE Whatman, Shanghai, China), and 20 mL of filtered water was injected into the multi-N/C 3100 TOC/TN analyzer (Analytik Jena, Jena, Germany) to measure the concentration of dissolved organic carbon (DOC) following the instrument operating instructions [16].




2.3. Phytoplankton Community Identification


After over 48 hours of sedimentation, the 1-L Lugol’s fixed water sample for each site was concentrated to be 50 mL in a sterile glass bottle using the separating funnel. A total of 0.1 mL of the concentrated sample was injected into the 1-mL plankton chamber accounter (Watertools Co., Ltd., Qingdao, China) and placed in the optical microscope Axiovert 200 (CARL ZEISS, Jena, Germany) to uniformly capture 100 random views. The phytoplankton species were identified according to the standard methods of the literature [17,18]. The cell abundance of each phytoplankton genus in each water sample was calculated according to the average cell numbers in 100 random views and the magnification times of the microscope [18].




2.4. Statistical Analysis


The Shannon–Wiener index is one of many indices of species diversity, and is one based on the concept of evenness or equitability [19]. The Shannon–Wiener index of the phytoplankton communities was calculated using PRIMER-E software (Quest Research Limited, Auckland, New Zealand). The differences of physicochemical parameters and phytoplankton diversities of all of the sampling sites in different years were determined by a two-tailed t-test. The Venn diagram showing numbers of the common and unique genera among the water samples of the Yangtze River and the Wangyu River during different sampling times was plotted using VennPainter software [20]. The similarities of phytoplankton communities were analyzed by analysis of similarities (ANOSIM) [21] using PRIME-E software. The relative proportion of each phytoplankton phylum was calculated using the percent of the cell abundance of each phylum to the total phytoplankton cell abundance. Redundancy analysis (RDA) was used to reveal the contributions of sensitive physicochemical parameters to variations of phytoplankton communities, which was analyzed using CANOCO 4.5 software [22].





3. Results and Discussion


3.1. Spatio-Temporal Variations of Physicochemical Parameters


The spatial variations of physicochemical parameters in the winter of different years are shown in Figure 2. The values of DO content and turbidity in the two water diversion periods were significantly higher than those in the non-diversion period of 2016, while the contents of TN, TP, DOC, and CODMn in the diversion periods were lower (t-test, p < 0.05, n = 9, Figure 2). However, there were also significant differences in the contents of turbidity, TN, DOC, and CODMn between the samples in 2014 and 2015 (Figure 2). The contents of TN, TP, DOC, and CODMn showed an increasing gradient from the Yangtze River to Lake Taihu, which indicated that there were also water pollutants into the Wangyu River from tributaries or sewage along the river channel. The domestic and agricultural non-point pollution along the Wangyu River should be further controlled in winter, although some management measures had been implemented [23]. Moreover, the particulate inputs from the Yangtze River should be concerned [24].



In winter, because of the low rainfall and the water input from Yangtze River, the water level of the Wangyu River during the water diversion periods were always higher than those during the non-diversion periods. During the non-diversion periods in winter, the nutrients and organic pollutants from the tributaries could flow into the Wangyu River and increase the pollutants concentration of the main channel. However, during the water diversion periods, the higher water level in the Wangyu River could partially prevent the inflows from tributaries [25]. Moreover, the water diversion also increased the mobility and oxygen concentration of the water bodies, which could promote the organic pollutants degradation in the Wangyu River [26]. These are the main reasons why the water diversion could decrease the nutrients and organic pollutants in the Wangyu River. Additionally, the degree of decrease should depend on the inflow charges and water quality from the Yangtze River, which were reflected by the differences in the physicochemical parameters of the Wangyu River between the water diversion periods in 2014 and 2015 (Figure 2). However, in this study, it is difficult to conclude that the water diversion in winter decreased the nutrients and organic pollutants concentrations of the Wangyu River channel, since there were also significant differences in the contents of nitrogen and organic pollutants (Figure 2). Further long-term investigation should be conducted to demonstrate the decreasing effects of water diversion on the concentrations of nitrogen nutrients and organic pollutants.



In this study, since the two sampling days in 2014 and 2015 were on the 52nd and the 80th day of the water diversion periods in winter, respectively, the phytoplankton communities and their physicochemical habitat in the Wangyu River had been totally influenced by the water diversion. However, since we did not collect the replicate samples for each period, the collected samples in this study cannot provide sufficient information about the variability of the phytoplankton communities and the physicochemical habit during the short-term water diversion period.




3.2. Variations in Phytoplankton Diversity and Community Composition


The spatial variation in the Shannon–Wiener indices of phytoplankton communities in different periods showed the same trend with the peak values at sites W4 or W5 (Figure 3). Since these two sites are located in Lake Ezhen, the high diversity at these two sites might be attributed to the higher biological diversity in lakes than in rivers [27]. Moreover, the phytoplankton diversities during the water diversion periods were significantly higher than those in the non-diversion period (t-test, p < 0.05, Figure 3), which was probably due to the physicochemical habitat change induced by the water diversion and the inputs of alien phytoplankton species from the Yangtze River. Previous studies also reported that water diversion could increase the species diversity in the water-receiving areas [24]. The ANOSIM results also demonstrated the significant differences in phytoplankton communities among the water diversion and non-diversion periods in winter (Table 1).



The Venn diagram result showed that there were 11 genera found only during the water diversion periods, while two genera were only found during the non-diversion period (Figure 4). Among the 11 genera found only during the water diversion periods, only one genus was also found in the Yangtze River, which indicated that the allochthonous species input from the Yangtze River was not the main reason for the higher diversities of the Wangyu River during the water diversion periods. Moreover, the dominant genera (Pseudoanabaena sp. and Westella sp.) among the 11 unique genera in water diversion periods were not found in the Yangtze River. The Pseudoanabaena sp. is also one kind of toxin-producing algae [28]. The input of these harmful algae genera from the tributaries of the Wangyu River should be of concern, since it threatens the drinking water security of the Wangyu River and Lake Taihu.



The abundances and relative proportions of the phytoplankton phyla are shown in Figure 5. During the two diversion periods in 2014 and 2015, all of the abundances of Cyanophyta, Chlorophyta, and Bacillariophyta increased from the Yangtze River to Lake Taihu, and the Bacillariophyta dominated the phytoplankton communities at all of the sites of the Wangyu River. During the non-diversion period of 2016, Cyanophyta dominated at the sites in the middle and lower reaches of the Wangyu River. Since Bacillariophyta is the dominant phytoplankton phyla in the Yangtze River especially in winter [29,30,31], the dominance of Bacillariophyta in the Wangyu River might be mainly ascribed to the allochthonous species input. In this study, the Cyclotella sp. (24%–100%) and Melosira granulate sp. (14.3%–87.5%) dominated the Bacillariophyta genera in the Wangyu River during the water diversion periods, while the Cyclotella sp. (21.4%–50%) and Synedra sp. (14.3%–100%) dominated during the non-diversion period (Figure 6). The Cyclotella sp. and Melosira granulate sp. are the common Bacillariophyta genera in the Yangtze River [29]. The input of these two species from the Yangtze River was the main reason explaining the domination of Bacillariophyta in the Wangyu River during water diversion periods. Additionally, both Bacillariophyta and Chlorophyta prefer the flowing water than Cyanophyta [32].




3.3. Correlations between Sensitive Physicochemical Parameters and Phytoplankton Communities


The RDA result showed that the water turbidity (F = 2.33, p = 0.009), CODMn (F = 1.76, p = 0.028) and TP (F = 1.56, p = 0.036) were the significant sensitive parameters that correlated with the spatio-temporal variations of phytoplankton communities (Figure 7). The three sensitive parameters explained 21.4% of the variations in phytoplankton communities among different years. The higher turbidity, lower CODMn, and TP contents shaped the physicochemical habitat of the Wangyu River in ratios similar to those of the Yangtze River. In the Yangtze River, the Bacillariophyta dominated the phytoplankton community in winter [29,30,31], which is consistent with the phytoplankton communities in the Wangyu River during the water diversion periods in this study (Figure 5). However, these three physicochemical parameters only contributed a small proportion of phytoplankton community variations, most of which might be related to the inputs of the phytoplankton species from the Wangyu River and tributaries along with the Wangyu River.





4. Conclusions


The project of WDYT is usually running in winter. Compared with the non-diversion period in winter, water diversion activities in winter might decrease the contents of nutrients and organic pollutants in the Wangyu River channel. However, the effects of water diversion on the physicochemical parameters should be further investigated. The increasing gradient in contents of nutrients and organic pollutants from the Yangtze River to Lake Taihu revealed the potential allochthonous pollutant inputs along with the Wangyu River, which should be further controlled in winter. The phytoplankton diversity and relative proportions of Bacillariophyta during the diversion periods were evidently increased. However, variations in the contents of water turbidity, CODMn, and TP only contributed 21.4% of the variations in the phytoplankton communities, which indicated that the alien algae species from the Yangtze River and tributaries of the Wangyu River had a more important role in regulating the phytoplankton communities in the Wangyu River. Further controlling pollutants from tributaries of the Wangyu River is critical in order to improve the phytoplankton habitats in the river channels as well as Lake Taihu.
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Figure 1. Location of the study area and sampling sites. 
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Figure 2. Spatio-temporal variations of physicochemical parameters along with the Wangyu River channel. (a) water temperature; (b) pH; (c) dissolved oxygen; (d) turbidity; (e) total nitrogen; (f) total phosphorus; (g) dissolved organic carbon; (h) permanganate index. 
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Figure 3. The spatial variations (a) and differences (b) of phytoplankton diversities in the Wangyu River channel. The different letters represent a significant difference. 






Figure 3. The spatial variations (a) and differences (b) of phytoplankton diversities in the Wangyu River channel. The different letters represent a significant difference.



[image: Water 10 00759 g003]







[image: Water 10 00759 g004 550] 





Figure 4. The Venn diagram showing numbers of the common and unique genera among water samples of the Yangtze River and the Wangyu River during different sampling times. Y: All of the samples collected from the Yangtze River; January-2014, January-2015, and January-2016: All samples from the Wangyu River on 12 January 2014, 16 January 2015, and 19 January 2016, respectively. The genera names in the box correspond to the unique genera only found in the Wangyu River during water diversion periods. 
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Figure 5. The abundances and relative proportions of phytoplankton phyla in January of different years in the Wangyu River channel. 
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Figure 6. The relative proportions of Bacillariophyta genera in January of different years in the Wangyu River channel. 
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Figure 7. The biplot of the redundancy analysis among sensitive physicochemical parameters and phytoplankton communities in the winter of different years in the Wangyu River channel. COD, permanganate index; TP, total phosphorus. The asterisk marked behind the physicochemical parameters means that the parameter is significantly correlated with the phytoplankton communities (*: p < 0.05; **: p < 0.01). The abbreviations such as 14-Y, 15-Y, and 16-Y represent the samples in the winters of 2014, 2015, and 2016, respectively. 
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Table 1. Analysis of similarity (ANOSIM) comparisons of phytoplankton communities among groups of different years.
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	Group Comparison
	R Statistics
	p Values





	2014-01 vs. 2015-01
	0.132
	0.067



	2014-01 vs. 2016-01
	0.206
	0.016



	2015-01 vs. 2016-01
	0.520
	0.001
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