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30 Highlight

31 1. Pengxi River, the largest tributary in the northern bank of the Three Gorges Reservoir, 

32 experienced an algal bloom with a peak chlorophyll a concentration as high as 219.5 

33 ugL-1 from May 16 to 23, 2018 

34 2. Main algal species of the bloom belonged to cyanobacteria and green algae; microcystis 

35 dominated the prokaryotic group

36 3. Along with it diurnal evolving, the algal bloom has brought diurnally considerably 

37 changes on nutrients, biodiversity and microbial loop in the aquatic system

38 4. Based on DNA high throughput sequencing, fungi and microzooplankton were strongly 

39 negatively related with each other during the whole algal bloom process 

40

41
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42 Abstract：  Construction of dams increases water residence time of tributaries in the dam 

43 catchments, leading to conditions in favour of algal growth. We hypothesized that the 

44 microbial community in dammed rivers would experience fast successions in biodiversity 

45 triggered by the process of algal blooms. To test this hypothesis, we investigated the impacts 

46 of algal blooms on microbial community during a 7-day algal bloom event in the Three 

47 Gorges Reservoir in May 2018. The chlorophyll a concentration, microscopic identification, 

48 nutrient concentration including total phosphorus and nitrogen, dissolved total phosphorus 

49 and nitrogen, and DNA high throughput sequencing were measured for the daily surficial 

50 water samples. Throughout the bloom, we found significant diurnal changes in nitrogen, 

51 phosphorus, plankton biodiversity, as well as in the composition of the microbial community. 

52 The algal bloom, both algal density and chlorophyll a, peaked on May 20-21, when the 

53 phytoplankton community was dominated by Chlorella sp. and Microcystis spp., with 

54 chlorophyll a concentration as high as 219 µg L-1. Both the concentrations of dissolved total 

55 nitrogen and phosphorus fluctuated, and at the bloom peak the dissolved total nitrogen 

56 declined to the second lowest, and the dissolved phosphorus the lowest, respectively during 

57 the whole bloom period. Based on DNA high throughput sequencing data, the Shannon and 

58 ACE indexes of both prokaryotic and eukaryotic microbes were significantly different on 

59 daily basis (P<0.01); so were the DNA proportions of eukaryotic and prokaryotic 

60 phytoplankton, microzooplankton (20~200μm), mesozooplankton (>200μm), and fungal 

61 communities. By capturing the inherent system variability and dynamics, this research 

62 demonstrates that the algal blooms cause major changes in the microbial food loop in 

63 lakes/rivers, which can be used to inform management of HABs.
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64 Keywords: Algal bloom; Dammed rivers; Three Gorges Reservoir; Aquatic microbial 

65 loop; Nutrients 

66

67 1. Introduction

68 Inland lakes and coastal areas close to anthropogenic activities are usually the most 

69 common domains for algal blooms (Anderson and Burkholder, 2002; Ho et al., 2019). 

70 However, it has become clear that dammed waterways provide a significant hotspot for 

71 formation of algal blooms (Acharyya et al., 2012; Xin et al., 2020). Although there are 

72 substantive benefits for flood regulation and hydropower, dams modify the natural landscape 

73 of ecological functions across whole river basins (Simon, 2002; Maavara et al., 2020). Altered 

74 tributaries in the catchment virtually change from lotic to lentic ecosystems (Resh et al., 

75 1988), which with nutrient loading provides favorable conditions for massive harmful algal 

76 blooms (HABs) composed of species such as Microcystis, Dolichospermum, Anabaena and 

77 Aphanizomenon (Cirés et al., 2013; Zhang et al., 2018; Xin et al., 2020).

78  The microbial loop is a food chain based on autotrophic microorganisms (Fenchel, 2008). 

79 Heterotrophic microorganisms convert dissolved nutrients released during photosynthesis into 

80 themselves, which are then grazed by microscopic zooplankton (Buchan, 2014). During the 

81 development and collapse of algal blooms, large amounts of dissolved carbon and nutrients 

82 are captured in algal biomass, which are then either released back into water or lost to 

83 sediment. The released nutrients can be biologically available, and thereby fuel a secondary 

84 succession of other microbial and/or planktonic communities (Kim and Kim, 2013; Zhang et 

85 al., 2018). Aquatic heterotrophic bacteria are decomposers, e.g. Roseobacter or Flavobacter, 
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86 and are often associated with the termination of HAB events, converting the collapsed algal 

87 biomass into bioavailable nutrients that may hence promote secondary growths of other algae 

88 (Buchan et al., 2014). The secondary or even tertiary growths create new natural capital and 

89 trophic ecosystem structure, especially at the base of the food web (Engström-Öst et al., 2002; 

90 Engström-Öst et al., 2013; Long et al., 2019). For example, bacteria growing on cell-lysates 

91 can serve as a food source for micro-zooplankton (Work & Haven, 2003; Long et al., 2019). 

92 Therefore, algal blooms are not the end of carbon and nutrient cycling in aquatic habitats, but 

93 rather an intermediate temporal process of growth, biodiversity and ultimately nutrient 

94 recycling (Wilk-Wozniak, 2020). However, studies on these complex spatial and temporal 

95 cycles of microbial succession at the base of food web in response to HABs are still lacking 

96 (Xiao et al., 2016; Wilk-Wozniak, 2020).

97 As the largest hydroelectric project in the world to date, the Three Gorges Dam has been 

98 impounding water since 2003, reducing water flow, i.e. from 0.5–1 m s-1 to 0.05 m s-1 in the 

99 tributaries (Zhang et al., 2020), thus increasing residence time in the main channel and 

100 tributaries trapped behind the dam (Sha et al. 2015). Nutrients and organic matter constrained 

101 in these tributaries have led to serious eutrophication in the reservoir catchment (Yang et al., 

102 2010). As a result, more than 50% of the first-order tributaries, i.e. 20 tributaries, in the Three 

103 Gorges Reservoir (TGR) area, have reported different degrees of HABs recurring each year 

104 (Ji et al., 2017; Zhang et al., 2020). One of those tributaries is the Pengxi River, the largest 

105 tributary on the northern bank of TGR, often suffers from intense cycling algal blooms for 

106 periods of up to 3 months from late spring till early summer (Zhang et al., 2020; Yang et al., 

107 2020). 
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108 The objective of this study is to determine the impact of HAB events on nutrient and the 

109 microbial food loop in order to better understand and manage HABs in impounded waterways 

110 of lakes and reservoirs.    

111 2. Materials and Methods

112 2.1 Study area

113 The TGR is located in the mid-reach of the Yangtze River, China. Constructed in 2003, 

114 the Yangtze River reached the planned impoundment level of 175 m above sea level (ASL) in 

115 2009 with a total reservoir capacity of 40 billion m3 (Pan et al., 2018). As a result of the 

116 raising water level, a 660-km stretch of the Yangtze was transformed from a river into a 

117 reservoir, with an increase in water surface area from 645 to 1200 km2. For most of the year 

118 the water level in TGR is 175 m ASL to facilitate navigation and increased electricity 

119 generation. However, for flood control during the rainy season, the water table is reduced to 

120 145 m ASL for approximately three months (Three Gorges Corporation) (Ji et al., 2017; Pan 

121 et al., 2018). 

122 In this paper we  sampled daily during one bloom event from May 16 to May 23, 2018 

123 at monitoring station S1 (31°05ˊ27.4'' N， 108°40ˊ41.6'' E) in Gaoyang Lake (~25km2) of 

124 Pengxi River (Fig.1C). At this site, algal blooms have been observed regularly from the 

125 middle of April to the end of June (Zhang et al., 2010; Xiao et al., 2016; Zhang et al., 2020; 

126 Yang et al., 2020). The main stream of Pengxi River is 182.4 km long, with an average 

127 volume of 3.4 billion m3 and a basin catchment area of 5173 km2 (Zhang et al., 2020). Due to 

128 the seasonal water flows at the Three Gorges Dam, water levels in Gaoyang Lake fluctuate 
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129 with a water depth approaching 10 m during summer (i.e. June to August), and >40 m depth 

130 in the rest of the year (Xiao et al., 2016; Zhang et al., 2020). The velocity in May was 

131 averagely 0.2 m s-1 (Zhang et al., 2020). Therefore, the water retention time in Pengxi River 

132 in spring can be as long as 63 days (Xiao et al., 2016). In May 2018, the water retention time 

133 at the study site of Gaoyang Lake was approximately 33 days (Hu, 2020). The hydrodynamic 

134 conditions in the study area during the event period are considered relatively stable. 

135 Weather data during the sampling period was collected from two nearby weather stations 

136 (# 57339 and 57432) in Yunyang County (China Meteorological Data Service Center, 

137 CMDC, http://data.cma.cn/en/) and mean daily values were calculated. The duration of 

138 sunlight was 10 hours during May 16-18, 4 hours on May 19-21 and 23, and 0 h on May 22 

139 due to the rain. The average daily temperature increased from 24.2 ℃ to 28.6 ℃ from 16 to 

140 21 May; from 17 to 18 May, there was light precipitation (< 9 mm). On 21 and 22 May, 2018 

141 a heavy rainstorm hit the area with precipitation of 152 mm within 24 h.

142  2.2 Sampling collection and handling

143 Local residents observed changes of water color in the Gaoyang Lake since May 11, 

144 2018. Our sampling was then initiated from 16 May 2018 onwards until 23 May when the 

145 bloom disappeared following a heavy rainstorm. Daily sampling was performed between 8:30 

146 am and noon, except May 17th (instrument malfunction) and May 21 (heavy rainstorm). 

147 Sample collection and analysis were carried out following Ban et al. (2013). In summary, 

148 three locations were sampled on a transect at monitoring station S1, i.e. one sample site on 

149 S1, and the other two sample sites 50 m away on each side of S1. Depth-integrated (top 50 
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150 cm) water samples were collected using a plexi-glass tube sampler (13 cm in diameter × 30 

151 cm in length) (Xing Changyuan Ltd. Henan Province, China). On each sampling day, samples 

152 from the three locations were pooled and mixed in a larger glass container on board before 

153 samples were collected into new glass bottles. Four 1-liter water samples were collected from 

154 the larger glass container, among which 1L sample used for phytoplankton community 

155 composition analysis was added with Lugol’s iodine reagent to a final concentration of 1% 

156 on-site to immobilized the algae；1L sample for analysis of nutrients; 1L for chlorophyll-a 

157 (Chl a) was transported on ice in dark to laboratory within 3 h of collection and stored at 4 °C 

158 before chemical analysis; 1L for DNA high throughput sequencing was kept in a sterilized 

159 bottle, and filtered through a 0.22-μm membrane filter (Xingya, Shanghai, China) on the boat 

160 immediately. The membranes were then placed on dry ice afterwards. In the lab, each 

161 membrane was then stored at -80 °C until DNA extractions by following Wang et al. (2018).

162 2.3 Nutrients and Chlorophyll a measurement

163 Within 24 hours after collection, total nitrogen (TN), total phosphorus (TP), dissolved 

164 total nitrogen (DTN) and dissolved total phosphorus (DTP) were measured 

165 spectrophotometrically using the State Environmental Protection Administration (SEPA 

166 2002) guidelines. 

167 Upon return to the lab the Chl a samples were filtered through a 0.45-μm cellulose 

168 membrane filter (Shanghai Xingya Plant) and stored under -80 °C before extraction. The 

169 filtered membranes were then extracted with 90% acetone for 24 h in dark at 0~4 °C. This 

170 extract was then centrifuged at 3500~4000 RPM for 10~15 min before the supernatant was 
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171 measured spectrophotometrically respectively (Cheng & Xue, 2012). 

172 2.4 Phytoplankton community composition analysis

173 In laboratory, the1-L sub-samples were precipitated and concentrated to 0.1 ml before 

174 counting. Phytoplankton species were determined following keys in the "Freshwater algae in 

175 China" (Hu & Wei, 2006) and "Freshwater plankton research methods” (Zhang & Huang, 

176 1995). Algae counts were performed using an Olympus BX53 LED microscope under 14Í40 

177 or 16Í40 magnification with a 0.1ml plankton chamber (surface area: 20Í20 mm) (Hamilton 

178 et al., 2001). Samples were prepared in duplicate and 50-100 microscopic fields were counted 

179 for each. A third sample was considered if the difference of total counts between the two 

180 samples was greater than 15%. 

181 The algal density was calculated using the following formula:

182 N =  
𝐶𝑠

𝐹𝑠·𝐹𝑛
 ×

𝑉
𝑈 × 𝑃𝑛

183 Where N is the algal concentration (ind L-1); Cs is the count chamber area (mm2), 400 

184 mm2 in this study; Fs is the area of each field of view (mm2); Fn is the number of fields that 

185 have been counted; V is the volume (ml) of a liter of water sample after precipitation and 

186 concentration; U is the volume (ml) of the chamber, which was 0.1 ml in this study; Pn is the 

187 number of phytoplankton individuals that were counted.

188 2.5 DNA high throughput sequencing

189 DNA high throughput sequencing (HTS) was performed by Majorbio Bio-pharm 

190 Technology Co., Ltd., Shanghai, China (http://www.majorbio.com), where the Illumina 
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191 MiniSeq platform was implemented by using primer sets 338F_806R and SSU0817F_1196R 

192 for 16S and 18S rDNA (Kumari et al., 2021), respectively to amplify relative genes in 

193 prokaryotic and eukaryotic microbes. The databases used for analyzing the rDNA data were 

194 silva 128/16S_bacteria and silva 128/18S_eukaryota respectively (http://www.arb-silva.de). 

195 Prokaryotes identified by 16S rDNA were divided into prokaryotic phytoplankton and 

196 heterotrophic bacteria at the phylum level (Garrity & Holt, 2001). Based on trophic 

197 classification and the regular size of species ((Hu & Wei, 2006), eukaryotes in the 18S rDNA 

198 profile were classified into four phyla: eukaryotic phytoplankton, micro-zooplankton, meso-

199 zooplankton, and fungi.

200 2.7 Statistical analysis

201 The DNA sequencing data were analyzed via the online Cloud Platform provided by 

202 Majorbio Ltd. Then the raw 16S and 18S sequences were sub-sampled to 1084289 and 

203 1018169 reads, respectively, in order to keep the same number of reads among the samples 

204 for further comparison. There are thousands of sequences obtained in high-throughput 

205 sequencing, which complicates data analysis. The operational taxonomic units (OTUs) were 

206 introduced in the analysis to cluster similar sequences into a small number of taxa and 

207 annotate species based on taxa (Edgar, 2013). In this way, not only the work can be 

208 simplified, but also some wrong sequences can be removed in the clustering process and 

209 improve the accuracy.

210 Alpha diversity analyses, i.e. Shannon diversity index and abundance-based coverage 

211 estimator (ACE) indexes were used to reflect the diversity and abundance of microbial 
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212 communities (Baczkowski et al., 1998). The Shannon index is used to express community 

213 diversity, and in contrast the ACE index is positively correlated with taxa richness (Hunter, 

214 1988).  The ACE and Shannon index were calculated using the following formula:

215 (1) ACE index

216 𝑆𝐴𝐶𝐸 = {𝑆𝑎𝑏𝑢𝑛𝑑 +
𝑆𝑟𝑎𝑟𝑒

𝐶𝑎𝑐𝑒 +
𝑛1

𝐶𝐴𝐶𝐸
𝛾 2

𝐴𝐶𝐸,𝑓𝑜𝑟 𝛾𝐴𝐶𝐸 < 0.80

𝑆𝑎𝑏𝑢𝑛𝑑 +
𝑆𝑟𝑎𝑟𝑒

𝐶𝑎𝑐𝑒 +
𝑛1

𝐶𝐴𝐶𝐸
𝛾 2

𝐴𝐶𝐸,𝑓𝑜𝑟 𝛾𝐴𝐶𝐸 ≥ 0.80}
217 , 𝑁𝑟𝑎𝑟𝑒 = ∑𝑎𝑏𝑢𝑛𝑑

𝑖 ‒ 1 𝑖𝑛𝑖 𝐶𝐴𝐶𝐸 = 1 ‒
𝑛1

𝑁𝑟𝑎𝑟𝑒

218 𝛾 2
𝐴𝐶𝐸 = max [𝑁𝑟𝑎𝑟𝑒

𝐶𝐴𝐶𝐸
 

𝑎𝑏𝑢𝑛𝑑

∑
𝑖 ‒ 1

𝑖(𝑖 ‒ 1)𝑛𝑖

𝑁𝑟𝑎𝑟𝑒(𝑁𝑟𝑎𝑟𝑒 ‒ 1) ‒ 1, 0]
219 𝛾 2

𝐴𝐶𝐸 = max [𝛾 2
𝐴𝐶𝐸{1 +

𝑁𝑟𝑎𝑟𝑒(1 ‒ 𝐶𝐴𝐶𝐸) 
𝑎𝑏𝑢𝑛𝑑

∑
𝑖 ‒ 1

𝑖(𝑖 ‒ 1)𝑛𝑖

𝑁𝑟𝑎𝑟𝑒(𝑁𝑟𝑎𝑟𝑒 ‒ 𝐶𝐴𝐶𝐸) }, 0]
220 Where ni represents the number of the OTUs containing 1 sequence; Srare indicates the 

221 number of OTUs containing “abund” or less than “abund”; Sabund refers to the number of 

222 OTUs containing more than "abund" number of sequences. “Abund” is the threshold of a 

223 "dominant" OTU and the default value is 10.

224 (2) Shannon index

225 H𝑠ℎ𝑎𝑛𝑛𝑜𝑛 =  ‒  

𝑆𝑜𝑏𝑠

∑
𝑖 = 1

𝑛𝑖

𝑁 ln
𝑛𝑖

𝑁

226 Sobs is the number of OTU actually observed; ni is the sequence number contained in the 

227 concerned OTU; N is the number of all sequences.

228 One-way ANOVA was used to analyze the differences within the Alpha diversity indexes 
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229 among prokaryotic and eukaryotic microbial communities for each sampling event. The 

230 relationships between bacteria and fungi were shown with one standard deviation (σ) based 

231 on the bacterial and fungal DNA proportions during the bloom’s naturally developing period 

232 (from May16 to 21, 2018). All analysis was performed using IBM SPSS 23.0.

233 3. Results

234 3.1 Weather and algal bloom

235 During the sampling period, an algal bloom developed along with increasing water 

236 temperature leading to high pH and water turbidity (Table 1; Fig. 2). Subsequently, on the 

237 evening of May 21 a heavy rainstorm (152 mm) over 24 hours resulted in high sediment 

238 loadings which terminated the bloom.

239 3.2 Chl a and phytoplankton communities

240 Chl a concentration among the sampling period was in the range of 10-219 µg L-1, with 

241 the lowest on May 24, after the heavy rain while the highest on May 20. From May 16 to 20, 

242 Chl a concentration gradually increased with the pace of 30-40% addition from the previous 

243 day (Fig. 3A). Chl a concentrations were consistent with cell densities (r=0.94**，P=0.004) 

244 during the bloom. These figures illustrate that Gaoyang Lake experienced an intense algal 

245 bloom which peaked on May 20 at 219 µg L-1 (Fig. 3A).

246 Algal density fluctuated during the bloom (Fig. 3B). The maximum density (1.228Í109 

247 ind L-1) was observed on May 20, three times higher than that of May 19. A total of 71 

248 species belonging to 6 phyla, 14 orders, 24 families, and 31 genera (Table S1, including 
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249 varieties and variants) of phytoplankton were identified during the bloom event. The 

250 dominant phylum was Chlorophyta (28%~97%) composed mainly of Chlorella sp. The 

251 second dominant phylum was Cyanobacteria (1% ~26%) dominated by Anabaena spp., 

252 Doliospermum spp. and Microcystis spp.. Bacillariophyta were first detected on May 18, with 

253 4 orders, 4 families, 5 genera and 5 species mainly composed of Aulacoseira sp. and 

254 Fragilaria sp.. Cryptophyta density reached their highest value on May 20, mainly composed 

255 of Chroomonas spp and Cryptomonas spp. Pyrrophyta were abundant on May 18, represented 

256 by Ceratium hirundinella. Euglenophyta numbers were low throughout the study, mainly 

257 composed of Trachelomonas and Euglena.  

258 3.3 Nutrient Dynamics 

259 Nutrient loading in the Pengxi River were high throughout the study period with the 

260 highest concentrations observed after the rain event at the end of the sampling period (Fig. 4). 

261 TN increased from 3 mg L-1 (May 18) to 5 mg L-1 (May 23), in line with the process   of the 

262 bloom (Fig. 4 A). TP demonstrated a declining trend from 0.3 to 0.2 mg L-1 until a sharp 

263 increase up to 0.42 mg L-1 following the rainstorm (Fig. 4B). DTN and DTP increased from 0 

264 and 0.05 mg L-1 to 2.5 and 0.18 mg L-1, respectively, from May 16 to May 18 and then 

265 declined to close their level of May 16 prior to the rain event. The multiple regression 

266 analysis of TP, TN, DTN, DTP and Chl a showed that TP had a greater impact on Chl a 

267 (Beta=-0.97**), while the others did not. TN/TP molar ratio during the study varied from 20-

268 36. The value of DTN/DTP molar ratio was varied greatly, reaching 106 at the peak of bloom 

269 on 21st. Chl a sharply declined after the rain.
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270 3.4 HTS-based aquatic microbial community

271 A total of 32 phyla, 65 classes, 126 orders, 242 families, 472 genera, 754 species and 

272 1211 OTUs of prokaryotes were present based on 16S rDNA. Also 19 phyla, 84 classes, 125 

273 orders, 242 families, 152 genera, 197 species and 593 OTUs of eukaryotes were present based 

274 on 18S rDNA, over the 6-day sampling period. The microbial Chlorophyte community was 

275 not monitored due to the limitation of the selected primer sets for the 18S DNA high 

276 throughput sequencing.

277 3.4.1 Microbial community diversity

278 On May 20, ACE reached relatively high values, especially for prokaryotes (556, 16S in 

279 Fig. 5), consistent with the microscopic counts (Fig. 3 A&B). Furthermore, ACE of 

280 prokaryotes was 2-3 times of those of eukaryotes. Diversity, represented by the Shannon 

281 index, was the lowest, 3.23, on May 20 for prokaryotes, and 2.1 on May 19 for eukaryotes, 

282 fitting the contrary relationship between richness and diversity. The Shannon and ACE 

283 indexes for both prokaryotic and eukaryotic microbes were significantly different on a daily 

284 basis (P<0.01). The heavy rain on May 23 led to the highest values in both the Shannon (5.35 

285 for prokaryotes, 3.21 for eukaryotes) and ACE indexes (981.04 for prokaryotes, 367.35 for 

286 eukaryote). The increased richness and diversity by the rain (Fig. 2F) was not for 

287 phytoplankton, compared to previous days (Fig. 3 A&B). Both algal densities (6.29Í106 ind 

288 L-1) and Chl a (13.71mg L-1) were the lowest on May 23.

289 3.4.2 Microbial community composition based on DNA HTS

290 From May16 to 19, both prokaryotic and eukaryotic phytoplankton (in green shades, 
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291 excluding Chlorophyte) gradually increased relative to other groups, reaching their maximum 

292 values on May 20 then decreasing (Fig. 6). This was consistent with the observed algal 

293 densities and Chl a concentrations (Fig 3). 

294 In the prokaryotic group (Fig. 6A), cyanobacteria reached a peak level on May 20, 

295 accounting for 97.8% of the prokaryotes (sic passim). In contrast, Chloroflexi and Chlorobi 

296 comprised the remaining proportion within the photosynthetic bacteria (Table S1). From May 

297 16 to 21, the average DNA proportions of Proteobacteria and Bacteroidetes, as major free-

298 living bacterial groups, were 40.7% and 34.6%, respectively among heterotrophic bacteria 

299 (Table S2). Firmicutes reached a maximum on May 18. The DNA of Actinomycetes 

300 proportionally increased gradually from 1.6% on May 16 to 16.0% on May 21 (Fig. 6A). 

301 After the rainfall on May 22, Chlorobi and Chloroflexi first appeared with OUT number 

302 proportion of 0.01, the two main species of prokaryotic algae second only to cyanobacteria 

303 (Table S2).

304 Compared with prokaryotes, the eukaryotic microbial community (Fig 6B, excluding 

305 Chlorophytes) was temporally more variable. DNA proportion of Ascomycota, Ciliophora, 

306 Katablepharid and p_P1-31 at the phylum level fluctuated in ranges of 2.5-49.1%, 5.2-47.3%, 

307 0.8-31.8% and 0.1-25.6%, respectively. The dominant eukaryotic phytoplankton phylum was 

308 Cryptophyta (excluding chlorophytes) with a maximum abundance 98.6% (Table S2). Among 

309 the micro-zooplankton (0~200μm), p_p1-31 and Kathableharidae were dominant on May 16, 

310 accounting for 32% and 24%, respectively; followed by Ciliophora in dominance on May 18 

311 and on May 20, respectively. Meso-zooplankton (>200 µm) in this study mainly included 

312 Arthropoda and Porifera (Table S3). The OTU abundance  of Arthropoda increased 
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313 gradually from 0 on May 16, to 0.03% on May 20 on daily basis, except May 17th when data 

314 was not available, and then dropped to 0 on May 23 (Fig. 6B & Table S3). Meanwhile the 

315 proportion of Porifera had the opposite daily dynamics compared to the Arthropoda (Table 

316 S3). Ascomycota was the dominant group among the fungi on most of the sampling days, 

317 except May 17th when data was not available and May 21 when its proportion was slightly 

318 surpassed by Cryptomycota (Table S3). Through the mid-part of the bloom, Ascomycota 

319 OTU number proportion accounted for 10-49%, with a distinct decline to 5% on May 20 (Fig. 

320 6B).

321 3.5 Plankton community successions during the bloom

322 Both prokaryotic and eukaryotic phytoplankton’s OTU number relative abundances (Fig. 

323 7 A&B) remained low and stable from May 16 to 19, which then increased several folds from 

324 May 19 to 20 (prokaryotic phytoplankton increased from 5% to 16%, and eukaryotic 

325 phytoplankton from 3.4% to 28%). One day later, on May 21, the percentage of prokaryotic 

326 and eukaryotic phytoplankton decreased by 75% and 42%, respectively (Fig. 7 A&B). 

327  The proportion of micro-zooplankton OUT number was still relatively high on May 16 

328 and 18, accounting for approximately 50% OTUs of the whole system (sic passim) (Fig 7 B, 

329 Table S3); from May 18 to 19, it declined from 44.5% to 24.9%. On May 20, OTU number 

330 proportion of micro-zooplankton increased to 51.0% of the total number of OTUs of 

331 eukaryotes, and then dropped by 37.3% from May 20 to 21, keeping a similar trend with 

332 eukaryotic phytoplankton (Fig 7B, Table S2). Within the micro-zooplankton group, the 

333 proportion of Ciliophora OTUs number increased to 35% on May 20, becoming the most 
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334 dominant group (Table S2). 

335 The OTU number proportion of meso-zooplankton increased slightly from 2% to 5% 

336 from May 16 to May 21, while eukaryotic phytoplankton and micro-zooplankton fluctuated 

337 (Fig. 7B).

338 The total OTU number proportion of heterotrophic bacteria was stable overall (σ=0.059), 

339 while the proportion of fungal number of OTUs fluctuated greatly (σ=0.22), ranging from 

340 13% to 56% during bloom period (Fig. 7B). The relative proportion of fungi was negatively 

341 correlated with that of micro-zooplankton (r=-0.9*，P=0.014).

342 The heavy rain on May 22 led to a 3.3 times increase of OTU number proportion of the 

343 micro-zooplankton, while those of fungi and meso-zooplankton decreased by 92% and 76%, 

344 respectively and eukaryotic phytoplankton remained stable (Fig. 7B).

345 4. Discussion

346 The phenomenon of tributary bloom caused by dam construction is very common all 

347 over the world (Maavara et al., 2020). Currently there are empirical models trying to describe 

348 HABs between nutrients and algal production ignoring the rest of the lake/river ecosystem 

349 (Monchamp et al., 2014; Wang et al., 2020).  Our data suggest that this might be incomplete, 

350 since major changes in the microbial loop are occurring during the blooms, and this is 

351 probably true in all lakes/rivers (Buchan, 2014; Wilk-Wozniak, 2020). 

352 4.1 Short-term changes in water chemistry impacted by algal bloom 

353 In this study, based on algal density, Chl a concentration and DNA high throughput 

354 sequencing analysis, from May 16 to May 23, 2018 Gaoyang Lake in the TGR experienced a 
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355 rapid bloom cycle along with significant changes in the microbial loop. Further, the diversity 

356 of the microbial community changed significantly (P<0.01), indicating a possible mechanistic 

357 response to the algal bloom. 

358 In aquatic systems, TN and TP loads are often locked in organisms, and it is DTN and 

359 DTP concentrations which wax and wane with HABs (Anderson and Burkholder, 2002). Our 

360 study supports this observation: The DTN and DTP concentrations reduced to only 49% and 

361 85%, respectively from May 18 to 20 (bloom peak), indicating rapid nutrient consumption, 

362 especially the phosphorus during algal bloom formation (Fig.4B). This demonstrated that a 

363 short temporal pattern of dissolved nutrients could trigger an algal bloom which was then 

364 inversely impacted by the bloom over large spatial areas (Giannuzzi et al., 2016). This study 

365 has shown that dissolved nutrients, i.e. DIP and DTN, are better indicators marking fine scale 

366 trends in algal bloom cycles. 

367 4.2 Impacts of the algal bloom on the microbial loop

368 1). Succession in zooplankton.

369 The algal bloom created a short interval modification of the microbial loop in Gaoyang 

370 Lake. Katablepharidea and P1-31 from the class Leucocrypta, were dominant prior to the 

371 bloom, representing a mixotrophic assemblage supported by organic food particulates, algae 

372 and bacteria (Boenigk & Hartmut, 2002; Barlow & Kugrens, 2002; Tsai et al., 2016; Kwon et 

373 al., 2017；Ok et al., 2018). The larger Ciliophora in the micro-zooplankton, were dominant 

374 during the initiation of the bloom (May 18- 20), acting as predators of planktonic algae and 

375 bacteria (Sherr, E. and Sherr, B. 1988; Tan and Su, 1997). Although the DNA signature of the 

376 meso-zooplankton was present, this trophic group was less impactful than the micro-
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377 zooplankton, likely because of longer response times associated with their growth cycles. For 

378 example, Diplostraca, an arthropod group with 15 to 20 days life span (Spitze, 1993). In this 

379 study, Diplostraca appeared with the largest DNA signature among meso-zooplankton after 

380 the bloom peak (May 21). Therefore, besides nutrients, grazing pressure was another force in 

381 the diurnal dynamics of the he microbial loop during the bloom (Rose et al., 2017; Ger et al., 

382 2019).

383 2) Micro-zooplankton and fungi  

384 In this study, the correlation analysis revealed that the relative DNA signatures of fungi 

385 and micro-zooplankton were negatively significantly correlated (r=-0.9*, P=0.014，Fig.7 B), 

386 indicating possible food resource partitioning and specialization within the microbial loop 

387 (Grami et al., 2011; Teng et al., 2011; Jia et al., 2013; Frenken et al., 2017; Senga et al., 

388 2018). We observed that increases in Chytridiomycota and Cryptomycota fungi concurred 

389 with the bloom of the algae, although Cryptomycota continued to increase after the bloom 

390 (Fig. 6B). As common parasites (Kagami et al., 2007; Johnson et al., 2009; Grami et al., 

391 2011), they may be one of the factors contributing to the death of algae. Ascomycota, 

392 dominated by Fusarium, accounted for more than half of the aquatic fungi during bloom 

393 development (May 18-19) (Fig. 6B), supporting the observation that fungi were tracking the 

394 development of the algal bloom (Zhang et al., 2018; Perini et al., 2019). The signatures of the 

395 zooplankton illustrate the importance of food sources in the microbial food webs and how this 

396 translates the bottom-up mechanistic processes into higher level trophic structure (Long et al. 

397 2019). Zooplankton is common host and occasionally preys for a variety of fungal parasites 
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398 (Grami et al., 2011). Owing to the concurrent blooms of different primary food sources, it is 

399 implied that the relationship between fungi and zooplankton in this study is complex 

400 and competitive.

401 4.3 Temporal scales of algal blooms

402 The heavy rain of May 21-22, 2018 terminated the bloom, and introduced additional 

403 allochthonous and bioavailable nutrients into the Pengxi River (Figs. 2&4). This random 

404 event destroyed the developing relationships among the microbial community (Fig. 6 & 7) 

405 that had the potential to recycle nutrient and carbon back into the biogeochemical nutrient 

406 cycle (i.e. a double nutrient injection, Buchan et al., 2014). After the rain fall event and water 

407 transparency would increase as a result of particulate sedimentation and advection, the left 

408 over seed algae have the potential to initiate another bloom (e.g. Michalak et al., 2017; 

409 Ouyang et al., 2021). Thus, both intrinsic dynamics within the primary trophic level as well as 

410 extrinsic events, such as the rainfall, have the potential to regulate the timing and duration of 

411 HAB events. 

412 The possibility to use extrinsic events to regulate algal blooms in reservoirs has been 

413 previously studied (Yang et al., 2010; Ji et al., 2017). For example, the TGR dam discharge 

414 has the potential to create a free flowing river preventing HAB events (Ji et al., 2017) as 

415 predicted by Jones & Elliott (2007) and Lee & Lee (2018). The problem with this strategy is 

416 that it affects the entire reservoir and does not specifically address HABs that develop in only 

417 certain locations of the reservoir such as the Pengxi River. There have been rare studies to 

418 determine if it is possible to modify intrinsic dynamics that would allow remedial measures to 

419 be applied to specific blooms without modifying the dynamics of the overall reservoir. The 
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420 DTN and DTP associations with Chl a and rainfall in this study show that severity of algal 

421 blooms could be mitigated by reducing the diffuse pollution from the land.

422 4.4 The complexity of trophic structures 

423 Based on 18S rDNA sequencing, non-identifiable fungal sequences accounted for 22.2% 

424 of the total eukaryotes and 41.2% species were detected as no-rank at the Class level. Our 

425 limited ability to classify the aquatic fungal community has been encountered in other studies 

426 (Staay, 2001; Ouyang et al., 2021). We did not capture the Chlorophyte community due to the 

427 limitations of HTS in which one marker gene (primer) is amplified and sequenced for all 

428 organisms, but in contrast, allows only small fragments to be sequenced. The primer biases 

429 also led to chlorophytes underrepresentation in other studies (Tragin et al., 2018; Brown et al., 

430 2021) . However, the missing data did not dramatically impact this study with respect to the 

431 cross-validation by manual counts, which showed that the Chlorophyte bloom was limited to 

432 a few species within the Chlorella species complex. The diversity and complexity of 

433 taxonomic groups identified using high throughput DNA provides the opportunity to observe 

434 and quantify the complexities of the lower trophic food web dynamics with respect to how 

435 fast it can change during bloom events. In the studied bloom event, the primary producers at 

436 the beginning of the study were predominantly mixotrophic, then changed to autotrophic taxa 

437 tracking the developing HABs community. At the end of the bloom, the mixotrophic 

438 community persisted, but the appearance of Chlorobi and Chloroflexi illustrates that the 

439 community did not recover to pre-bloom conditions. 

440 Fungi maintained DNA quantity trends through most of the bloom, and became a 
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441 dominant component of the primary trophic level. Bacteria, however, showed a reverse trend 

442 relative to the algae and fungi, highlighting the importance of rapid community changes in the 

443 microbial food loop overs short periods of time. Similar observations have been made for 

444 micro- and meso-zooplankton communities within the food web (Long et al. 2019).           

445 Conclusion

446 Based on algal densities and Chl a concentrations, from May 16 to May 23, 2018, 

447 Gaoyang Lake experienced a short but intense bloom. This 7-day algal bloom event triggered 

448 chemical cycling (plus recycling from algal decomposition), which impacted the structure of 

449 the primary producers. The community composition was analyzed by DNA high-throughput 

450 sequencing data and significant results of this study related to the identification of rapid (<1 

451 day) changes in community and trophic structure through a bloom event. The genetic 

452 observations of the bloom showed high temporal variability within the microbial loop which 

453 was surprising, given the short duration of the bloom. The composition of the microbial 

454 community indicates there was a switch from predominately mixotrophic to autotrophic 

455 species, and then back to mixotrophy during the bloom. It is interesting that the heterotrophic 

456 algae such as cryptophytes and dinophytes were as common as autotrophic primary producers 

457 such as chlorophytes and cyanobacteria (with HABs) during the development of the bloom. 

458 This indicates that mechanistic as well as stochastic processes such as the rain event have the 

459 potential to determine the timing and duration of algal blooms. 

460 Acknowledgement and Funding

461 This study was supported by the National Base of Water Environmental Monitoring and 

Electronic copy available at: https://ssrn.com/abstract=4002423



23

462 Simulation in Three Gorges Reservoir Region, Southwest University, China 

463 (www.wemst.com) supported by the Ministry of S&T, China (MOST); The international 

464 project “Innovative monitoring and prediction of non-point source pollution and water quality 

465 in the Three Gorges Reservoir catchment” (2013DFG92520) supported both by MOST and 

466 the Ministry of Research, Innovation and Science, Ontario, Canada. We express our sincere 

467 gratitude to David Hamilton in Griffith University, Erik Jeppesen in Aarhus Univeristy and 

468 Abdelrahman Hassan in Southwest University (SWU) for their guidance, and Tang Yi of 

469 SWU for his guidance in identifying algae, and to Shanghai Meiji biological company for 

470 their supports in the experimental data for this manuscript.

471 Reference

472 Acharyya, T., Sarma, V.V.S.S., Sridevi, B., Venkataramana, V., Bharathi, M.D., Naidu, S.A., Kumar, 

473 B.S.K., Prasad, V.R., Bandyopadhyay, D., Reddy, N.P.C. and Kumar, M.D., 2012. Reduced river 

474 discharge intensifies phytoplankton bloom in Godavari estuary, India Mar Chem., 132(5), 15-22.

475 Anderson, D.M., Burkholder, G.J.M., 2002. Part b: dedicated issue: nutrient over-enrichment in coastal 

476 waters: global patterns of cause and effect harmful algal blooms and eutrophication: nutrient 

477 sources, composition, and consequences. Estuaries, 25(4), 704-726.

478 Ban, S., Sakano, H., Haruna, H., Ueda, H., Makino, H., 2013.Annual variation in biomass and the 

479 community structure of crustacean zooplankton over 5 years in Lake Toya, Japan. Limnology, 

480 14(1):59-70.

481 Barlow, S.B., Kugrens, P., 2002.Cryptomonads from the Salton Sea, California. Hydrobiologia, 473(4), 

482 129-137.

Electronic copy available at: https://ssrn.com/abstract=4002423



     

483 Boenigk, J., Hartmut, A., 2002. Bacterivory by heterotrophic flagellates: community structure and 

484 feeding strategies. Antonie van Leeuwenhoek, 81(1-4).

485 Brown, P.D., Craine, J.M., Richards, D., Chapman, A. and Marden, B., 2021. DNA metabarcoding of 

486 the phytoplankton of Great Salt Lake’s Gilbert Bay: Spatiotemporal assemblage changes and 

487 comparisons to microscopy. J GREAT LAKES RES, 0380-1330.

488 Buchan, A., Lecleir, G. R., Gulvik, C. A. Gary R.L., González, J.M, 2014. Master recyclers: features 

489 and functions of bacteria associated with phytoplankton blooms. Nat Rev Microbiology, 12 

490 (10):686-698.

491 Cheng L.J., Xue Q.H., 2012. Experimental technology of microbiology[微生物学实验技术]. 2nd Ed. 

492 Science Press. 240-241. (In Chinese)

493 Chinese Surface Stations for Global Exchange 2017-2019. National Meteorological Information 

494 Center, Beijing, China. (Available from: http://data.cma.cn/en/?r=dataService/index&datacode

495 =SURF_CLI_CHN_MUL_DAY_CES)

496 Cirés, S., Wörmer, L., Agha, R. and Quesada, A., 2013. Overwintering populations of Anabaena, 

497 Aphanizomenon and Microcystis as potential inocula for summer blooms. J Plankton Res., 35(6), 

498 1254-1266.

499 CMDC (China Meteorological Data Service Center). Dataset of Daily Climate Data From 

500 Dai, H., Mao, J., Jiang, D. and Wang, L., 2013. Longitudinal hydrodynamic characteristics in reservoir 

501 tributary embayments and effects on algal blooms. PLoS One, 8(7), 68186.

502 Edgar, R. C., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nature 

503 Methods, 10(10), 996.

504 Engel, F., Fischer, H., 2017. Effect of thermal stratification on phytoplankton and nutrient dynamics in 

Electronic copy available at: https://ssrn.com/abstract=4002423



25

505 a regulated river (saar, germany). River Res Appl., 33(1), 135-146.

506 Engström-Öst, J., Autio, R., Setälä, O., Sopanen, S. and Suikkanen, S., 2013. Plankton community 

507 dynamics during decay of a cyanobacteria bloom: a mesocosm experiment.Hydrobiologia,701(1), 

508 25-35.

509 Engström-Öst, J., Koski, M., Schmidt, K., Viitasalo, M., Jónasdóttir, S.H., Kokkonen, M., Repka, S. 

510 and Sivonen, K., 2002. Effects of toxic cyanobacteria on a plankton assemblage: community 

511 development during decay of Nodularia spumigena. Mar Ecol-Prog Ser., 32(5), 1-14.

512 Fenchel, T., 2008. The microbial loop-25 years later. Journal of Experimental Marine Biology & 

513 Ecology, 366(1-2), 99-103.

514 Frenken, T., Alacid, E., Berger, S.A., Bourne, E.C., Gerphagnon, M., Hans-Peter, G., Gsell, A.S., Bas, 

515 W.I., Maiko, K., Agha, R., et al., 2017. Integrating chytrid fungal parasites into plankton ecology: 

516 research gaps and needs. Environ. Microbiol., 19(10), 3802-3822.

517 Garrity, G.M., Holt, J.G., 2001. Bergey’s Manual of Systematic Bacteriology. G Garrity, DR Boone, 

518 RW Castenholz, Eds. (Springer-Verlag, New York), 601-623

519 Ger, K.A., Naus‐Wiezer, S., De Meester, L. and Lürling, M., 2019. Zooplankton grazing selectivity 

520 regulates herbivory and dominance of toxic phytoplankton over multiple prey generations. Limnol 

521 Oceanogr., 64(3), 1214-1227.

522 Giannuzzi, L., Krock, B., Minaglia, M.C.C., Rosso, L., Houghton, C., Sedan, D., Malanga, G., 

523 Espinosa, M., Andrinolo, D. and Hernando, M., 2016. Growth, toxin production, active oxygen 

524 species and catalase activity of Microcystis aeruginosa (Cyanophyceae) exposed to temperature 

525 stress. COMP Biochem. Phys. C., 189(7), 22-30.

526 Grami, B., Rasconi, S., Niquil, N., Jobard, M., Saint-Béat, B., Sime-Ngando, T., 2011. Functional 

Electronic copy available at: https://ssrn.com/abstract=4002423



     

527 effects of parasites on food web properties during the spring diatom bloom in Lake Pavin: a linear 

528 inverse modeling analysis. Plos One., 6(8), e23273.

529 Hamilton, P. B., M. Proulx, and C. Earle. 2001. Enumerating phytoplankton with an upright compound 

530 microscope using a modified settling chamber. Hydrobiologia, 444(12), 171-175.

531 Han, C.N., Zheng, B.H., Qin, Y.W., Ma, Y.Q., Yang, C.C., Liu, Z.C., 2017. Impact of upstream river 

532 inputs and reservoir operation on phosphorus fractions in water-particulate phases in the Three 

533 Gorges Reservoir. Sci. Total Environ., 610(1), 1546-1556.

534 Haraldsson, M., Gerphagnon, M., Bazin, P., Colombet, J., Tecchio, S., Sime-Ngando, T. and Niquil, 

535 N., 2018. Microbial parasites make cyanobacteria blooms less of a trophic dead end than 

536 commonly assumed. The ISME journal, 12(4), 1008-1020.

537 Ho, J.C., Michalak, A.M. and Pahlevan, N., 2019. Widespread global increase in intense lake 

538 phytoplankton blooms since the 1980s. Nature, 574(7780), 667-670.

539 Hu, H.J., Wei, Y.X., 2016. The freshwater algae of China [中国淡水藻类]. Science press, China, p10-

540 234. In Chinese.

541 Hu, P.F., 2020. Comparative study on nutrient load and "algal bloom" outbreak in Pengxi and Modao 

542 Rivers of the Three Gorges Reservoir[三峡库区澎溪河与磨刀溪水华程度差异的机理研究]. 

543 Southwest University. In Chinese with English abstract.

544 Hunter, P., 1988.Numerical index of discriminatory ability of typing systems: an application of 

545 Simpson's index of diversity. J Clin Microbiol., 26(11):2465-2466

546 Iliev, I., Marhova, M., Kostadinova, S., Gochev, V., Tsankova, M., Ivanova, A., Yahubyan, G. and 

547 Baev, V., 2019. Metagenomic analysis of the microbial community structure in protected wetlands 

548 in the Maritza River Basin. Biotechnology & Biotechnological Equipment, 33(1), 1721-1732.

Electronic copy available at: https://ssrn.com/abstract=4002423



27

549 Ji, D., Wells, S.A., Yang, Z., Liu, D., Huang, Y., Ma, J. and Berger, C.J., 2017. Impacts of water level 

550 rise on algal bloom prevention in the tributary of Three Gorges Reservoir, China. Ecol Eng., 98, 

551 70-81.

552 Jia, Y., Du, J.J., Fang, H., Zhao, G.Y., Guo, P., Jiang, W.X., Li, X.N., Tian, X.J., 2013. Inhibition of 

553 freshwater algal species by co-culture with two fungi. Materials Science and Engineering: C, 

554 33(4): 2451-2454. 

555 Johnson, P.T.J., Ives, A.R., Lathrop, R.C., Carpenter, S.R., 2009 .Long-term disease dynamics in lakes: 

556 causes and consequences of chytrid infections in Daphnia populations. Ecology, 90(1):132-144.

557 Jones, I.D., Elliott, J.A., 2007. Modeling the effects of changing retention time on abundance and 

558 composition of phytoplankton species in a small lake. Freshwater Biol., 52(6):988-997.

559 Kagami, M., Elert, E.V., Ibelings, B.W., Bruin, A.D., 2007. The Parasitic Chytrid, Zygorhizidium, 

560 facilitates the growth of the Cladoceran Zooplankter, Daphnia, in Cultures of the Inedible Alga, 

561 Asterionella. Proceedings of the Royal Society B: Biological Sciences, 274 (1617), 1561-1566. 

562 Kim, T. H., Kim, G., 2013. Factors controlling the C:N:P stoichiometry of dissolved organic matter in 

563 the n-limited, cyanobacteria-dominated east/Japan sea. J Marine Syst., 115-116(Complete), 1-9. 

564 Kircher M, Kelso J. High‐throughput DNA sequencing–concepts and limitations. 2010. Bioessays, 

565 32(6):524-36.

566 Kumari, K., Naskar, M., Aftabuddin, M., Das Sarkar, S., Ghosh, B.D., Sarkar, U.K., Nag, S.K., Jana, 

567 C. and Das, B.K., 2021. Evaluation of three Prokaryote primers for identification of prokaryote 

568 community structure and their abode preference in three distinct wetland ecosystems. Frontiers in 

569 Microbiology, 1818.

570 Kwon, J.E., Jeong, H.J., Kim, S.J., Jang, S.H., Lee, K.H., Seong, K.A., 2017. Newly discovered role of 

Electronic copy available at: https://ssrn.com/abstract=4002423



     

571 the heterotrophic nanoflagellate Katablepharis japonica, a predator of toxic or harmful 

572 dinoflagellates and raphidophytes. Harmful Algae, 68(9), 224-239

573 Lee, S. and Lee, D., 2018. Improved prediction of harmful algal blooms in four Major South Korea’s 

574 Rivers using deep learning models. Int J Environ Res Public Health,15(7), 1322.

575 Li, L.I., Hang, Y.U., Hao, L., 2019. Current situation of water bloom in tributaries of three gorges 

576 reservoir area and its prevention and control measures[三峡库区支流“水华 ”现状及防控对

577 策].Journal of Anhui Agricultural Sciences. 47(03), 64-66+69.In Chinese with English abstract.

578 Long. S., Hamilton, P.B., Dumont, H.J., Rong, L., Wu, Z., Chen, C., Guo, Y., Tang, J., Fan, J., 

579 Li, C. and Zang, T. 2019. Effect of algal and bacterial diet on metal bioaccumulation in 

580 zooplankton from the Pearl River, South China. Science of the Total Environment, 675, 151-

581 164. 

582 Ma, J., Brookes, J.D., Qin, B., Paerl, H.W., Gao, G., Wu, P., Zhang, W., Deng, J., Zhu, G., Zhang, Y. 

583 and Xu, H., 2014. Environmental factors controlling colony formation in blooms of the 

584 cyanobacteria Microcystis spp. in Lake Taihu, China. Harmful algae, 31(10), 136-142.

585 Maavara, T., Chen, Q., Van Meter, K., Brown, L.E., Zhang, J., Ni, J. and Zarfl, C., 2020. River dam 

586 impacts on biogeochemical cycling. Nat Rev Earth Enviro. 1 (2), 103-116.

587 Michalak, A.M., Anderson, E.J., Beletsky, D., Boland, S., Bosch, N.S., Bridgeman, T.B., Chaffin, J.D., 

588 Cho, K., Confesor, R., Daloğlu, I. and DePinto, J.V., 2013. Record-setting algal bloom in Lake 

589 Erie caused by agricultural and meteorological trends consistent with expected future conditions. 

590 P Natl Acad Sci Usa., 110(16), 6448-6452.

591 Mo, D.G., 2016. Community structures of phytoplankton and comparison between two identification 

592 methods in Lake Qiandaohu[千岛湖浮游植物群落结构多样性及其鉴定方法的研究]. Shanghai 

Electronic copy available at: https://ssrn.com/abstract=4002423



29

593 Ocean University. In Chinese.

594 Monchamp, M.E., Pick, F.R., Beisner, B.E., Maranger, R., 2014. Nitrogen forms influence microcystin 

595 concentration and composition via changes in cyanobacterial community structure. Plos One, 9.

596 Ok, J.H., Jeong, H.J., Lim, A.S., Lee, S.Y. and Kim, S.J., 2018. Feeding by the heterotrophic 

597 nanoflagellate, Katablepharis remigera, on algal prey and its nationwide distribution in Korea. 

598 Harmful Algae, 74(3), 30-45.

599 Ouyang, W., Li, Z., Yang, J., Lu, L. and Guo, J., 2021. Spatio-Temporal Variations in Phytoplankton 

600 Communities in Sediment and Surface Water as Reservoir Drawdown—A Case Study of Pengxi 

601 River in Three Gorges Reservoir, China. Water, 13(3), 340.

602 Pan, C.J., Li, R., Tang, X.Q., Xia, Z.Y., Li, Q.Y., Yang, W.J., Xu, W.N., 2018. Assessment of Physico-

603 chemical Properties and Phosphorus Fraction Distribution Characteristics in Sediments after 

604 Impounding of the Three Gorges Reservoir to 175 m[三峡水库蓄水至 175 m 后干流沉积物理化

605 性质与磷形态分布特征 ]. Environmental Sci. 039(006), 2615-2623. In Chinese with English 

606 abstract.

607 Perini, L., Gostinčar, C., Anesio, A.M., Williamson, C., Tranter, M. and Gunde-Cimerman, N., 2019. 

608 Darkening of the Greenland Ice Sheet: Fungal abundance and diversity are associated with algal 

609 bloom. Front Microbiol., 10, 557. 

610 Pomeroy, L.R., 1974. The Ocean’s food web, a changing paradigm. Bio. Science. 24(9):499-504.

611 Quinlan, R., Filazzola, A., Mahdiyan, O., Shuvo, A., Blagrave, K., Ewins, C., Moslenko, L., Gray, 

612 D.K., O'Reilly, C.M. and Sharma, S., 2020. Relationships of total phosphorus and chlorophyll in 

613 lakes worldwide. Limnol Oceanogr. 65(10), 1-13

614 Resh, V.H., Brown, A.V., Covich, A.P., Gurtz, M.E., Li, H.W., Minshall, G.W., Reice, S.R., Heldon, 

Electronic copy available at: https://ssrn.com/abstract=4002423



     

615 A.L., Wallace, J.B., Wissmar, R.C., 1988. The role of disturbance in stream ecology. J N Am 

616 Benthol Soc. 7(4):433-455.

617 Rose, V., Rollwagen-Bollens, G. and Bollens, S.M., 2017. Interactive effects of phosphorus and 

618 zooplankton grazing on cyanobacterial blooms in a shallow temperate lake. Hydrobiologia, 

619 788(1), 345-359.

620 Rychtecky, P., Znachor, P., 2011. Spatial heterogeneity and seasonal succession of phytoplankton 

621 along the longitudinal gradient in a eutrophic reservoir. Hydrobiologia, 663(1), 175-186.

622 Senga, M., Yabe, S., Nakamura, T., Kagami, M., 2018. Influence of parasitic chytrids on the quantity 

623 and quality of algal dissolved organic matter (AOM). Water Res. 145(8), 346-353.

624 Sha, Y., Wei, Y., Li, W., Fan, J., Cheng, G., 2015. Artificial tide generation and its effects on the water 

625 environment in the backwater of Three Gorges Reservoir. J. Hydrol., 528(9), 230-237.

626 Sherr, E., Sherr, B., 1988. Role of microbes in pelagic food webs: a revised concept. Limnol 

627 Oceanogr., 33(5): 1225-1227. 

628 Simon, R., 2002 .Threats to the running water ecosystems of the world. Envrion Conserv., 29(2):134-

629 153.

630 Spitze, K., 1993. Population structure in Daphnia obtusa: quantitative genetic and allozymic variation. 

631 Genetics., 135(2), 367-74.

632 Staay, M., Wachter, R. D., Vaulot, D., 2001. Oceanic 18s rDNA sequences from picoplankton reveal 

633 unsuspected eukaryotic diversity. Nature, 409(6820), 607-610.

634 Tan Z.Y., Su X.Y., 1997. The natural enemies of green algae: Dinoflagellates and Abdominal 

635 ciliates[绿藻天敌——腰鞭毛虫和腹纤毛虫 ]. Chinese Journal of Zoology, (03):24-25. In 

636 Chinese with English abstract.

Electronic copy available at: https://ssrn.com/abstract=4002423



31

637 Teng, L.J., Tang, F., Yue, Y.D., Guo, X.F., Wang, J., Yao, X., Li, X.B., 2011. Effects of incubation 

638 condition of Fusarium moniliforme on anti-algal activity of Fusarium moniliforme extracts[培养

639 条件对串珠镰刀菌提取物抑制蛋白核小球藻的影响]. Journal of Anhui Agricultural University, 

640 38(5), 762-768. In Chinese with English abstract.

641 Thomann, R. V., and J. A. Mueller. (Ed), 1987. Principle of surface water quality modeling and 

642 control. Harper & Row Publishers. New York, USA.

643 Tragin, M., Zingone, A. and Vaulot, D., 2018. Comparison of coastal phytoplankton composition 

644 estimated from the V4 and V9 regions of the 18S rRNA gene with a focus on photosynthetic 

645 groups and especially Chlorophyta. Environ. Microbiol, 20(2), 506-520.

646 Tsai, S.F., Lin, F.W., Chan, Y.F. and Chiang, K.P., 2016. Vertical distribution of pigmented and non-

647 pigmented nanoflagellates in the East China Sea. Cont. Shelf. Res., 125(8), 107-113.

648 Wang, F.S., Maberly, S.C., Wang, B. L et al., 2018. Effects of dams on riverine biogeochemical 

649 cycling and ecology, Inland Waters, 8(2), 130-140.

650 Wang, L., Zhang, J., Li, H., Yang, H., Peng, C., Peng, Z. and Lu, L., 2018. Shift in the microbial 

651 community composition of surface water and sediment along an urban river. Sci Total 

652 Environ, 627, 600-612.

653 Wang, X., Zhou, J., Wu, Y., Bol, R., Wu, Y., Sun, H. and Bing, H., 2020. Fine sediment particle 

654 microscopic characteristics, bioavailable phosphorus and environmental effects in the world 

655 largest reservoir. Environ Pollut., 265, 114917.

656 Wilk-Woźniak, E., 2020. An introduction to the ‘micronet’of cyanobacterial harmful algal blooms 

657 (CyanoHABs): cyanobacteria, zooplankton and microorganisms: a review. Mar Freshwater Res., 

658 71(5), 636-643.

Electronic copy available at: https://ssrn.com/abstract=4002423



     

659 Work, K.A. and Havens, K.E., 2003. Zooplankton grazing on bacteria and cyanobacteria in a eutrophic 

660 lake. J Plankton Res., 25(10), 1301-1306.

661 Xiao, X., Sogge, H., Lagesen, K., Tooming-Klunderud, A., Jakobsen, K.S. and Rohrlack, T., 2014. Use 

662 of high throughput sequencing and light microscopy show contrasting results in a study of 

663 phytoplankton occurrence in a freshwater environment. PloS one, 9(8), 106510.

664 Xiao, Y., Li, Z., Guo, J., Fang, F. and Smith, V.H., 2016. Succession of phytoplankton assemblages in 

665 response to large-scale reservoir operation: a case study in a tributary of the Three Gorges 

666 Reservoir, China. Environ Monit Assess., 188(3), 153.

667 Xin, X., Zhang, H., Lei, P., Tang, W., Yin, W., Li, J., Zhong, H. and Li, K., 2020. Algal blooms in the 

668 middle and lower Han River: Characteristics, early warning and prevention. Sci Total Environ., 

669 706(3),135293.

670 Yang, Q., Wan, C., Zou, X., Shi, F., Zheng, Z. and Hu, L., 2020. Compositional variations and the 

671 environmental responses of bacterioplankton in the Pengxi River of the Three Gorges Reservoir, 

672 China. J Freshwater Ecol., 35(1), 449-467.

673 Yang, Z., Liu, D., Ji, D. and Xiao, S., 2010. Influence of the impounding process of the Three Gorges 

674 Reservoir up to water level 172.5 m on water eutrophication in the Xiangxi Bay[三峡水库 172.5m

675 蓄水过程对香溪河库湾水体富营养化的影响]. Sci China Technol Sc. 53(4), 1114-1125. In 

676 Chinese with English abstract.

677 Zarfl, C., Lumsdon A. E., Berlekamp, J. Tydecks L., Tockner K., 2015. A global boom in hydropower 

678 dam construction. Aquatic Science, 77(10), 161-170.

679 Zhang, H., Jia, J.Y., Chen S.N., Huang T.L., Wang Y., Zhao Z.F. et al., 2018. Dynamics of bacterial 

680 and fungal communities during the outbreak and decline of an algal bloom in a drinking water 

Electronic copy available at: https://ssrn.com/abstract=4002423



33

681 reservoir. Int. J. Environ. Res Public Health, 15(2), 361.

682 Zhang, L., Xia, Z.Q., Zhou, C., Fu, L., Yu, J.J., Taylor, W. D., Hamilton P.B., Cappellen P.V., Ji, D.B., 

683 Liu, D.F., Xie, D.Y., Zeng, B., McLeod, A.M., Haffner, G.D., 2020. Unique surface density layers 

684 promote formation of harmful algal blooms in the Pengxi River, Three Gorges Reservoir. 

685 Freshwater Science, 39(4), 722-735. 

686 Zhang, S., Song, D., Zhang, K., Zhang, K., Zeng, F.H., Li, D.G., 2010. Trophic status analysis of the 

687 upper stream and backwater area in typical tributaries, Three Gorges Reservoir 三峡水库典型支

688 流上游区和回水区营养状态分析. Journal of Lake Sciences. 22(02):201-207. In Chinese with 

689 English abstract.

690 Zhang, Z.S., Huang, X.F., 1995. Freshwater plankton research methods[淡水浮游生物研究方法], 1st 

691 ed. Science press, China. (In Chinese)

692 Zhao, S.B., Guo, P., Li, D.G., Guo, X.F., Gao, F., 2018. Temporal and Spatial Variations of Nutrients 

693 and Eutrophication Assessment of Pengxi River of Three Gorges Reservoir [三峡库区澎溪河营

694 养盐时空变化特征及富营养化评价]. Sichuan Environ. 37(01), 51-58. In Chinese with English 

695 abstract.

696

697

Electronic copy available at: https://ssrn.com/abstract=4002423


