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21 Abstract

22 A growing awareness of the wider environmental significance of diffuse sediment 

23 pollution in interconnected river-lake systems has generated the need for reliable 

24 provenance information. Owing to their insufficient ability to distinguish between 

25 multiple sources, common sediment source apportionment methods would rarely be a 

26 practical solution. Based on the inseparable relationships between sediment and 

27 adsorbed microorganisms, community-based microbial source tracking may be a novel 

28 method of identifying dominant sediment sources in the era of high-throughput 

29 sequencing. Dongting Lake was selected as a study area as it receives considerable 

30 sediment import from its inflowing rivers during the flood season. This study was 

31 conducted to characterize the bacterial community composition of sediment samples 

32 from the inflow-river estuaries and quantify their sediment microbe contributions to the 

33 central lake. Metagenomic analysis revealed that the community compositions of 

34 source sediment samples were significantly different, allowing specific sources to be 

35 identified with the machine learning classification program SourceTracker. Modified 

36 analysis using SourceTracker found that the major contributors to three major lake 

37 districts were the Songzi, Zishui, and Xinqiang Rivers. The impacts of hydrodynamic 

38 conditions on source apportionment were further verified, and suggested the 

39 practicability of this method to offer a systematic and comprehensive understanding of 

40 sediment sources, pathways, and transport dynamics. Finally, a novel framework for 

41 sediment source-tracking was established to develop effective sediment management 

42 and control strategies in river-lake systems.
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45 1. INTRODUCTION

46 Inseparable river-lake interactions are generated by the mutual exchange of water, 

47 sediment, pollutants, and organisms in river-lake systems 1, 2. Current research suggests 

48 that this relationship could be significantly impacted by natural and anthropogenic 

49 factors, including climate change, rapid urbanization and industrialization, as well as 

50 the operation of water conservancy projects 3, 4. The spatio-temporal variation of 

51 sediment transport and fate caused by the evolution of river-lake interactions should 

52 receive more attention 1, 5. 

53 Sediment, an essential exchange matter and carrier in river-lake systems, 

54 simultaneously promotes the migration of adsorbed pollutants and microorganisms, 

55 which exert a fundamental control over the ecological status and ecosystem services of 

56 lakes 6, 7. Considerable sediment import from inflow-rivers has become the main cause 

57 of severe lake contamination and eutrophication 8. Evidence-based identification of the 

58 major sediment source is required to appropriately assess the health risks and implement 

59 effective controls for lake pollutants 9. Common sediment source apportionment using 

60 physical, chemical, biological, and composite fingerprinting 10-13 has been successfully 

61 applied as a tool to gain insights into sediment dynamics at a river-basin scale in 

62 catchments worldwide. However, there are still areas of uncertainty in traditional 

63 sediment source-tracking methods for application to large catchments (such as 

64 interconnected river-lake systems) with a complex arrangement of sources14. The 

65 sediment load imported by the inflow-river commonly represents a mixture of sediment 

66 derived from different locations and source types in upstream regions, which could limit 
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67 sediment source discrimination as selected physicochemical tracers are not entirely 

68 source-specific, and multiple sources within a system have similar tracer concentrations 

69 15, 16. Until now, employing existing approaches to determine dominant dispersal 

70 sources in river-lake systems has been a formidable challenge 5.

71 Sediments and their adsorbed microorganisms are considered to disperse together 

72 through inlet water flows to lakes; hence, sediment microorganisms may be suitable as 

73 informative indicators for sediment sources 17. Furthermore, the introduction of high-

74 throughput sequencing (HTS) technology provides a larger amount of data about the 

75 microbial community, which could improve discrimination between potential sources 

76 and facilitate the formation of source-specific fingerprints 18, 19. The source 

77 contributions of lake microbial community from specific river environmental systems 

78 identified using microbial source tracking (MST) 20 may shed light on the above issues 

79 existing in common sediment-tracing methods. The autochthonous microbial 

80 community of lake sediments has been reported to be shaped by the deposition of 

81 particle-associated dispersed bacteria, particularly those capable of immediate growth 

82 in the recipient habitat and competing for nutrients 21, 22, which contributes to the shifts 

83 in the physicochemical state and ecological environment of aquatic ecosystems. The 

84 transport of fecal bacteria and antibiotic resistance genes is also the leading cause of 

85 microbial contamination, exposing water-users to significant health risks and 

86 undermining the use of these systems for recreational and commercial activities 23-25. 

87 Therefore, tracing sediment microorganisms in interconnected river-lake systems may 

88 not only offer a systematic and comprehensive understanding of sediment sources, 
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89 pathways, and transport dynamics, but also aid in the recognition and management of 

90 the ecological environmental impact of dispersed sediment microorganisms. 

91 In this study, we applied SourceTracker, a representative MST method, to 

92 understand the dispersal dynamics of sediment microorganisms in interconnected river-

93 lake systems. The method utilizes a Bayesian approach to estimate the proportion of 

94 contaminating sequences in a designated sink community that originates from possible 

95 source environments 26. The accuracy of the overall source assignments is improved in 

96 this method by allowing unknown sources 27. SourceTracker was originally designed to 

97 detect contamination in high-throughput sequence datasets 26, but has interesting 

98 applications for identifying the sources of bacterial contamination within river-lake 

99 catchments 21, 22. The seasonal variation in the importance of dispersal from different 

100 sources for the lake bacterioplankton community and population dynamics was 

101 determined using SourceTracker 28. The practicability and feasibility of the results 

102 derived from this approach were evaluated and proved by comparing them with the 

103 results of a well-calibrated, three-dimensional hydrodynamic tracer model 29. 

104 Compared with the water samples, sediment samples containing a higher biomass and 

105 microbe taxon richness 30 should provide more microbial information for 

106 SourceTracker. However, knowledge regarding the complete mechanism and 

107 significance of sediment MST is lacking. Owing to the existence of substantial 

108 indigenous microbial communities in sediments 31, 32, sediment source apportionment 

109 estimates obtained using SourceTracker need to be modified to increase the pertinence 

110 and practicability of the predicted proportions for identifying major external sources.
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111 Therefore, the aims of this study were to 1) determine the relationships between 

112 the fate of sediments, nutrient spatial distribution, and lake sediment biodiversity in 

113 river-lake systems; 2) evaluate the source contributions of the microbial community in 

114 lake sediment from inflow-rivers, employing the SourceTracker model with high-

115 throughput DNA sequencing data, and 3) provide new insights into sediment source 

116 apportionment regarding the tracing of sediment microorganisms. To achieve these 

117 goals, Dongting Lake, the second largest freshwater lake in China, was selected as a 

118 study area as it exhibits intricate river-lake interactions with considerable sediment 

119 exchange 33. The characteristics and interactions of the bacterial communities in 

120 sediments collected from the inflow-river estuaries and three major lake districts were 

121 determined by multivariate statistical analysis. The analysis using SourceTracker was 

122 modified by removing the indigenous microbial community determined via the linear 

123 discriminant analysis of effect sizes, and then used for tracing sediment sources. Our 

124 findings may provide improved scientific bases to estimate sediment sources and 

125 develop effective river-lake interaction regulation strategies. 

126 2. MATERIALS AND METHODS

127 2.1. Study Area

128 Dongting Lake, the second largest freshwater lake in China, is located in the middle 

129 reaches of the Yangtze River (28°30’-30°20’N, 111°40’-113°10’E). Based on its 

130 geographical location and topography, Dongting Lake can be divided into three regions: 

131 East, South, and West Dongting Lake 34. Dongting Lake receives discharge from the 

132 Yangtze River through three inlets located in the northwest catchment, including the 
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133 Songzi (SZ) , Hudu (HD) , and Ouchi (OC) Rivers, and the following tributary rivers: 

134 the Lishui (LS) and Yuanjiang (YJ) Rivers in West Dongting Lake, the Zishui (ZS), 

135 and Xiangjiang (XJ) Rivers in South Dongting Lake, and the Miluo (ML) and Xinqiang 

136 (XQ) Rivers in East Dongting Lake, and then discharges into the Yangtze River at the 

137 Chenglingji Outlet (OTL). This is a typical intricate river-lake interaction. Over 80% 

138 of the pollutant loads in Dongting Lake originate from considerable water and sediment 

139 import from inflow-rivers, which cause severe contamination and aggravated 

140 eutrophication 35.

141 The sampling positions are shown in Figure 1. Locations L1, L2, L3, L4, and L5 

142 are located in the central open water area of Dongting Lake, which are empirical 

143 sedimentation areas and remote from anthropogenic pollution, and thus were selected 

144 as the sink sites at which the sediment source contributions were quantified. The 

145 estuaries of the inflow-rivers, including locations LS, SZ, YJ, OC, ZS, XJ, ML, and 

146 XQ, were selected as the source sites as the abrupt slow flow in estuarine catchments 

147 causes the deposition of a large amount of sediments that can provide a record of the 

148 natural and anthropogenic inputs of contaminants into upstream rivers and form a 

149 concentrated influential expression of inflow-rivers on the lake 36.

150 2.2. Sample Collection and Processing

151 Sampling was conducted in August 2017 (Tables S1), when the sediment discharge 

152 from inflow-rivers peaked and sediment transport processes began gradually stabilized. 

153 Water and sediment samples were collected at the same site. At each sampling site, 

154 water profiles were determined in situ by measuring the water temperature (T), 

Page 8 of 42

ACS Paragon Plus Environment

Environmental Science & Technology



9

155 dissolved oxygen (DO), electric conductivity (Cond), and pH using a HACH HQ30d 

156 portable meter (HACH Company, Loveland, Co, USA). Water samples were collected 

157 in triplicate from just below the surface using a plexiglass water sampler (800, Jvchang, 

158 China), and then homogenized, filtered. and stored in 1-L polyethylene bottles. All 

159 water samples were transported on ice to the laboratory and stored at 4 °C to further 

160 characterize the water chemistry, including the total phosphorus (TP), nitrogen (TN), 

161 organic carbon (TOC), dissolved total phosphorus (DTP), particulate phosphorus (PP), 

162 chemical oxygen demand (CODMn), and chlorophyll-a concentration (Chl-a), as 

163 previously described 37-39. 

164 Three sediment samples were collected at each site using a grab sampler 

165 (XDB0201, Pusen, China), from which the first 5 cm was sliced, mixed for 

166 homogenization, and stored in sterile 50-mL screw cap tubes. The remaining sediment 

167 (approximately 1 L) was combined and stored in a plastic bag, and then immediately 

168 transported to the laboratory in an ice box. The tubes were stored at -80 °C until the 

169 DNA could be extracted, and the sediment samples for physicochemical analysis were 

170 stored at -20 °C and freeze-dried. The organic matter (OM) content was calculated 

171 according to the loss on ignition to constant mass (4 h) at 550 °C. The total nitrogen 

172 (TN) content was determined using a continuous-flow automated analyzer (San++, 

173 Skalar, the Netherlands) after digestion with H2SO4-H2O2 37. The total phosphorus (TP), 

174 inorganic phosphorus (IP), organic phosphorus (OP), non-apatite inorganic phosphorus 

175 (NAIP; forms associated with oxides and hydroxides of Al, Fe, and Mn), and apatite 

176 phosphorus (AP; forms associated with Ca) contents were determined following the 

Page 9 of 42

ACS Paragon Plus Environment

Environmental Science & Technology



10

177 Standards, Measurements, and Testing (SMT) harmonized procedure for phosphorus 

178 fractionation in freshwater sediments (SMTprotocol), which is a modified version of 

179 the Williams method. The phosphorus content of each fraction was 

180 spectrophotometrically determined following the vanadomolybdophosphate method.

181 2.3. DNA Extraction, PCR Amplification, and Sequencing Analysis

182 DNA from each homogenized surface sediment sample (0.3 g) was extracted using 

183 the FastDNA spin kit for soil (Q-BIOgene, Carlsbad, CA), following the 

184 manufacturer’s instructions. The quality of the extracted DNA was examined by 

185 agarose gel electrophoresis, and the DNA was stored at -20 °C until further analysis. 

186 PCR amplification and Illumina Miseq sequencing were conducted at Shanghai 

187 Biozeron Bio-Pharm Technology Co., Ltd. (Shanghai, China) using the 341F and 806R 

188 primers, targeting the V3 and V4 regions of the bacterial 16S rRNA gene. Amplicons 

189 were paired-end sequenced on the Illumina MiSeq PE250 platforms (Illumina, San 

190 Diego, CA).

191 After checking the quality, the raw Illumina paired-end reads that were over 75% 

192 of the amplicon length were trimmed off the barcodes and primers, and combined using 

193 the Flash software v1.2.7. The obtained raw sequence data in Fastq format were then 

194 demultiplexed and quality-filtered using QIIME v1.9.0. Operational taxonomic units 

195 (OTUs) were assigned using UCLUST based on 97% similarity identity and compared 

196 to the Silva v128 reference database using the PyNAST alignment algorithm. 

197 Taxonomic assignments were conducted against the RDP Classifier v2.2 with an 80% 

198 threshold. Data for all samples is available on the Sequence Read Archive 
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199 (http://www.ncbi.nlm.nih.gov/sra/) project reference SRP165943.

200 2.4. Statistical Analysis

201 Statistical analyses were conducted using QIIME v1.9.040, SPSS v20.0, RStudio 

202 v1.1.383, R v3.4.3. The trophic level index (TLI) method was followed to evaluate the 

203 eutrophication level in Dongting Lake. The alpha diversity of each sample was 

204 determined using the observed species, sample coverage, abundance-based coverage 

205 estimate (ACE), Chao 1 indices, Shannon diversity index, and Simpson diversity index 

206 based on the OTU analysis. The interactions between the alpha diversity and 

207 environmental factors were evaluated with Spearman correlation analysis (significance 

208 P < 0.05). For comparison, a final sequence depth of 28,956 was selected for all 

209 subsequent statistical analysis. Analysis of Similarity (ANOSIM; Clarke, 1993) was 

210 conducted to identify significant differences between the bacterial communities (Beta 

211 diversity). Non-metric multidimensional scaling (NMDS) analysis, which was 

212 calculated based on the Bray-Curtis dissimilarity matrix, was used to visualize the 

213 dynamics in the bacterial community structures at the OTU-level taxa. Linear 

214 discriminant analysis of effect sizes (LEfSe) was conducted to identify highly 

215 differential taxonomy (from phylum to order level) between the samples from the 

216 central lake and inflow-rivers. Significant taxa were used to generate taxonomic 

217 cladograms and illustrate the differences between the source and sink sites.

218 2.5. SourceTracker Analysis

219 The contributions of different sediment sources imported from the inflow-rivers to 

220 the bacterial community composition in the central lake sediments were predicted with 
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221 the Bayesian classifier software program SourceTracker (Knights et al., 2011) using R 

222 package SourceTracker v1.0.1. Based on its geographical location and topography, the 

223 SourceTracker analysis for Dongting Lake can be divided into three regions: West, 

224 South, and East Dongting Lake. Detailed arrangements of the designated sink and 

225 source sites in the three models are shown in Table S2. It should be noted that L2 was 

226 regarded as a sink site in West Dongting Lake and a source site in South Dongting Lake 

227 while L4 was regarded as a sink site in South Dongting Lake and a source site in East 

228 Dongting Lake. 

229 The OTU tables derived from quality filtering and OTU picking were used as input 

230 files. SourceTracker analysis was conducted using default settings with a rarefaction 

231 depth of 1000, burn-in 100, restart 10, alpha (0.001), and beta (0.01), which has been 

232 evaluated and demonstrated to provide high sensitivity, specificity, accuracy, and 

233 precision in general 41. For each source, the mean contribution proportion and standard 

234 deviation were calculated from the five independent SourceTracker runs to identify and 

235 prevent any potential false positive predictions 41. The ratio of the averaged predicted 

236 proportion and standard deviation was then used to calculate the relative standard 

237 deviation (RSD) to estimate the confidence in the mean predicted source proportions 

238 and variation between different models 27.

239 3. RESULTS AND DISCUSSION 

240 3.1. Environmental Conditions

241 The physiochemical characteristics of surface water and sediment samples 

242 retrieved from the fourteen investigated sites (Figure 1) are summarized in Table S3 
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243 and S4, respectively. Dongting Lake endured excessive nutrient loads (TN 

244 concentrations ranging from 1.18 to 1.76 mg/L and TP concentrations ranging from 

245 0.06 to 0.21 mg/L in water samples) and accelerated eutrophication (TLI ranging from 

246 45.67 to 57.59). 

247 The results of the Mann-Whitney U test revealed that samples collected from the 

248 estuaries of inflow-rivers had a significantly higher concentration of TN (water samples) 

249 and a lower concentration of NAIP (sediment samples) than those from the central lake 

250 (P < 0.05), which could be explained by the sediment transport processes in 

251 interconnected river-lake systems. Due to the high velocity and strong turbulence 

252 caused by complicated hydrodynamic conditions in estuaries, substantial sediment will 

253 be transported into the lake as SS while the adsorbed nutrients may be released into the 

254 water 8. SS can be deposited as a result of a drop in stream velocity and turbulence that 

255 both keep sediment suspended in the central lake and the adsorbed nutrients may also 

256 accumulate at the bed surface 5. Therefore, these results suggested that sediment 

257 transport, migration, and deposition might have significant effects on the spatial 

258 distribution of nutrients in interconnected river-lake systems.

259 3.2. Bacterial Community Composition and Diversity 

260 Bacterial community profiles were generated for the 14 collected samples. After 

261 quality filtering and trimming, a total 609,565 sequences were obtained, which were 

262 assigned to 14,312 OTUs with a 97% sequence identity threshold. The bacterial 

263 community richness and diversity indices are shown in Table 1. The average 

264 sequencing coverage for the collected samples was 94.1%, and ranged from 90.5% to 
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265 96.9%. The results of the T-test revealed that sediment samples collected from the 

266 estuaries of inflow-rivers had a significantly lower bacterial community richness (i.e., 

267 ACE and Chao1 indices) than those from the central lake (P < 0.05), which could be 

268 explained by the substantial amount of sediment deposition from multiple inflow-rivers 

269 in the central lake.

270 The samples were rarefied by random subsampling to 28,956 reads per sample for 

271 comparison. The bacterial community composition of the different samples at the 

272 phylum level is displayed in Figure 2. Across all samples, Proteobacteria (43.53% - 

273 83.26%, mean 62.03%) were the most abundant phylum, which have been well 

274 observed in freshwater sediment environments. The other ubiquitous bacterial phyla of 

275 all samples were Bacteroidetes (9.93%), Acidobacteria (8.04%), Chloroflexi (5.21%), 

276 Firmicutes (4.04%), Actinobacteria (3.46%), and Nitrospirae (1.50%), which is 

277 consistent with the results reported in previous studies 34. 

278 The beta diversity was calculated using the Bray-Curtis distance. The NMDS plots 

279 showed that the bacterial community compositions exhibited a relatively clear 

280 separation between the samples from the estuaries of inflow-rivers (Figure 3). The 

281 samples from the central lake were clustered, which could be related to biotic 

282 homogenization due to the combined contributions of sediment migration and 

283 deposition. Although there were differences observed in the NMDS plots, the ANOSIM 

284 further identified that the bacterial community structures were not significantly 

285 different between the central lake and inflow-river estuary sediments (r = - 0.04605, P 

286 = 0.5988), suggesting similarities and relationships between our defined sink and source 
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287 sites. It is important to note that higher variability in the bacterial communities within 

288 source sites than within sink sites, and between the source and sink sites, may indicate 

289 that adequate differentiation between these sources was possible by SourceTracker.

290 The interactions between the bacterial diversity, richness, and environmental 

291 factors in Dongting Lake were determined through Spearman rank correlation (Figure 

292 4). Interestingly, the alpha diversity (OTU, Chao1, and Shannon index) of sediment 

293 samples also exhibited a significant negative correlation with particulate phosphorus in 

294 the corresponding water samples (Spearman rank correlative analysis, P < 0.05). 

295 Previous research showed that particulate phosphorus is the dominant exchange form, 

296 exhibiting a significant linear relationship with suspended sediment in Dongting Lake 

297 (r2 = 0.906) 35. Therefore, this result may be explained by the enrichment of microbial 

298 diversity in the lake sediment due to the substantial deposition of suspended sediment 

299 and adsorbed microorganisms. Moreover, these results suggested that sediment 

300 microorganisms might serve as informative indicators for sediment sources due to the 

301 inseparable transport fate of sediments and adsorbed microorganisms.

302 3.3. Optimized Analysis Using SourceTracker

303 The taxa in an environmental sink sample that could not be assigned to a source 

304 were designated to an unknown category in SourceTracker analysis. These unknown 

305 taxa could be explained by dispersal from other potential sources that were not included 

306 in our study, or the existence of an indigenous microbial community in the sink sites. 

307 Compared with the water samples, sediment samples contain a higher biomass of 

308 autochthonous bacteria. Thus, to reduce the predicted unknown proportions caused by 
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309 autochthonous bacteria in sediment samples and increase the pertinence and 

310 practicability of the predicted proportions for identifying major external sources, the 

311 source apportionment estimates obtained using SourceTracker were modified.  

312 LEfSe was applied to aid the identification of the indigenous microbial community 

313 in sink sites by determining highly differential taxonomy (from phylum to order level) 

314 between samples from the central lake and inflow-rivers. The Kruskal-Wallis test was 

315 conducted to identify taxa with significantly different abundances between the source 

316 and sink sites, followed by LDA to estimate the effect size of each differentially 

317 abundant feature. A cladogram showing the phylogenetic distribution of microbial 

318 lineages significantly associated (LDA values > 2) with sediments from the sink (red) 

319 and source sites (green) is presented in Figure 5 (a). The corresponding LDA value for 

320 each lineage is shown in Figure 5 (b). LEfSe analysis revealed that the bacterial lineages 

321 that were mainly enriched in sink sites included Nitrospirales, Nitrospira, Nitrospirae, 

322 Epsilonproteobacteria, and Campylobacterales, while Alphaproteobacteria, 

323 Caulobacterales, and YS2 exhibited a significant presence in source sites, as shown in 

324 Figure 5 (b). The OTUs assigned to the highly differential taxa were identified as the 

325 indigenous microbial community in sink sites and then removed in SourceTracker 

326 analysis to increase the pertinence and practicability of the predicted proportions for 

327 identifying major external sources.

328 The respective contributions of different sediment sources imported from the 

329 inflow-rivers to the bacterial community composition of central lake sediments were 

330 evaluated using the Bayesian classifier software program SourceTracker v1.0.1. 
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331 Original and optimized analyses using SourceTracker were conducted using default 

332 settings with five independent runs. For each source, the mean contribution proportion 

333 and the RSD were calculated from the five independent SourceTracker runs using the 

334 default settings. Highly relevant results between two analyses could be observed by 

335 conducted Spearman rank correlative analysis (rspearman = 0.985, p < 0.01). The 

336 difference of the source proportional contributions derived from the original and 

337 optimized analysis could be seen in Table 2. The results of the optimized analysis 

338 suggested that the predicted unknown proportions significantly decreased (paired-

339 samples t-test, P < 0.01). The shifts in the ranking of the different source contributions 

340 were also observed. For instance, the ranking of the different source contributions in 

341 L1 was SZ > LS = YJ in the original analysis while SZ > LS > YJ in the optimized 

342 analysis.

343 3.4. Sediment Source Apportionment Estimates Using SourceTracker

344 The quality-filtered OTU tables (i.e., OTUs simultaneously identified at the source 

345 and sink sites) were utilized as input files. According to the source apportionments by 

346 the optimized microbial community MST, the contributions to the bacterial community 

347 of L1 in descending order were SZ (24.2%), LS (20.6%), and YJ (17.4%), with a RSD 

348 ranging from 8.5% to 11.9%, while the contributions to L2 were YJ (30.2%), SZ 

349 (27.8%), and LS (6.6%), with a RSD ranging from 4.7% to 31.4% in West Dongting 

350 Lake. The microorganisms observed at L2 were the major contributor to the sediment 

351 bacteria community of South Dongting Lake (33.0% and 17.4% for L3 and L4, 

352 respectively). The source site ML (28.4%, RSD 12.8%) also significantly seeded the 
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353 sediment bacterial community of L4. The major contributor to the bacterial community 

354 of East Dongting Lake was that of XQ (18.4%, RSD 8.2%). The remaining percentage 

355 contributions, standard deviations, and RSD in South and East Dongting Lake are 

356 provided in Figure 6 and Table 2. A considerable portion of the SourceTracker-

357 estimated contributions to the sink sites remained unknown, with unknown 

358 contributions ranging from 23.8% to 61.2%. The results of Spearman rank correlative 

359 analysis demonstrated a significant negative correlation between the RSD values and 

360 the size of the predicted SourceTracker proportions (rspearman = -0.884, p < 0.01), 

361 indicating that larger SourceTracker proportions have higher confidence. This trend is 

362 in accordance with previous findings 41.

363 Although the technical replicates through the multiple SourceTracker model runs 

364 and low RSD (2.4% - 40.8%, mean 14.9%) guaranteed the stability of the prediction 

365 results, it is difficult to validate the reliability and feasibility of the estimated source 

366 proportions using independent evidence. Traditional monitoring and measurement 

367 techniques face their own limitations in terms of the practicalities and costs of 

368 deployment, both spatially and temporally. An unremarkable between-source group 

369 variability in the physicochemical tracer concentrations limited the applicability of 

370 common sediment source fingerprinting in this study. However, the reasonability and 

371 validity of this method are demonstrated in the following discussion.

372 The SourceTracker results revealed that the unknown contributions in West and 

373 South Dongting Lake ranged from 23.8% to 38.0%. Compared with the limited 

374 influence of the Yangtze River, the YJ, ZS, ML, and XQ tributaries were the major 
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375 contributors to the sediment bacteria community in the three regions of Dongting Lake, 

376 according to the source apportionments by SourceTracker. The evaluated percentage 

377 contributions of SZ and OC. which were attributed to Yangtze River input, ranged from 

378 24.2% to 27.8% in West Dongting Lake, and 8.8% to 6.4% in South Dongting Lake. 

379 These results were in accordance with the actual situation. Dongting Lake receives over 

380 80% of its pollutant loads by water and sediment discharge from the Yangtze River 

381 through three inlets and upstream tributaries in the lake basin 35. With the operation of 

382 the Three Gorges Dam (TGR) and intensified human activity in the Dongting Lake 

383 Basin, tremendous evolution of river–lake interactions has been observed, accompanied 

384 by changes in the regional water regime, hydrodynamic characteristics, sediment 

385 transportation, spatial distribution of nutrients, biodiversity, and ecological conditions 

386 42. Substantial sediments were retained in the Three Gorges Reservoir, which has led to 

387 a reduction in the sediment input from the Yangtze River through the three inlets to 

388 Dongting Lake (the first large lake downstream of the TGR) 35, 43. The contributions of 

389 sediment input from the three inlets to Dongting Lake deceased sharply from 80% to 

390 20%, according to the Changjiang Sediment Bulletin (2017).

391  3.5. Factors Determining Sediment Source Apportionment

392 Hydrodynamic conditions have important impacts on sediment transport, which 

393 were further verified by the SourceTracker results. With increasing sediment diffusion 

394 distance in our research area, the contributions of source sites to Dongting Lake 

395 decreased significantly (rspearman = - 0.530, p = 0.029). The contribution of LS to West 

396 Dongting Lake decreased from L1 (20.6%) to the relatively remote site of L2 (6.6%). 
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397 Correspondingly, a marked decline in the contribution of ML to L2 was observed with 

398 an increase in the dispersed distance. This could be explained by the gradual deposition 

399 of large amounts of sediment from inflow-rivers due to energy decay of water flow 

400 along the imported waterway in Dongting Lake. Water flow direction codetermined by 

401 the river-lake hydrodynamics and lake morphometry also have important influences on 

402 source contributions. For example, despite the relatively remote nature of L2 compared 

403 with L1 (17.4%), the site exhibited a higher predicted source contribution from YJ 

404 (30.2%), which may be explained by the specific directional introduction of estuarine 

405 plumes (Yuanjiang River) to West Dongting Lake.

406 3.6. Implications for Sediment Source Tracking 

407 Owing to the multi-source interactions and spatio-temporal variation in the 

408 transport and fate of sediments in interconnected river-lake systems, directly identifying 

409 the sediment sources of contamination and implementing targeted mitigation strategies 

410 are a persistent challenging topic in sediment control. By combining microbial 

411 community profiling with the machine learning classification program SourceTracker, 

412 we provide new insights into sediment source apportionment. Advantages include the 

413 limited amount of field data collection required (i.e. collection of source material and 

414 sediment samples as opposed to expensive long-term monitoring at a wide range of 

415 sites) and the range of complementary information that can be obtained. It is essential 

416 to consider what degree sample size and sampling time required to reduce uncertainty 

417 and deviation in the SourceTracker analyses. Following the predicted source 

418 contribution status, the risk of different inflow-rivers in diffuse sediment pollution can 
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419 be ranked, thereby allowing priorities to be established when mitigating sediment 

420 spread and designing effective control strategies. The common sediment source 

421 fingerprinting technique is a well-used tool for evaluating sediment sources in 

422 catchments at a river-basin scale. After determining the dominant inflow-rivers of 

423 sediment dissemination, the sediment source-fingerprinting technique could be applied 

424 to determine the relative importance of potential sediment sources while focusing on 

425 source types according to actual regional circumstances (i.e., land use, lithology or 

426 erosional processes). This novel framework affords a valuable and effective alternative 

427 approach to the design of effective sediment management and control strategies in 

428 interconnected river-lake systems. 

429 Recently, new methods have been developed that amplicon sequence variants 

430 (ASVs) can be resolved exactly without imposing the arbitrary dissimilarity thresholds 

431 that define OTUs 44, 45. Multiple studies suggest that the improvements in reusability, 

432 reproducibility and comprehensiveness are sufficiently great that ASVs should replace 

433 OTUs as the standard unit of marker-gene analysis and reporting 46, 47. Therefore, the 

434 analyses based on ASVs were also carried out through the DADA2 method in QIIME2 

435 and corresponding results were shown in the Supporting Information. Similar bacterial 

436 community composition (Figure S1 and S2) and diversity (Figure S3 and S4) were 

437 determined through comparing the results of analyses based on the OTU and ASV 

438 methods. The resulting ASV table was used in the SourceTracker analysis. 

439 Unexpectedly, results of SourceTracker analysis showed that 100% sink microbiome 

440 was unknown in all independent runs. After checking the resulting ASV table, it was 
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441 found that only a few overlaps of ASVs in source and sink environments were 

442 determined, which may be the reason for the limitation of the applicability of 

443 SourceTracker analysis. As is known to all, SourceTracker is a Bayesian approach to 

444 identify sources and proportions of contamination through modelling contamination as 

445 the mixture of entire source communities into a sink community which requires modest 

446 overlapping of species between sink and source samples 26. The situation of the QIIME2 

447 deblur aims at finding the exact sequence variants 45. Fewer overlaps in the species 

448 caused by finer resolution might make SourceTracker analysis out of operation. 

449 Research to date has not employed the SourceTracker analysis based on ASV method. 

450 Compared with the ASV method, the practicability and feasibility of the results derived 

451 from the SourceTracker analysis based on OTU method have already been evaluated 

452 and proved by the previous research 27, 29, 48, 49. Therefore, we recommend employing 

453 SourceTracker analysis based on the OTU method to estimate dominant sediment 

454 sources in interconnected river-lake systems. ASVs should replace OTUs as the 

455 standard unit of marker-gene analysis and reporting, however, few overlaps in the 

456 species should be considered especially when the ASV tables are directly used to 

457 compare bioinformatics of samples.

458 In conclusion, we have determined the significant effects of sediment transport, 

459 migration, and deposition on the spatial distribution of nutrients, ecological conditions, 

460 and sediment biodiversity in interconnected river-lake systems. To the best of our 

461 knowledge, the MST method was first used to trace sediment sources in interconnected 

462 river-lake systems. SourceTracker was determined to be capable of distinguishing and 
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463 appointing sediment sources. Modified analysis using SourceTracker found that 

464 sediment import from the Yangtze River has declined remarkably with the evaluation 

465 of intricate river-lake interactions in the Dongting Lake Basin. Moreover, the important 

466 contributions of hydrodynamic conditions to source apportionment were also 

467 determined in this study. However, there are several limitations for accurate 

468 identification in SourceTracker analysis, including the inadequate source and sink 

469 samples derived from snapshot sampling, the lack of multiple hydrological periods to 

470 interpret significant temporal variation in sediment sources, and the succession of 

471 sediment microbes dependent on environmental factors during sediment transport, 

472 which should be further investigated. As such, an improved understanding of sediment 

473 sources through a novel framework for sediment source-tracking in interconnected 

474 river-lake systems could assist watershed managers in developing effective sediment 

475 management strategies.  

476 SUPPORTING INFORMATION

477 Four tables are provided in the Supporting Information section to present information 

478 on sampling events included in this study, the detailed arrangements of designated sink 

479 and source sites in SourceTracker analysis, physiochemical characteristics of the 

480 surface water and sediment samples retrieved from the fourteen investigated sites. The 

481 results and comparisons of the analyses in terms of Amplicon Sequence Variants (ASVs) 

482 and Operational taxonomic units (OTUs) are provided in the Supporting Information. 
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643 Figure captions

644 Figure 1. Location of the sampling sites in Dongting Lake, China. Black points - 
645 sampling sites in the estuaries of inflow-rivers; red stars - sampling sites in central 
646 Dongting Lake; red triangle - Chenglingji outlet (OTL).
647
648 Figure 2. Bacterial community profiles based on the relative abundance of different 
649 phyla and classes of Proteobacteria at the different study sites. Low abundance phyla 
650 (< 1% in all samples) are not represented.
651
652 Figure 3. Non-metric multidimensional scaling (NMDS) ordination visualization of the 
653 bacterial community compositions (Bray-Curtis distances) sampled in the estuaries of 
654 inflow-rivers and central Dongting Lake.
655
656 Figure 4. Correlation between the sediment bacteria’s alpha diversity (OTU, ACE, 
657 Chao1, Coverage, Simpson, and Shannon), aquatic environmental variables (COD, 
658 Chl-a, TOC, TN, TP, DTP, PP, TLI), and aquatic sediment environmental variables 
659 (OM, TN, TP) in Dongting Lake. TNS and TPS represent the TN and TP of sediment 
660 samples, respectively. This plot leaves blank on no significant coefficient (P > 0.05).
661
662 Figure 5. (a) Cladogram indicating the phylogenetic distribution of microbial lineages 
663 significantly associated with the sediments from sink (red) and source (green) sites, and 
664 (b) highly differential taxonomy with LDA values greater than 2.
665
666 Figure 6. Results of the optimized SourceTracker analysis showing the contribution of 
667 different source communities to three regions: West, South, and East Dongting Lake.
668
669

670 Table captions

671 Table 1. Alpha diversity estimates of bacterial communities.
672
673 Table 2. Mean percentage contributions and relative standard deviations (RSD) of the 
674 potential sources for sediment bacteria in Dongting Lake calculated by different 
675 SourceTracker models.
676
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677 Figure 1. Location of the sampling sites in Dongting Lake, China. Black points - sampling sites in 
678 the estuaries of inflow-rivers; red stars - sampling sites in central Dongting Lake; red triangle - 
679 Chenglingji outlet (OTL).
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680 Figure 2. Bacterial community profiles based on the relative abundance of different phyla and 
681 classes of Proteobacteria at the different study sites. Low abundance phyla (< 1% in all samples) 
682 are not represented.
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683 Figure 3. Non-metric multidimensional scaling (NMDS) ordination visualization of the bacterial 
684 community compositions (Bray-Curtis distances) sampled in the estuaries of inflow-rivers and 
685 central Dongting Lake.
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686 Figure 4. Correlation between the sediment bacteria’s alpha diversity (OTU, ACE, Chao1, 
687 Coverage, Simpson, and Shannon), aquatic environmental variables (COD, Chl-a, TOC, TN, TP, 
688 DTP, PP, TLI), and aquatic sediment environmental variables (OM, TN, TP) in Dongting Lake. 
689 TNS and TPS represent the TN and TP of sediment samples, respectively. This plot leaves blank 
690 on no significant coefficient (P > 0.05).
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691 Figure 5. (a) Cladogram indicating the phylogenetic distribution of microbial lineages 
692 significantly associated with the sediments from sink (red) and source (green) sites, and (b) highly 
693 differential taxonomy with LDA values greater than 2.
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694 Figure 6. Results of SourceTracker analysis showing the contribution of different source 
695 communities to three regions: West, South, and East Dongting Lake.
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696 Table 1. Alpha diversity estimates of bacterial communities

Sample ID Reads OTU ACE Chao1 Coverage Shannon Simpson

LS 53,020 6,307 11,225 9,664 0.950 7.23 0.0038

SZ 30,942 5,503 11,788 9,218 0.914 7.26 0.0035

YJ 30,881 2,887 7,206 5,015 0.952 5.58 0.0176

OC 48,052 6,162 12,741 10,373 0.939 7.13 0.0029

ZS 43,359 4,086 9,775 7,133 0.951 6.11 0.0102

XJ 52,656 5,074 9,832 7,986 0.957 6.51 0.0085

ML 57,436 3,548 8,020 6,193 0.969 5.14 0.0289

XQ 43,941 4,386 10,327 7,745 0.949 5.73 0.0251

OTL 40,188 3,039 7,321 5,497 0.961 5.39 0.0200

L1 54,350 7,318 14,677 11,841 0.938 7.20 0.0043

L2 44,226 6,147 13,157 10,367 0.933 6.87 0.0081

L3 29,268 5,161 12,943 9,687 0.905 6.87 0.0081

L4 52,290 5,474 12,047 9,390 0.949 5.90 0.0274

L5 28,956 5,271 11,622 8,885 0.911 7.35 0.0022

697
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698 Table 2. Mean percentage contributions and relative standard deviations (RSD) of the potential 

699 sources for sediment bacteria in Dongting Lake calculated by SourceTracker

700

Original analysis Optimized analysis

Sink Source

Proportion (%) RSD (%) Proportion (%) RSD (%)

West Dongting Lake

LS 17.8% 10.8% 20.6% 9.5%

SZ 24.4% 6.9% 24.2% 8.5%

YJ 17.8% 7.3% 17.4% 11.9%

L1

Unknown 40.0% 2.8% 37.8% 4.6%

LS 6.2% 28.9% 6.6% 31.4%

SZ 27.8% 5.9% 27.8% 4.7%

YJ 28.0% 5.1% 30.2% 6.8%

L2

Unknown 38.0% 2.9% 35.4% 4.0%

South Dongting Lake

L2 36.0% 6.2% 33.0% 7.7%

ML 4.2% 19.9% 3.4% 26.3%

OC 8.0% 17.7% 8.8% 20.3%

XJ 6.4% 23.7% 8.4% 33.3%

ZS 13.2% 16.4% 16.2% 18.7%

L3

Unknown 32.2% 2.6% 30.2% 5.5%

L4 L2 20.0% 9.4% 17.4% 15.5%
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701

ML 25.8% 14.3% 28.4% 12.8%

OC 6.0% 31.2% 6.4% 40.8%

XJ 6.0% 28.9% 5.4% 16.6%

ZS 17.0% 13.8% 18.0% 26.1%

Unknown 25.2% 6.0% 24.4% 9.1%

East Dongting Lake

L4 10.2% 33.5% 14.4% 11.6%

ML 6.2% 31.0% 5.8% 22.5%

XQ 19.6% 7.7% 18.4% 8.2%

L5

Unknown 64.0% 2.9% 61.4% 2.4%
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