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Abstract 23 

Background: Diatoms are of great significance to primary productivity in oceans, yet 24 

little is known about their biogeographic distribution in oligotrophic rivers. 25 

Results: With the help of high-throughput sequencing analysis of 279 samples from 26 

the Yangtze River, we provided the first integral biogeographic pattern of planktonic 27 

and benthic diatoms over a 6030 km continuum along the world’s third largest river. 28 

Our study revealed spatial dissimilarity of diatoms under varying landforms, 29 

including plateau, mountain, foothill, basin, foothill-mountain, and plain regions, 30 

from the river source to the estuary. Environmental drivers of diatom communities 31 

were interpreted in terms of photosynthetically active radiation, temperature, channel 32 

slope and nutrients, and human interference. Typical benthic diatoms, such as 33 

Pinnularia, Paralia and Aulacoseira, experienced considerable reduction in relative 34 

abundance downstream of the Three Gorges Dam and the Xiluodu Dam, two of the 35 

world’s largest dams. 36 

Conclusions: Our study revealed that benthic diatoms are of particular significance in 37 

characterizing motile species in the riverine environment, thus providing insight into 38 

diatom biogeography and biogeochemical cycles in large river ecosystems. 39 

Keywords: diatoms, biogeography, water, sediment, landform, environmental driver, 40 

human interference, Yangtze River 41 



 

 

Background                                                                                                                                                 42 

Diatoms play a particularly important role in the biogeochemical cycle [1] of primary 43 

elements such as carbon, nitrogen, phosphorus, and silica, contributing about 20-25 % 44 

of global primary production [2]. Diatoms are ubiquitous and diverse species of 45 

single-celled, eukaryotic, photosynthetic microorganisms on earth [3], and are often 46 

the dominant primary producers in marine and freshwater ecosystems [4]. Therefore, 47 

diatoms in such ecosystems may be remarkably dissimilar either in phylogenetic 48 

composition or biogeographic distribution [5,6]. Freshwater bodies typically consist 49 

of lentic (particularly lakes and wetlands) and lotic waters (including streams and 50 

rivers), which are often dominated respectively by planktonic algae and benthic 51 

species [7]. 52 

Accurate identification of diatoms depends on the reliability of the analysis 53 

methods used. Morphological analysis requires extensive taxonomic expertise, and 54 

may exhibit shortcomings in characterizing specific diatoms in rivers [8]. With the 55 

development of High-Throughput Sequencing (HTS) technology, DNA 56 

metabarcoding has become a rapid, accurate and reliable method for diatom detection 57 

[9]. Various DNA barcoding studies have been successfully conducted, based mainly on 58 

different maker genes, including COI [10], ITS [11], and 18S rDNA [9,12]. Malviya et 59 

al. [13] were the first to estimate the diversity and distribution of planktonic diatoms 60 

based on the V9 region of eukaryotic 18S rDNA. Recently, the V4 region of 18S 61 

rDNA was proposed for diatom barcoding in a study of diatoms in river and deltaic 62 



 

 

systems [9,12]. 63 

Comparing the numerous studies of diatoms and eutrophication in oceans [14,15] 64 

and lakes [16,17] to date, it is clear that the present understanding of diatoms is 65 

relatively poor for lotic and oligotrophic rivers [7]. In fact, previous reports on the 66 

dynamics of riverine diatoms have mostly focused on tributaries, small rivers, 67 

reaches, stations, and estuaries [18–20]. Many studies examined the diversity and 68 

composition of planktonic [19,20] or benthic diatoms [18,21,22] based on 69 

morphological identification. For example, Centis et al. [20] investigated planktonic 70 

diatoms dominated by physical constraints at two stations of the River Adige, Italy. 71 

Liu et al. [18] investigated the community structure of benthic diatoms in the Dong 72 

River, one of the three main tributaries of the Pearl River, China. Although Kireta et 73 

al. [23] observed that both planktonic and periphytic diatoms could be used as bio-74 

indicators of river conditions, little is known about the distinction between planktonic 75 

and benthic diatoms regarding their spatiotemporal distributions. 76 

  Biogeography studies aim to reveal the spatial and temporal distribution of 77 

biodiversity, and provide insight into the mechanisms that generate and sustain 78 

diversity [24]. Spatial dispersal and environmental selection processes are regarded as 79 

essential drivers for the biogeographical pattern of a given bacterial community [25]. 80 

The former promotes movement of species and their establishment at a new location, 81 

whereas the latter alters the abundance and composition of species, according to the 82 

ability to survive and reproduce under local environmental conditions. A similar 83 



 

 

explanation has been proved to apply to the biogeographical pattern of planktonic or 84 

benthic diatom communities in small rivers using morphological analysis [26–28]. 85 

However, it remains unclear how the integrated spatiotemporal distributions of 86 

planktonic and benthic diatom communities are shaped by spatial dispersal and 87 

environmental selection processes in large rivers subject to complex natural and 88 

anthropogenic impacts. 89 

To close the above gap, we implemented large-scaled synchronous monitoring of 90 

diatom communities at 62 hydrologic stations over a 6030 km continuum of the 91 

Yangtze River in China. Consequently, we successfully provided the first molecular 92 

biogeographic pattern of both planktonic and benthic diatoms in this, the largest river 93 

in Asia (Fig.1). Meanwhile, environmental drivers of diatom communities were 94 

interpreted in terms of photosynthetic active radiation, temperature, channel slope, 95 

and nutrient conditions under varying landforms. 96 

Results 97 

Our study generated 8,602,620 V4 18S rDNA reads, in total, from 279 samples. All 98 

sequencing reads were classified into 3947 operational taxonomic units (OTUs) at a 99 

97% similarity threshold, with 3144 OTUs well matching 454 diatom species in our 100 

reference database. Rarefaction curves (Additional file 1: Figure S1) together with 101 

high values of Good’s coverage ranging from 0.9854 to 0.9992 illustrated that OTUs 102 

obtained by the current sequencing depth gave a reasonable representation of the 103 

diatom communities. The phylogeny tree, constructed by representative OTUs 104 



 

 

(accounting for > 90% sequence in all samples) and reference sequences (Additional 105 

file 1: Figure S2), further confirmed the accuracy of taxonomic assignment. 106 

Molecular insight into the diatom communities 107 

Molecular barcoding based on high-throughput sequencing (HTS) provided a detailed 108 

diatom directory for the whole Yangtze River at different taxonomy levels, i.e., 4 109 

classes, 37 orders, 60 families, and 152 genera. 110 

  HTS is of particular use in detecting nano-sized diatoms (2-20 μm) with several 111 

HTS studies for the Yangtze River confirming the presence of Fragilaria perminuta, 112 

Achnanthidium minutissimum, Achnanthidium saprophilum, Amphora pediculus, 113 

Fistulifera saprophila, Mayamaea permitis, Sellaphora seminulum, Encyonema 114 

minutum, Fragilaria famelica, Fragilaria rumpens, Gomphonema pumilum, 115 

Staurosirella pinnata, Planothidium frequentissimum, Craticula buderi, and Craticula 116 

molestiformis. 117 

Molecular characterization of riverine diatoms revealed that specific diatoms had a 118 

statistically significant response to concentration of dissolved carbon dioxide (pCO2, 119 

ppm) in the Yangtze River (Additional file 1: Figure S3). Planktonic diatoms 120 

Asterionella formosa, Diatoma vulgare, Lindavia viaradiosa, Gomphonema pumilum, 121 

and Thalassiosira nordenskioeldii were strongly associated with dissolved carbon 122 

dioxide (Spearman r > 0.3, p < 0.05), whereas benthic diatoms Asterionella formosa, 123 

Encyonema prostratum, Eucocconeis laevis, Fistulifera saprophila, and Nitzschia 124 

sigmoidea were highly correlated with dissolved carbon dioxide. 125 



 

 

Moreover, fifteen genera (Cyclotella, Achnanthes, Asterionella, Bacillaria, 126 

Cocconeis, Cymbella, Diatoma, Fragilaria, Gomphonema, Gyrosigma, Melosira, 127 

Navicula, Nitzschia, Rhizosolenia, Synedra) were simultaneously detected in water-128 

autumn samples by HTS and traditional morphological studies. Relative abundances 129 

of Melosira (19.90%), Achnanthes (18.55%), Synedra (11.84%), and Navicula 130 

(4.27%) identified by the morphological study were higher than those by molecular 131 

analysis (i.e., 15.12%, < 0.0001%, 0.01%, and 0.65%, respectively). Cyclotella 132 

dominated the riverine diatoms, as confirmed by both light microscopy (33.90% of 133 

total diatoms) and HTS (30.23% of total reads). Additional genera of considerable 134 

abundance were discovered in the Yangtze River solely by means of the HTS study, 135 

including the genus Skeletonema (relative abundance of 10.30%), Paralia (8.24%), 136 

and Pinnularia (4.98%). 137 

Alpha and beta diversity of diatom communities 138 

Six types of environmental samples were taken along the Yangtze River, including 139 

water and sediment samples from the river source region (i.e. water-plateau (12 140 

samples) and sediment-plateau (12 samples)) and those from the mainstream in the 141 

non-plateau area (i.e. water-spring (38 samples), water-autumn (46 samples), 142 

sediment-spring (87 samples), and sediment-autumn (84 samples)). Planktonic 143 

diatoms exhibited the highest alpha-diversity (Chao1 and Shannon indices) and 144 

benthic diatoms the lowest richness (Chao1) in the plateau (Additional file 1: Figure 145 

S4). In the non-plateau area, no significant differences were observed in the alpha 146 



 

 

richness and diversity of diatom communities in the four sample types. 147 

Non-metric multidimensional scaling (NMDS) analysis of the compositional 148 

dissimilarities between diatom communities of all samples demonstrated not only a 149 

clear spatial differentiation in diatoms between the plateau and the main body of the 150 

Yangtze, but also a division between planktonic and benthic groups (Additional file 1: 151 

Figure S5). Seasonal difference in planktonic diatoms is found much more significant 152 

than in benthic diatoms, as further confirmed by an Analysis of Similarity (ANOSIM) 153 

test (Additional file 1: Figure S6). Moreover, one-way Analysis of Variance (one-way 154 

ANOVA) indicated that more planktonic diatoms (42.75±13.98 % relative abundance, 155 

primarily belonging to Cyclotella, Stephanodiscus and Skeletonema) than benthic 156 

diatoms (16.58±5.06 % relative abundance, primarily belonging to Pinnularia and 157 

Stephanodiscus) exhibited significant seasonal sensitivity (Additional file 1: Figure 158 

S7). 159 

Biogeographic patterns of diatom communities 160 

Indicator species analysis revealed differences in diatom taxonomic composition 161 

among the six types of environmental samples. The number of indicator diatom 162 

species in the river ranged from 6 (sediment-spring) to 41 (water-plateau) (Additional 163 

file 1: Table S1). Diatom communities in the plateau region were quite different from 164 

those in the main body of the Yangtze River, as evidenced by the higher percentage of 165 

top indicator species in water-plateau and sediment-plateau samples (Additional file 166 

1: Figure S8). The average relative abundance of indicator species in the source area 167 



 

 

exceeded 40%, and planktonic indicator species contributed more reads than benthic 168 

indicator species. Furthermore, a number of indicator species belonging to 169 

Tabellariales and Hemiaulales occurred in water-plateau and sediment-plateau 170 

samples, respectively. 171 

Species composition and spatial distribution of planktonic and benthic diatoms at 172 

different taxonomy levels along the whole Yangtze River were then studied. At class 173 

level, Coscinodiscophyceae dominated planktonic diatoms whereas Bacillariophyceae 174 

prevailed in the mainstream sediment. In the plateau region, diatom communities 175 

displayed similar structures dominated by Bacillariophyceae in both water and 176 

sediment. In the lower reach, the greater abundance of planktonic Bacillariophyceae 177 

demonstrated a seasonal difference (Additional file 1: Figure S9). 178 

At genus level, the relative abundance contributed by dominant genera (top 20) 179 

ranged from 55.6 to 83.6 % (Fig. 2a). Dominant benthic genera, Pinnularia, 180 

Cyclotella, and Navicula, represented 14.2, 13.4, and 13.1 % of total sequences in 181 

sediment-autumn samples. Benthic Navicula was adapted to wide ranges of 182 

temperature and elevation, as evident by its dominance in sediment-plateau (17.1 %) 183 

and sediment-spring (13.2 %) samples. Cymbella was prevalent in water-plateau 184 

(17.7 %) and sediment-plateau (9.27 %) samples. 185 

At species level, diatom composition in terms of ecological guilds showed spatial 186 

dissimilarity in water and sediment (Additional file 1: Figure S10). Diatoms were 187 

divided into four ecological guilds according to their biological traits, including low-188 



 

 

profile, high-profile, motile and planktic guilds in terms of different responses to 189 

nutrients and dynamic disturbances [29–31] (Methods: Ecological guilds 190 

classification). Benthic diatoms in the motile guild prevailed at most stations along 191 

the whole river, whereas those in high-profile and planktic guilds dominated upstream 192 

and downstream reaches, respectively. In addition, planktonic diatoms in the planktic 193 

guild were predominant at most stations along the Yangtze River. 194 

Over the 6030 km continuum from river source to mouth, landform type plays a 195 

significant role in spatial differentiation of both planktonic and benthic diatom 196 

communities. Referring to a previous study on landform types in the Yangtze [32], 197 

planktonic diatoms represented by Cymbella, Asterionella, Stephanodiscus, Melosira, 198 

Cyclotella and Conticribra and benthic diatoms represented by Cymbella, Navicula, 199 

Melosira, Conticribra, Cyclotella and Surirella were respectively abundant in plateau, 200 

mountain, foothill, basin, foothill-mountain, and plain regions (Fig. 2b). 201 

Natural and anthropogenic effects on diatom biogeography 202 

Natural effects were estimated, including spatial dispersal and environmental 203 

selection processes for the biogeographical pattern of diatom communities. 204 

Significant distance-decay in diatom similarity was observed according to 205 

geographical distance (Additional file 1: Figure S11), with a greater gradient for water 206 

(slope = −0.042) than for sediment (slope = −0.038) using least squares linear 207 

regression. The Partial Mantel test demonstrated that both geographical and 208 

environmental distances played important roles in constraining diatom composition 209 



 

 

and distribution (Additional file 1: Table S2). Variation partitioning of diatom 210 

composition showed that a greater percentage (14.6-21.2%) could be explained by a 211 

purely environmental component than that (3.4-6.0%) of the total variation by a 212 

purely spatial component (Additional file 1: Figure S12), and a minor portion (0.4-213 

5.4%) explained by spatial structured environmental heterogeneity, leaving the 214 

majority of the total variation (68.7-79.0%) inexplicable. Although environmental 215 

differentiation seems more important than spatial dispersion in shaping a diatom 216 

community, neither can fully explain the total variation in diatom composition. 217 

Common environmental parameters, including photosynthetically active radiation, 218 

temperature, channel slope, and nutrients, affect diatom communities undergoing 219 

spatial dispersal. 220 

Photosynthetically active radiation (PAR, 400-700 nm), important as solar energy, 221 

is utilized by diatoms to synthesize biomass through photosynthesis [33]. Regardless 222 

of weak changes in PAR between spring and autumn in the Yangtze River basin [34], 223 

the spatial composition and distribution of both planktonic and benthic diatom 224 

communities varied in four PAR regions (Fig. 3a-b, Methods: Photosynthetically 225 

Active Radiation (PAR) divisions). LefSe analysis revealed that both planktonic and 226 

benthic diatom species preferred living under different conditions of light intensity. 227 

For example, the Caloneis, Cymbella, Fistulifera and Fragilaria genera preferred 228 

very-high PAR zones, the Papiliocellulus genus favored medium PAR regions, and 229 

Conticribra and Cyclotella lived as biomarkers in low PAR habitats. Planktonic 230 



 

 

Cymatopleura and Navicula, and benthic Asterionella, Biddulphia, Diatoma and 231 

Encyonema genera were adapted to high PAR conditions. Moreover, water 232 

temperature is a key environmental factor in structuring diatom community 233 

assemblages through its influence on diatom size and growth rate [35] in the Yangtze 234 

River (Additional file 1: Table S3). Although the richness of planktonic diatoms 235 

seems to fluctuate with PAR, the richness of benthic diatoms tends to rise with 236 

increasing temperature (Fig. 3c). 237 

Stream power, often simply characterized by the river channel slope or the product 238 

of channel slope and flow discharge (except in plateau regions) [36], is another 239 

important factor altering the spatial distribution of diatoms (data sourced from Chen et 240 

al. 2001 [37]). During the wet season (autumn), the higher flow discharge weakens 241 

the correlation between planktonic community similarity and channel slope, although 242 

a stronger correlation between benthic community similarity and channel slope is 243 

maintained due to higher mobility of the streambed (Fig. 4a-b). In general, the 244 

varying channel slope along the Yangtze River could be simplified into three stages: 245 

steep slope in mountainous reaches (station 1~2); moderate slope in upper reaches 246 

(station 3~14); and mild slope in middle-lower reaches (station 15~24). In view of 247 

their relative abundance, planktonic diatoms are characterised by Psammothidium, 248 

Nitzschia and Cymbella for steep-slope environments, Papiliocellulus for moderate 249 

slope, and Mayamaea; Pinnularia and Surirella for mild slope environments. Benthic 250 

diatoms are represented by Cocconeis, Entomoneis and Melosira for steep slope 251 



 

 

environments, Fallacia, Psammothidium and Skeletonema for moderate slopes, and 252 

Actinocyclus, Aulacoseira and Conticribra for mild slopes (Additional file 1: Figure 253 

S13). Furthermore, slope effects on diatoms may be identified in terms of ecological 254 

guilds. Regardless of the diatoms in an unspecified ecological guild, planktonic 255 

diatoms are dominant in the planktic guild. Interestingly, species in motile guilds 256 

constitute the main component of benthic diatoms in the whole lotic river (Fig. 4c). 257 

Nutrient conditions, represented by the ratio of total nitrogen to total phosphorus 258 

(TN:TP), are of great significance to diatom growth. Noting that Redfield [38] 259 

proposed that N:P = 16:1 provides an optimal criterion for algal production in the 260 

oceans, we then investigated the alpha-diversity of diatom community response to 261 

TN:TP in the Yangtze River. The alpha-diversity of planktonic diatoms could be partly 262 

interpreted in terms of annual-averaged dissolved TN:TP (data range from 2005 to 263 

2014) in water-spring (Adj R2 = 0.54) and water-autumn (Adj R2 = 0.41) samples 264 

(Additional file 1: Figure S14a-b); however, benthic diatoms demonstrated an even 265 

weaker response to TN:TP (monitored data) (Additional file 1: Figure S14c-d). For 266 

relatively oligotrophic rivers like the Yangtze River, it appears that TN is more 267 

important than TP as limiting nutrients to planktonic and benthic community 268 

variability (Additional file 1: Table S3). Furthermore, the measured TN:TP provided a 269 

better explanation for community variations in benthic rather than planktonic diatoms, 270 

which could be attributed to the difference in utilization of phosphorus forms between 271 

benthic and planktonic diatoms (Additional file 1: Table S3). 272 



 

 

Nevertheless, the aforementioned environmental factors are subject to change due 273 

to human interference. For the Yangtze River, one of the most prominent impacts on 274 

its ecology arises from the construction and operation of large dams. In the present 275 

study, a one-way ANOVA analysis revealed that certain OTUs exhibited significant 276 

variations in distribution immediately upstream and downstream of the Three Gorges 277 

Dam (p < 0.01) and Xiluodu Dam (p < 0.05). Moreover, sudden drops in relative 278 

abundance of OTUs belonging to specific benthic species (such as Pinnularia, 279 

Paralia and Aulacoseira) occurred downstream of the dams (Additional file 1: Figure 280 

S15). 281 

Discussion 282 

The molecular method provided a comprehensive explanation of the molecular 283 

biogeographical pattern of diatom communities in a large river, the Yangtze. This is 284 

for three reasons. First, plentiful information on species composition of diatom 285 

communities is provided by the HTS method (which benefits from a continuously 286 

updated NCBI database). Second, HTS characterizes diatoms based on genetic 287 

information taken from the V4 region of 18S rDNA, enabling evolutionary 288 

relationships to be distinguished, and then elucidated with confidence. Third, the HTS 289 

method greatly facilitates the identification of small-sized genera that otherwise might 290 

be either regarded as unclassified species or overlooked due to their minute size and 291 

difficulty of detection. Species-specific diatoms of different cell size make different 292 

contributions to primary productivity and bloom biomass [39], whereas 293 



 

 

nanoplanktonic diatoms may play a vital role in carbon export [40]. 294 

  This study offers insights into specific planktonic and benthic diatoms, which are of 295 

great importance to the carbon cycle. Here, the diatoms exhibited a significant 296 

positive correlation with dissolved carbon dioxide [41]. In the river, diatoms take up 297 

dissolved inorganic carbon and convert it into dissolved or particulate organic matter 298 

(primary production), and then reduce carbon dioxide in the surface layer. 299 

Conversely, re-mineralization of organic matter by bacteria and zooplankton can 300 

increase carbon dioxide. Therefore, diatoms could maintain the equilibrium between 301 

carbon dioxide in the surface layer with that in the atmosphere for the river system 302 

[42]. 303 

The HTS method has revealed the existence of certain special species in the 304 

Yangtze River. A poorly known freshwater species Skeletonema potamos, which has 305 

high growth potential when silica is not limiting [43], was found to be a dominant 306 

species of genus Skeletonema in the Yangtze. Although Paralia has previously been 307 

reported to be abundant in marine, coastal, and river estuary areas [44,45], it has been 308 

found in considerable abundance at several stations in the mid-lower Yangtze; this 309 

may be attributed to saltwater intrusion aggravated by operation of the Three Gorges 310 

Dam during the autumn [46]. Pinnularia has been shown to adapt to different habitats 311 

with varying pH and nutrients, including moist soils, sediments, springs, and oceans 312 

[47]. In the river system, a large number of Pinnularia species (such as Pinnularia 313 

viridiformis, P. subanglica, P. brebissonii, P. biceps, etc.) were also detected, living in 314 



 

 

weakly alkaline water and sediment environments. 315 

Taxonomic compositions of riverine diatoms in the Yangtze River are markedly 316 

different from those in lakes [48] and oceans [13] because of the distinct differences 317 

in salinity and hydraulic conditions. For example, Actinocyclus spp., Aulacoseira spp., 318 

Cyclotella spp., Fragilaria spp., and Synedra spp. predominated in diatom 319 

communities in Lake Kasumigaura, Japan [48]. Moreover, Chaetoceros, followed by 320 

Fragilariopsis, Thalassiosira, and Corethron were reported to be the most abundant 321 

genera in the global oceans [13]. In marine ecosystems, diatoms are abundant in 322 

nutrient-rich coastal zones particularly at high latitudes. In riverine ecosystems, the 323 

spatial variation of most species can be explained in terms of landform type. For 324 

example, diatoms of glacier origin from the Qinghai-Tibetan plateau were 325 

significantly different to those in the main body of the Yangtze River (Fig. 2, 326 

Additional file 1: Figure S8). In order of abundance, the most common riverine 327 

diatoms in water and sediment of the Yangtze River were Cyclotella, Navicula, 328 

Pinnularia, Stephanodiscus, and Cymbella genera. 329 

With the help of synchronous water and sediment sampling along the Yangtze 330 

River, it is possible to compare the biogeography of planktonic and benthic diatoms. 331 

On the one hand, although the diversity of planktonic and benthic diatoms was very 332 

similar in non-plateau areas, their community composition was remarkably different. 333 

Planktonic diatoms were dominated by Cyclotella (average relative abundance: 334 

17.66%), Stephanodiscus (12.81%), Pinnularia (7.53%), Paralia (7.34%), and 335 



 

 

Skeletonema (4.90%); whereas benthic diatoms were dominated by Navicula 336 

(13.12%), Cyclotella (10.33%), Pinnularia (10.12%), Surirella (7.10%) and 337 

Stephanodiscus (6.53%). On the other hand, seasonal differences were more evident 338 

in planktonic diatoms than benthic diatoms. A one-way ANOVA analysis confirmed 339 

that the water temperature of the Yangtze River was significantly different between 340 

spring and autumn (p< 0.01), with the water temperature (average 21 °C) in autumn 341 

being more conducive than that (average 11 °C) in spring for planktonic diatom 342 

growth [49]. Moreover, seasonal fluctuations in water discharge appear to affect the 343 

community structure of planktonic diatoms, owing to the introduction of diatom 344 

species from the upstream freshwater source and to different hydrologic processes in 345 

spring and autumn [50]. Meanwhile, the weak seasonal difference of diatom 346 

communities in sediment may be ascribed to the preponderance of benthic diatoms 347 

(Additional file 1: Figure S6) that weakly responded to seasonal changes and reached 348 

a state of relative equilibrium through long-term sediment erosion and deposition 349 

processes [32]. 350 

To study the spatial distribution of planktonic and benthic diatoms, the Yangtze 351 

River can be divided into six reaches according to the surrounding landform type [32]. 352 

In both water and sediment samples, differentially abundant diatoms were detected for 353 

the six landform types across the sample site. In the Yangtze basin, landform changes 354 

are associated with variations along the river in local soil type, soil nutrients, light, 355 

altitude and temperature. The plateau reach is located at the Qinghai-Tibet Plateau 356 



 

 

which has the lowest temperature (<11 degree centigrade) and the highest altitude 357 

(>3500m) and light resource (PAR >32 mol-2m-1d). The basin reach is in Sichuan, 358 

which receives the lowest light resource. The plain reach near the river estuary is 359 

located in the Middle-Lower Yangtze Plain at the lowest altitude (< 10m) and the 360 

highest temperature and nutrient levels (nitrogen and phosphorus). Therefore, 361 

landform type, which determines the essential light, temperature, nutrients, and other 362 

environmental factors for diatom growth, had a significant impact on the spatial 363 

distribution of diatom community. 364 

The environmental-based selection process driving the biogeographic pattern of 365 

diatoms is influenced by PAR, temperature, channel slope, and nutrient level. Benthic 366 

diatoms are typical consequences of riverine environmental selection in the Yangtze 367 

River. We now consider the influence factors in turn. First, it has been reported that 368 

sufficient PAR drives the growth and production of diatoms [51], but excess PAR can 369 

affect various cellular processes and reduce the growth or viability of diatoms [52]. In 370 

the present study, specific diatoms were identified as having adapted to different 371 

levels of light intensity (Fig. 3), indicating that diatoms possess diverse light-372 

regulatory mechanisms and adaptive responses [53]. Although light and temperature 373 

are the essential resource for diatom growth, planktonic and benthic diatoms exhibit 374 

different preferences for PAR and water temperature. In the surface oceans, 375 

planktonic diatoms have been shown to be replaced by small phytoplankton, causing 376 

decreased primary production and carbon export, due to global warming [54]. In the 377 



 

 

Yangtze River however, benthic diatoms are better biological indicators of 378 

temperature change. Second, as a primary driver of stream power that shapes the 379 

spatial distribution of diatoms, the channel slope not only affects competitive and 380 

succession processes among species but also alters nutritional utilization strategies 381 

and hence the production and growth of diatoms [55], leading to diatoms adapting to 382 

different flow conditions [56]. The different spatial distribution of ecological guilds 383 

suggests that benthic diatoms are appropriate markers of environmental heterogeneity 384 

along the river; however, the nutrient effect is not always significant on the dominant 385 

species in the motile guild under nutrient-oligotrophic conditions (Fig. 4). Third, the 386 

nutrient level characterized by annual-averaged dissolved TN:TP only partly explains 387 

the alpha-diversity of planktonic diatoms, whereas the monitored TN:TP provides a 388 

slightly better explanation for community variations of benthic diatoms. One reason 389 

could be related to species-specific responses to nitrogen and phosphorus in the 390 

production and growth of diatoms (Additional file 1: Figure S14 and Table S3). For 391 

example, Nitzschia palea [57] is phosphorus limited, but Chaetoceros calcitrans [58] 392 

is efficient in nitrogen assimilation. Another reason might be that algae utilize 393 

nitrogen and phosphorus in different forms; for example, ammonia is preferred to 394 

nitrate [59] and inorganic phosphate is preferred to organic phosphorus [60]. In the 395 

Yangtze River, the weak relationship between alpha-diversity of benthic diatoms and 396 

TN:TP reflects the lower influence of nutrients in this oligotrophic river. 397 

Damming in rivers is a typical anthropogenic perturbation which could profoundly 398 



 

 

modify material fluxes and biogeochemical cycles of downstream [61,62]. Kunz et al 399 

[61] reported that sediment, carbon, nitrogen, and phosphorus were trapped by the 400 

reservoir immediately upstream of the Itezhi-Tezhi Dam, increasing the N:P ratio 401 

downstream of the dam. High flow downstream of dams has caused severe erosion of 402 

the riverbed and led to coarsening of bed materials [62]. Changes in water level also 403 

affect the light intensity and temperature to benthic diatoms. In short, a large dam 404 

disrupts the hydraulic gradient, nutrient conditions, light availability, and temperature 405 

in rivers, resulting in local changes to the environment in which benthic diatoms 406 

thrive. 407 

Interaction between planktonic and benthic diatoms is a major concern for large 408 

river ecosystems. In the Yangtze river, such interactions have several consequences. 409 

First, the community composition of planktonic community was significantly 410 

correlated with that of benthic diatoms in paired water and sediment samples (in 411 

spring: Spearman r = 0.3556, p = 0.001; in autumn: Spearman r = 0.1902, p = 0.006). 412 

Typical benthic diatoms (e.g., Nitzschia and Navicula) were found in high abundance 413 

in the water column. The local interactions could cause benthic and planktonic 414 

habitats to become coupled through migration of algal cells, meaning that 415 

phytoplankton can be derived from benthic diatoms, and sinking planktonic algae can 416 

become benthic algae [63]. Second, the richness of planktonic diatoms appears to 417 

fluctuate with PAR, whereas the richness of benthic diatoms tends to change with 418 

temperature. Nutrient level (TN:TP) had different effects on the diversity and 419 



 

 

variation of planktonic and benthic diatoms. These phenomena further explain the 420 

local interactions in terms of light, temperature and nutrients competition [64]. Third, 421 

given the “River continuum concept” [65] and “Continuous discontinuity concept” 422 

[66], the dominance of benthic or planktonic algae changes with the natural riverine 423 

gradient (e.g. channel slope), and interactions are invariably interrupted by 424 

anthropogenic disturbances such as dams, reservoirs, and nutrient-rich discharges. 425 

Other factors affecting interactions, such as river velocity, turbulent diffusion, algal 426 

sinking and grazing remain to be further investigated [67]. 427 

Conclusions 428 

This study provided the first molecular biogeographic patterns of both planktonic and 429 

benthic diatoms over a continuum of 6030 km in the Yangtze River. Significant 430 

seasonal differences in planktonic diatom communities were observed over the whole 431 

length of the mainstream. Diatoms in water and sediment exhibited differential 432 

abundance according to landform type, such as plateau, mountain, foothill, basin, 433 

foothill-mountain, and plain regions, along the river. Environmental selection 434 

overcame spatial dispersal in controlling the community structure of planktonic and 435 

benthic diatoms. Typical environmental drivers were therefore interpreted in terms of 436 

photosynthetically active radiation, hydraulic slope, nutrients, and human activities 437 

(i.e. dams). Our study revealed that benthic diatoms represented by motile species in 438 

ecological guilds are typical consequences of environmental selection in a lotic-439 



 

 

oligotrophic river; this work enables better understanding of the specific contributions 440 

of benthic diatoms in biogeochemical cycles in world’s large river ecosystems. 441 

Methods 442 

Sample collection 443 

The Yangtze River is the longest river situated wholly in Asia and the third longest in 444 

the world, with a drainage basin of 1.8 million km2. The river is over 6300 km long, 445 

has its source in the Qinghai-Tibet Plateau, and flows eastwards into the East China 446 

Sea near Shanghai. Over its length, the Yangtze River experiences great changes in 447 

landform type and hydrological regime, and supports more than 588 million people 448 

[68]. To investigate the seasonal and spatial distributions of diatom communities 449 

along the whole river, water and sediment samples were synchronously (i.e. within 450 

one week) collected for planktonic and benthic diatom identification at 50 national 451 

monitoring stations along the mainstream and six major tributaries of the Yangtze in 452 

March (spring) and October (autumn) 2014. In July 2017, we collected water and 453 

sediment samples at 12 sites in the river source. In total, 96 water samples and 183 454 

sediment samples were obtained. Except for a very few samples missed due to 455 

restrictions of steep terrain and rapid flow as described in a previous study [32], up to 456 

four parallel samples were collected in most cases. Further details of the sampling 457 

sites are listed in Table S1. At each sampling site, 10L of well-mixed water was 458 

collected and then immediately filtered onto 0.22 μm polycarbonate membranes 459 

(Millipore, USA) within 24 h. Filtered membranes and sediment samples were stored 460 



 

 

in the laboratory at -80°C until further analysis took place. 461 

 462 

DNA extraction, PCR amplification and sequencing 463 

DNA was extracted in triplicate using the FastDNA® SPIN Kit for Soil (MP 464 

Biomedicals, USA) following the manufacturer’s instructions. The triplicate DNA 465 

extracts were mixed together for later PCR amplification. Amplification of the V4 466 

region of the 18S rDNA was performed by polymerase chain reaction (PCR) (initial 467 

denaturation at 94 °C for 2 min, then 32 cycles of denaturation at 94 °C for 45 s, 468 

annealing at 50°C for 45 s, elongation at 72 °C for 60 s, and final elongation at 72 °C 469 

for 10 min, 10°C until halted by user) using DIV4for (5’-470 

GCGGTAATTCCAGCTCCAATAG-3’) and DIV4rev3 primers (5’-471 

CTCTGACAATGGAATACGAATA-3’) [12]. PCR mixtures (20 μL volume) prepared 472 

in triplicate contained 2 μl of 10×Buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of each 473 

primer (5 μM), 0.2 μl of rTaq Polymerase, 0.2 μl of BSA, and 1 μl of 10 ng DNA 474 

sample. Amplicons were purified using the AxyPrep DNA Gel Extraction Kit 475 

(Axygen Bioscience, Union City, CA, U.S.) according to the manufacturer’s 476 

instructions and quantified using QuantiFluorTM -ST (Promega, U.S.). Afterwards, 477 

purified amplicons were pooled in equimolar amounts and sequenced on Illumina 478 

MiSeq 2 × 250 PE platform (Majorbio Company, Shanghai, China). 479 

Three negative control samples were used to monitor any contamination during the 480 

molecular workflow, negative filtration, DNA extraction, and PCR controls, however, 481 



 

 

no quantifiable DNA was detected for further analysis. 482 

 483 

Bioinformatics analysis 484 

Sequences of diatom 18S rDNA were quality-filtered using QIIME [69] as follows: (i) 485 

minimum sequence length of 300 bp, and minimum threshold quality score of Q20; 486 

(ii) maximum mismatches of 2 for matching the primer; any reads with ambiguous 487 

bases were removed; and (iii) merged pair-ended sequences that overlapped longer 488 

than 10 bp into a single sequence. UCHIME was used to remove chimeric sequences 489 

and UPARSE was used to cluster Operational Taxonomic Units (OTUs) with 97% 490 

similarity cutoff [70]. 491 

We built a reference database of 18S rRNA reads composed of 4573 unique diatom 492 

sequences. First, we extracted all diatom sequences of 18S rRNA reads from Genbank 493 

(http://www.ncbi.nlm.nih.gov/). Second, short reads (less than 100 nucleotides) were 494 

refused access to the reference database, and redundant reads were eliminated by cd-495 

hit to increase the taxonomy identification accuracy. Third, sequence alignment was 496 

performed by Mafft (ver 7.310) [71], then the sequences were analyzed to construct 497 

an approximately-maximum-likelihood phylogenetic tree using FastTree (ver 2.1.10) 498 

[72], and any incorrect reads discarded. Finally, a total of 4573 unique sequences were 499 

retained in our reference database. 500 

To identify taxonomically the OTUs obtained in this study against known diatom 501 

species, the BLASTN [73] program was applied to align clean 18S rRNA reads to the 502 



 

 

corrected diatom database. Those OTUs with the best BLAST hit scores, not only an 503 

e-value ≤ 10-5 but also identity ≥ 80% with respect to the reference sequence were 504 

firstly selected. Then the selected OTUs were checked by means of the phylogenetic 505 

tree, and only OTUs with correct taxonomical assignment were retained for further 506 

analysis. Clean reads were further assigned to known diatom species based on our 507 

reference database. 508 

To estimate the community structure for each site, the Mothur program [74] was 509 

used to normalize all data sets with respect to the least-well-represented data set 510 

(11049 sequences). Alpha diversity indices (chao1, Shannon and Goods coverage) 511 

were calculated using QIIME. 512 

 513 

Statistical analysis 514 

Diatom species that characterize each sample group were identified with Indicator 515 

Species Analysis using labdsv and indval packages in R software [75]. Indicator 516 

values were calculated based on the relative frequency and relative average 517 

abundance of a given species in six types of environmental samples. Species with 518 

indicator value ≥ 0.3 and p-value ≤ 0.01 were defined as indicator species at 519 

Class, Order, Family, and Genus levels. Nonmetric multidimensional scaling (NMDS) 520 

was performed to visualize the dissimilarity of different samples based on Bray–521 

Curtis similarity matrices. Analysis of Similarity (ANOSIM) was conducted to test the 522 

significance of differences among a priori sampling groups based on environmental 523 



 

 

parameters. NMDS and ANOSIM statistics were carried out using the vegan package 524 

in R. The linear discriminant analysis effect size (LEfSe) [76] was used to discover 525 

high-dimensional biomarker and explain taxa difference at different environment 526 

conditions. One-way analysis of variance (one-way ANOVA) was carried out to test 527 

significance of group differences. 528 

Distance-decay patterns of diatom community similarity were described by 529 

considering geographical distance from the site location to river mouth among sample 530 

sites. Mantel tests were used to examine the Spearman’s rank correlation between 531 

geographical distance and diatom community similarity using Bray-Curtis distance 532 

matrices with 999 permutations in R. The distance of each sampling site was 533 

calculated using ArcGIS V10.3 software. The rate of distance-decay of diatom 534 

communities was calculated as the slope of ordinary least-squares regression line 535 

fitted to the relationship between geographic distance and community similarity. 536 

A set of spatial variables was generated through the use of principal coordinates of 537 

neighbor matrices (PCNM) analysis based on the longitude and latitude coordinates of 538 

each sampling site [77]. The function ‘envfit’ was run with 999 permutations to select 539 

significant variables (P < 0.05). Significance testing was then assessed using the 540 

‘permutest’ function based on 999 permutations in R. Partial canonical 541 

correspondence analysis (pCCA) was performed to decompose the total variation in 542 

diatom community into a pure environmental component, a pure spatial component, a 543 

spatially structured environmental component, and residual variation. 544 



 

 

 545 

Ecological guilds classification 546 

Based on their ecological characteristics, diatom species are classified into four 547 

ecological guilds (low profile, high profile, motile and planktic guilds) [29–31], which 548 

are expected to respond in different ways to nutrient conditions and physical 549 

disturbances. A low-profile guild is defined as having high reproduction rate, low 550 

nutrient and light availability, and slow-moving diatoms. A high-profile guild 551 

possesses characteristics of high resource availability and low disturbance. A motile 552 

ecological guild has the ability to move fast and choose the best microhabitat in a 553 

given circumstance. A planktic guild adapts to lentic environments and resists 554 

sedimentation. We extended these guilds by adding supplemented classifications used 555 

in other studies [78,79]. 556 

 557 

Photosynthetically Active Radiation (PAR) divisions 558 

Solar radiation is the most important source of energy required for plant growth. Solar 559 

radiation with wavelengths (400-700 nm), called Photosynthetically Active Radiation 560 

(PAR) is able to convert light energy into biomass [33] through photosynthesis by 561 

plants and algae. Monteith reported the linear correlation between net primary 562 

production (NPP) and PAR absorbed by green foliage [80]. Xudong et al. [34] also 563 

suggested that the spatial distribution of annually-averaged PAR is complex and 564 

inhomogeneous across China, using data for the period 1961−2007. Thus, we define 565 



 

 

four zones of PAR intensity in different regions across the Yangtze River basin as 566 

follows: 567 

I. Very high, PAR > 32 mol m−2 d−1; 568 

II. High, 26 < PAR ≤ 32 mol m−2 d−1; 569 

III. Medium, 23 < PAR ≤ 26 mol m−2 d−1; 570 

IV. Low, PAR ≤ 23 mol m−2 d−1. 571 

Xudong et al. found slowly changing rates of spring-averaged and autumn-572 

averaged PAR occurred in the Yangtze River basin.  573 

Additional files 574 

Additional file 1:  575 

Figure S1. Rarefaction curves of diatom richness per sample at cutoff levels of 3%.  576 

Figure S2. Phylogenetic distribution of reference sequence and abundance of OTUs. 577 

The color range displays class level taxonomy information on the node branch. The 578 

outmost heatmap indicates relative abundance of OTUs in six sample types: WS, 579 

water-spring; SS, sediment-spring; WA, water-autumn; SA, sediment-autumn; WP, 580 

water-plateau; SP, sediment-plateau. 581 

Figure S3. Spearman relationships for relative abundance of diatoms and dissolved 582 

CO2 (pCO2, ppm). Strong correlations between dissolved CO2 and the planktonic and 583 

benthic diatoms are marked in red..  584 

Figure S4. Alpha diversity index per diatom community obtained for each type of 585 



 

 

sample. 586 

Figure S5.Nonmetric multidimensional scaling (NMDS) diagram of compositional 587 

(Bray-Curtis) dissimilarities between diatom communities for all samples in the 588 

Yangtze River..  589 

Figure S6. ANOSIM statistics concerning differences in diatom communities within 590 

and between sample types. 591 

Figure S7. Diatom genera exhibiting significant seasonal differences in water (a) and 592 

sediment samples (b). 593 

Figure S8. Proportion of indicator diatoms in each sample type obtained using 594 

indicator taxa analysis at Class (a), Order (b), Family (c), and Genus (d) levels.  595 

Figure S9. Biogeographical distribution of diatom species at class level throughout 596 

the mainstream of the Yangtze River for: (a) water-spring, (b) water-autumn, (c) 597 

sediment-spring, and (d) sediment-autumn samples. For comparison, water-plateau 598 

samples are displayed in (a) and (b); sediment-plateau samples are displayed in (c) 599 

and (d). 600 

Figure S10. Biogeographical distribution of ecological guilds at species level 601 

throughout the mainstream of the Yangtze River for all samples. For comparison, 602 

water-plateau samples are displayed in (a) and (b); sediment-plateau samples are 603 

displayed in (c) and (d). 604 

Figure S11. Relationships between diatom community (Bray–Curtis) similarity and 605 

geographic distance for water (a) and sediment (b) samples. Values of Mantel 606 



 

 

Spearman correlation (r) and correlation significance (P) are provided. Red lines 607 

indicate the ordinary least squares linear regression across all samples. 608 

Figure S12. Variation in community composition explained by environmental, spatial, 609 

and spatially structured environmental component. 610 

Figure S13. LEfSe cladogram of planktonic (a) and benthic (b) diatom communities 611 

for the three channel slope regions. Diatom taxa with a mean relative abundance of 612 

≥ 0.1% in all samples, assigned to kingdom (innermost), phylum, class, order, 613 

family, and genus (outermost), are used to determine taxa or clades most likely to 614 

explain differences between channel slope regions. Differentially abundant taxa 615 

(biomarkers) are colored according to the slope regions in which they are most 616 

abundant; i.e. red, green and blue circles stand for biomarkers in steep, moderate and 617 

mild slope regions. 618 

Figure S14. Relationships between Shannon diversity and TN:TP for water-spring 619 

(a), water-autumn (b), sediment-spring (c), and sediment-autumn (d) samples. 620 

Annually-averaged TN:TP data during 2005−2014 are used for water samples, 621 

whereas monitored data in spring and autumn 2014 are used for sediment samples. 622 

Distance relationship of TN:TP for sampling sites along the mainstream is shown in 623 

(e).  624 

Figure S15. Significant differences in abundance of benthic diatoms upstream and 625 

downstream of Xiluodu Dam (a) and Three Gorges Dam (b). 626 

Table S1. Numbers of Indicator species and Top Indicator species across sample sites. 627 



 

 

Table S2. Partial Mantel test for Spearman correlations between community similarity 628 

and geographic and environmental distances. 629 

Table S3. Effects of selected environmental and spatial factors on diatom community 630 

composition. 631 
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Figure legends 888 

Figure 1. Map of sampling sites in the Yangtze River covering the actual sinuous 889 

channel reach of length 6030 km (equivalent to 1.83 times the 3290 km straight line 890 

from start to end sampling sites). The molecular method provides insight into the 891 

biogeographic pattern of diatoms along the mainstream of the Yangtze River. 892 

Photosynthetically Active Radiation (PAR), temperature, channel slope, and nutrients 893 

characterized by ratio of total nitrogen to total phosphate (TN:TP) are used to 894 

interpret the biogeographic patterns of diatom communities. 895 

 Figure 2. (a) Circular visualization of dominant diatoms at genus level in six sample 896 

types. Inner circular diagram shows relative abundance of different diatom genus in 897 

six sample types. Only the dominant genus with a mean relative abundance of ≥ 1% 898 

in all samples is depicted. The width of ribbons for each diatoms is directly 899 

proportional to their relative abundance in each sample type. Similarly, different 900 

colored ribbons of different width for each sample type describe the distribution of 901 

different genera. (b) Representative diatoms genera in different landform types from 902 

the river source to mouth along the Yangtze River. 903 

Figure 3. LEfSe cladogram of planktonic (a) and benthic (b) diatom communities 904 

from four PAR regions. Diatom taxa with a mean relative abundance of ≥ 0.1% in 905 

all samples, assigned to kingdom (innermost), phylum, class, order, family, and genus 906 

(outermost), are used to determine taxa or clades most likely to explain differences 907 

between PAR regions. Differentially abundant taxa (biomarkers) are colored by their 908 



 

 

most abundant PAR regions, i.e. red, green, blue and purple circles stand for 909 

biomarkers in regions of very high, high, medium and low abundance. Orange and 910 

blue circles display the average alpha-diversity (Chao1) of planktonic and benthic 911 

diatoms respectively, in different photosynthetically active radiation (PAR) regions, 912 

with size corresponding to the Chao1 index (c). 913 

Figure 4. Relationships between community similarity and river channel slope for 914 

water-spring (a), water-autumn (b), sediment-spring (c), and sediment-autumn (d) 915 

samples. Values of Mantel Spearman correlation (r) and correlation significance (P) 916 

are also provided. Gray lines denote ordinary least squares linear regression fits across 917 

all samples. Spatial distributions of ecological guilds for different channel slopes are 918 

shown in (e). 919 


