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The sensitivity and stability of 
bacterioplankton community 
structure to wind-wave turbulence 
in a large, shallow, eutrophic lake
Jian Zhou1, Boqiang Qin1, Xiaoxia Han1, Decai Jin2 & Zhiping Wang3

Lakes are strongly influenced by wind-driven wave turbulence. The direct physical effects of turbulence 
on bacterioplankton community structure however, have not yet been addressed and remains poorly 
understood. To examine the stability of bacterioplankton communities under turbulent conditions, 
we simulated conditions in the field to evaluate the responses of the bacterioplankton community 
to physical forcing in Lake Taihu, using high-throughput sequencing and flow cytometry. A total 
of 4,520,231 high quality sequence reads and 74,842 OTUs were obtained in all samples with α-
proteobacteria, γ-proteobacteria and Actinobacteria being the most dominant taxa. The diversity and 
structure of bacterioplankton communities varied during the experiment, but were highly similar based 
on the same time of sampling, suggesting that bacterioplankton communities are insensitive to wind 
wave turbulence in the lake. This stability could be associated with the traits associated with bacteria. In 
particular, turbulence favored the growth of bacterioplankton, which enhanced biogeochemical cycling 
of nutrients in the lake. This study provides a better understanding of bacterioplankton communities in 
lake ecosystems exposed to natural mixing/disturbances.

Different microbiological studies aiming at biomedical, environmental, agricultural, and bioenergy applications 
share a common challenge: predict how microbial community functions and composition respond to distur-
bances1. Microbial communities are at the center of all ecosystem functions, and their responses to disturbances 
influence ecosystem stability and recovery2. In particular, since each bacterial taxa have distinct metabolic capa-
bilities, alterations to the community would then yield changes in the range of functions that they could also 
perform3–6. Previous studies have investigated the relationships between various environment parameters and 
bacterial community composition (BCC) in various aquatic ecosystems and experimental systems. It has been 
shown that abiotic as well as biotic factors influence temporal and spatial shifts in microbial communities in 
aquatic environments7, and would therefore have potential implications to ecosystem functions8. As a conse-
quence, microbial ecologists have been looking at the mechanisms that drive bacterial community assembly and 
how they affect the function and ecology of aquatic ecosystems7.

It has long been acknowledged that “there is no life without water, and there is no life in water without tur-
bulence”9. Turbulence is an intrinsic and ubiquitous feature of bacterioplanktonic habitats10. Wind-driven tur-
bulence and the associated environmental conditions of a mixed water column are important disturbances for 
bacterioplankton communities, such as in lakes11,12. Wind-wave turbulence directly impacts migration abilities, 
spatial distribution, and fundamental processes including motility, chemotaxis, and nutrient uptake of bacte-
rioplankton12. Turbulence also drives bacterial distribution, affecting a range of bacterial processes, including 
resource competition, encounter rates with viruses, predators and conspecifics, and chemical signaling including 
quorum sensing and allelopathy10. Moreover, it may also directly or indirectly affect bacterial dynamics, activity 
and mortality13,14, and their abundance, growth and respiration by altering food web interactions15,16. Malits,  
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et al.14 showed that small-scale turbulences could directly increase bacterial cell size and alter their morphology. 
From an ecological perspective, understanding the responses of bacterioplankton towards wind-induced turbu-
lence could also provide unique insights into the underlying mechanisms of disturbances. Thus, turbulence in 
lakes and their microbial communities together could be an ideal model system to investigate disturbance ecol-
ogy17. However, despite the widespread occurrence and implications of wind wave turbulence, its physical effects 
on microorganisms are rarely considered in microbial studies. It was only in the past few years that this theme has 
really come to the forefront10.

Climate change, which has repercussions on the world’s atmospheric system and weather patterns, may 
change the hydrodynamics of aquatic systems by increasing the frequency and intensity of tropical cyclones18,19. 
These physical disturbances strongly affect the stability of the water column and turbulent conditions in lakes. 
Because the fetch length of wind is long, large shallow lakes are strongly influenced by wind waves, which in 
turn are significant in the stability and evolution of lake eco-environment20. In recent years, eutrophication and 
consequential algal blooms in aquatic systems have become a major environmental issue that altered ecosystems 
and threatened human lives21. During these events, bacterioplankton are closely linked to algal bloom as they 
play key roles in major metabolic activities in the lake (i.e. nutrient cycles). Therefore, bacterioplankton response 
to wind waves is also important to understand emergent properties of the lakes ‘microbial loop’6,22,23. For exam-
ple, in large and shallow lakes, changes in the physico-chemical characteristics of the water column due to wind 
waves24,25 alter the rates of bacterial activity and nutrient flow through benthic/planktonic microbial communi-
ties26, enhancing the decomposition rates of organic matter mediated by microbial enzymes27. We wondered how 
do the changes of BCC and function affect the matter degradation and nutrient cycling, and ultimately affect the 
growth of phytoplankton (especially harmful cyanobacteria). Indeed, recent works suggest that bacterioplankton, 
particularly the heterotrophic groups, may be essential for cyanobacteria biomass growth28. This highlights the 
importance of understanding the ecology of bacterioplankton community.

To address these knowledge gaps, we investigated the changes in bacterial community composition and their 
abundances under wind-driven wave turbulent conditions in a large, shallow, and eutrophic lake concordant 
with cyanobacterial bloom periods. To do this, we used high-throughput Illumina MiSeq sequencing and flow 
cytometry to generate profiles of the BCC before, during, and after exposure to turbulence. This approach has 
enabled us to examine not only the growth of bacterioplankton, but also their community composition and 
potential roles in driving algal blooms under wind wave environments. Understanding the effects of turbulence 
on bacterial community across time and space will provide further insights into the ecology of microorganisms, 
as well as enhance the ability to predict microbial responses to environmental changes, especially in the wake of 
the changing climate8.

Materials and Methods
Experimental design. Lake Taihu (Taihu), China’s third largest freshwater lake, is a shallow eutrophic lake 
with an average depth of 1.9 m, a maximum depth of 2.6 m and a total surface area of 2,230 km2, which is strongly 
influenced by wind-driven wave turbulence29. It is a major source of drinking water, livelihood, and food supply 
of more than 8 million people from the surrounding communities30. However, in the last decade, Taihu has expe-
rienced Microcystis bloom events on an unprecedented scale. In 2007 authorities shut down channels for water 
intake, resulting to a freshwater shortage for the 4 million residents of the city of Wuxi31.

To investigate changes in bacterial communities with disturbance, we used mesocosm set-ups in the Taihu 
Laboratory for Lake Ecosystem Research (TLLER), located at the shore side of Meiliang Bay (31°41′835″N, 
120°22′044″E). The experiment was carried out in 12 acid-cleaned transparent glass mesocosms with 
60 × 30 × 70 cm dimensions (Fig. S1, detailed in our previous studies32,33) from July 7th to July 16th 2014. Surface 
lake water (0.2 m, ~96 L) was pumped directly into each mesocosm from the nearshore (10 m away) of Meiliang 
Bay, Lake Taihu. Submerged wave-maker pumps (WP, Jiebao, China; Fig. S1C) were fixed under the water surface 
with magnets in each mesocosm to create hydrodynamic turbulence similar to wind-induced waves32–34. The 
mesocosms were floated and fixed in an outside artificial pond (10 × 10 × 2 m) which was filled with lake water, 
to mimic natural field conditions.

In shallow lakes, because turbulence has little space in which to dissipate, the turbulent kinetic-energy con-
tent is rather high20. The different levels of turbulence intensities used in this study were based on actual condi-
tions previously observed in Lake Taihu in summer 2013. Turbulence intensity was determined using an acoustic 
Doppler velocimeter (10 MHz ADVField, Sontek/YSI, San Diego, California, USA), following the methods fully 
detailed in our previous studies32,33 (Supplementary materials and methods). In Taihu, the corresponding energy 
dissipation rates (ɛ) significantly varied from 6.01 × 10−8 to 2.39 × 10−4 m2 s−3 (Table 1), which corresponded 

Turbulence level ɛ (m2 s−3) Re

Calm 0 0

Low 1.12 × 10−6 5,500

Medium 2.95 × 10−5 16,371

High 1.48 × 10−4 92,620

Lake Taihu 6.01 × 10−8–2.39 × 10−4 2,882–180,941

Table 1. Summary of the energy dissipation rates (ɛ) and Reynolds numbers (Re) of the four levels of 
turbulence (calm water, low, medium and high turbulent kinetic energy) used in the experiments and in Lake 
Taihu.
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to the range of values (from 1.07 × 10−7 to 6.67 × 10−3 m2 s−3) previously measured in the large, shallow Lake 
Balaton in Hungary20. Based on the ɛ values in Taihu, the ɛ used in this study (treatments) were 1.12 × 10−6 (low), 
2.95 × 10−5 (medium), and 1.48 × 10−4 m2 s−3 (high), respectively (Table 1). These ɛ had corresponding Reynolds 
(Re) values that ranged from 5500 to 92620 (Table 1). The set-up without any hydrodynamic turbulence served as 
the control treatment (calm). All treatments were conducted in triplicate.

Water samples were collected daily by collecting 0.75 liter of vertically integrated water using a tube sampler 
between 7:00 and 8:00 in the morning, and immediately brought to laboratory for further processing and analysis. 
All sample containers, pipettes, test tubes and quartz micro-cuvettes were always rinsed with 10% hydrochloric 
acid and deionised water to prevent contaminations.

Physico-chemical analysis. Water temperature (WT), dissolved oxygen (DO) and pH were measured with 
6600 multi-sensor sonde (Yellow Springs Instruments, San Diego, California, USA). Nutrients including total 
nitrogen (TN), total dissolved nitrogen (TDN), ammonium (NH4

+-N), nitrate (NO3
−-N), nitrite (NO2

−-N), total 
phosphorus (TP), total dissolved phosphorus (TDP), soluble reactive phosphorus (SRP), dissolved organic car-
bon (DOC) and chlorophyll a (Chl a), were analyzed following the methods described in Zhu et al.35. The par-
ticulate fractions of nitrogen (PN) and phosphate (PP) were obtained by subtracting the TDN/P from the TN/P.

The abundance of bacterioplankton and active bacterioplankton. For the bacterial cell counts, 
1 ml of water samples were fixed with filter-sterilized formaldehyde at a final concentration of 4%, and stored 
overnight at 4 °C, and subsequently frozen at −80 °C. Then, 500 μl of the sample was diluted 10-fold with ultra-
sonic processing (separate bacteria) for 10 min, and then filtered through a 48 µm mesh net. 1 ml of the filtrate 
was stained with SYBR® Green I and then incubated in the dark for at least 15 min at room temperature before 
counting. The samples were analyzed on a FACSC JAZZ flow cytometry (BD Bioscience, San Jose, CA, USA) 
using FACS software (BD Bioscience), detailed in Gong, et al.36.

Active bacterioplankton were characterized by their capability to of assimilate and reduce the redox dye 
5-cyano-2,3-ditolyl tetrazolium chloride (CTC, Sigma-Aldrich) manifesting as red-fluorescent deposits inside 
the cells, which were easy to detect and quantify by flow cytometry37,38. Briefly, each sample was incubated with 
5 mM CTC (final concentration) at room temperature for 3 h in the dark. The reaction was stopped by the addi-
tion of 0.2 µm filtered 4% formalin (final concentration) and stored overnight at 4 °C, and subsequently frozen 
at –80 °C. 500 μl of the sample was diluted 10-fold with ultrasonic processing (separate bacteria) for 10 min, and 
then filtered through a 48 µm mesh net. Finally, 1 ml of each sample was immediately analyzed on a FACSC JAZZ 
flow cytometry using FACS software36.

DNA extraction, PCR and high-throughput sequencing. Around 100 to 150 mL of each sample was 
immediately filtered onto 0.2 µm polycarbonate membranes (47 mm diameter, Millipore, Billerica, MA, USA) and 
frozen at –80 °C until further processing. We used the mixed DNA from the triplicates collected from the same 
treatment. The total genomic DNA from the 37 samples was separately extracted using FastDNA® Spin Kit for 
Soil (MP Biomedicals) following the manufacturer’s instructions.

The hypervariable V4 region (about 207 bp) of bacterial 16 S rRNA gene was amplified using the forward 
primer 5′ - AYTGGGYDTAAAGNG - 3′, and the reverse primer 5′- TACNVGGGTATCTAATCC - 3′39. Each 
DNA sample was separately PCR-amplified in triplicate 25 μl reactions containing 1 × PCR buffer, 2.5 mM 
dNTPs, 0.625 U of Taq DNA polymerase, 10 μM of each primer, and 20 ng of target DNA. The following PCR 
cycle was used: initial denaturation at 94 °C for 5 min, followed by 25 cycles of 30 s at 94 °C, 30 s at 50 °C and 30 s 
at 72 °C. After the PCR, the amplicons were subjected to a final 7 min extension at 72 °C.

The total DNA and amplicons were sent to the Personal Biotechnology Co., Ltd. in Shanghai, China for 
high-throughput sequencing in an Illumina MiSeq (San Diego, CA, USA) platform using a paired-end 150-bp 
sequence read run. The sequence data generated in this study were deposited in NCBI under the project number 
SRR6237140-SRR6237176.

Sequence analysis. Quality filtering of reads were performed in Quantitative Insights in Microbial 
Ecology40. Sequences were grouped into operational taxonomic units (OTUs) using UCLUST at a 97% similarity 
cutoff41. OTU-based community diversity indices (Chao1 estimator and Shannon index) and rarefaction curves 
of each sample were generated using the MOTHUR program42. A representative sequence for each OTU was 
selected, and the RDP classifier was used to assign taxonomic identity to each representative sequence43.

All statistical analyses were performed in R version 3.4.044. Analysis of variance (ANOVA) was performed 
to test whether the environment parameters and bacteria abundance varied significantly among different treat-
ments. Correlations between bacterioplankton and environment parameters were examined by Spearman’s 
rank correlation analysis. Principal coordinates analysis (PCoA) was performed with Bray Curtis dissimilarity 
distances performed in ‘vegan’ package in R45. Two-way crossed analysis of similarity (ANOSIM) was used to 
compare the similarity of the bacterial community between each treatment. Heat map of the most 50 abundant 
bacterial genus was constructed using “heatmap3” package also in R46.

Results
Dynamics of environmental parameters and bacterial abundance. Most of the environmental 
parameters varied during the experiments (Table S1). Water temperature generally ranged from 25.6 to 30.2 °C 
(ANOVA, p > 0.05). DO and pH were higher in the calm set-up than in the treatments (low, medium, and high 
turbulence) during the experiment. The concentration of TN and TP ranged from 1.5 to 2.0 mg L−1 and from 
33.3 to 91.5 μg L−1, respectively. Also, the average concentrations of different nitrogen (TN, PN, TDN, NH4

+-N, 
NO3

−-N, and NO2
−-N) and phosphorus (TP, PP, TDP, and SRP) species varied among treatments. However, these 

parameters remained similar, with only DO and some nitrogen showed significant differences among treatments 
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(ANOVA, p < 0.05). Moreover, the 9-day average of pigment concentrations in the calm was lower compared to 
the treatments, and highest in medium (ANOVA, p < 0.05).

The abundance of total and active bacteria in all treatments were first increased before 2 or 3 days and then 
decreased, which were both higher in the turbulent treatments than in calm (Fig. 1). The 9-day average of total 
bacteria in calm, low, medium, and high treatments were 4.2 × 106, 5.0 × 106, 5.4 × 106, and 5.7 × 106 cells mL−1, 
with no significant difference between each treatments (ANOVA, p > 0.05). Moreover, The 9-day average of active 
bacteria in calm, low, medium, and high treatments were 9.1 × 105, 1.1 × 106, 1.4 × 106, and 1.6 × 106 cells mL−1, 
but notably most significantly different between calm and high (ANOVA, p < 0.05). On average, the relative abun-
dance of active bacteria ranged from 14.5% to 34.1% (ANOVA, p > 0.05). Spearman’s rank correlation analysis 
further showed that Chl a was positively correlated with both total (r = 0.765, p < 0.001) and active (r = 0.821, 
p < 0.001) bacteria.

Bacterial community structure. After processing, 4,520,231 high quality sequences remained with an average 
length of 225 bases. A total of 74,842 OTUs were generated after clustering at a 97% similarity level, and 4,414 OTUs 
were singletons. Rarefaction curves of all samples nearly approached a plateau, suggesting that these communities 
had nearly been well sampled (Fig. S2). Further, BCC (defined as the relative abundance of OTUs) were assessed 
in different turbulence treatments during the experiment (Fig. 2). PCoA plots revealed distinct clustering (before 
and after day 4), suggesting succession of bacterial communities (Fig. 2). Notably, bacterial communities clustered 
based on the time of sampling rather than turbulence treatments (Fig. 2). This was also supported by the pairwise 
ANOSIM comparisons showing the significant similarities in bacterial communities among treatments (p < 0.001).

Taxonomic identification and variation. Overall, the OTUs were classified to belong to 60 phylum-level 
taxonomic groups based on all samples. The 9 most abundant bacterial phyla were Proteobacteria, Bacteroidetes, 
Planctomycetes, Firmicutes, Verrucomicrobia, Actinobacteria, Cyanobacteria, Acidobacteria, and Chloroflexi 
(Fig. 3). Proteobacteria (22.6%) dominated the community, 40.1% of which belonged to α-proteobacteria and 
31.2% from γ-proteobacteria. Initially, the BCC (relative biomass expressed in %) mainly consisted of Bacteroidetes 
(36.8%), Proteobacteria (24.7%), and Acidobacteria (11.3%, Fig. 3A). During the study, the frequency of dominant 
phyla notably varied among the treatments (Fig. 3A). For example, the Proteobacteria was observed to increase 

Figure 1. The abundance variation of total bacteria (A) and active bacteria (B) in the calm and turbulent 
treatments (low, medium, and high) during the experiments.

Figure 2. Principal co-ordinates analysis of bacterial community in the calm and three turbulent treatments 
during the experiments, where M5 is the sample of M, at day 5. C, L, M, and H represent the calm (circle), low 
(triangle), medium (inverted triangle), and high (diamond) turbulence treatments, respectively.
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from day 2 to 6 but returned to its the initial state towards the end of the study (Fig. 3A). Interestingly, the BCC 
in the different treatments displayed similar composition at the phylum levels during the experiments (Fig. 3B). 
Kruskal-Wallis rank test further revealed that there were no significant differences in the main 9 bacterial phyla 
among the treatments for the entire duration of the experiment (p > 0.05).

At the genus level, the 50 most abundant genera comprised on average of 64.5% of the total OTU richness 
(Fig. 4), mainly associated with known freshwater lineages or clades, such as Microcystis and Haliscomenobacter47. 
Within the Actinobacteria, the two most dominant genera were the hgcl_clade (28.8%) and Bifidobacterium 
(11.7%). The most abundant Proteobacteria were Sandarakinorhabdus (10.3%), Phenylobacterium (10.2%), and 
Halomonas (7.6%) and an unclassified genus (7.8%) belonging to family Comamonadaceae. All of the 50 domi-
nant genera/lineages were present in all samples (n = 37) but only 3 (Streptococcus, Bacterioidales_S24–7_group, 
and Pedobacter) of the 50 most abundant genera were identified to be significantly different among treatments 
(ANOVA, p < 0.05).

The heat map showed the temporal differences in community structure among treatments of the most abun-
dant taxa. These differences immediately manifested after day 0, followed by changes in patterns and clustering 
on the succeeding days with three levels of clustering in all samples (Fig. 4). Interestingly, BCC mainly remained 
similar among treatments but drastically changed and diversified after day 4 (Fig. 4), suggesting that the com-
munity structure of bacterioplankton shifted after 4 days. Specifically, a distinct cluster representing the samples 
collected after day 7 was observed in medium and high treatments (Fig. 4).

Bacterial community diversity. During the experiments, diversity indices Chao1 and Shannon index ranged 
from 7724.9 to 41476.2 and from 4.2 to 6.9, but only with little variation among the treatments (Fig. 5, p > 0.05). 
This also suggests that hydrodynamic turbulence have no effect on bacterial community diversity.

Discussion
Hydrodynamic processes are an important feature of the ecology of microorganisms and can have far-reaching 
and hitherto, largely unrecognized consequences in natural ecosystems such as oceans and lakes10. In the wake of 
the changing climate, wind conditions are predicted to be altered significantly, which in turn will lead to changes 
in the wind wave turbulence that the plankton communities experience48. However, most of the studies on bac-
terial community structure were based on field investigations, where interpretations were mostly inferential. 
The direct effects of natural turbulences on heterotrophic bacterial communities remain controversial14,49,50. 
Disentangling the ecological effects of wind wave turbulence can provide new insights on bacterioplankton 
responses to physical forcing in lakes, which may be essential for quantifying and understanding lake ecosystem 
process and its recovery from eutrophication. The usefulness of mesocosms as a tool to investigate community 
responses has been thoroughly tested, and the current gradient-based design is an effective tool for inferential 
studies of ecological processes48,51.

In this study, a turbulence gradient was introduced to natural plankton assemblages in unfertilized lake water in 
mesocosms to assess the effects of wind wave turbulence on the community structure of bacterioplankton in Lake 
Taihu. Results of our experiments showed that although the bacterioplankton composition significantly varied dur-
ing the experiment, wind wave turbulence did not shift the competition among bacterioplankton species (Figs 2–4), 
suggesting insensitivity. Shade, et al.52,53 found that bacterial community composition were resistant to lake mixing 
even after strong mixing events such as typhoons. Also, although wind-driven turbulence was stronger in the central 
lake in Taihu, bacterioplankton community exhibited strong spatial similarity in the entire lake17,54–56.

Figure 3. Bacterial community structure at the phylum level in the calm and three turbulent treatments 
separated according to time (day, (A)) and average percentage of the dominant taxa (B) during the experiments. 
Only the top 9 phylum are listed.
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In aquatic ecosystems, bacterioplankton communities primarily depend on changes occurring in both time 
and space57,58. However, responses of microbial communities to such changes are also mediated by their commu-
nity characteristics, including their history, metabolic flexibility, physiological tolerance, dispersal capacity, and 
taxonomic and functional diversity59–61. Generally, this study suggests that bacterioplankton communities are not 
sensitive to wind wave turbulence in the lake, which could be associated with their high abundance, widespread 
dispersal, potential for rapid growth, and rapid evolutionary adaptation through mutations or horizontal gene 
transfer. These characteristics allow bacteria to quickly adapt to new environmental conditions and maintain 
the stability of community57–59,62. For example, due to their small bodies, free-living bacteria are often assumed 

Figure 4. A heat map revealing the dynamics of the 50 most abundant bacterial genera (accounted for 64.5%) 
from the calm and three turbulence treatments during the experiments, where C2 is the sample of C, at day 2. C, 
L, M, and H represent the calm, low, medium, and high turbulence treatments, respectively.

Figure 5. Bacterial community diversity (Chao1, (A); Shannon, (B)) in the calm and three turbulent treatments 
(low, medium, and high) during the experiments.
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to be ubiquitous, and they are presumably more likely to become widely dispersed63. Alternatively, the dispersal 
probability of bacteria is quite fast, which has important implications on the temporal dynamics of microorgan-
isms60. Soininen64 highlighted factors, such as dispersal rate, as likely drivers of bacterial community turnover and 
variation in both space and time. High dispersal ability provides higher probability of colonizing suitable habitats 
from regional pools, thereby potentially reducing the variation of community composition through time65,66. 
Recently, Tang, et al.56 investigated the bacterial spatiotemporal dynamics in Taihu, and found that community 
composition showed strong similarity in the different hydrodynamic regions of the lake. Nelson, et al.67 illustrated 
the contrasting roles of environmental selection and dispersal in structuring bacterioplankton communities, sup-
porting a weaker effect of advective flow on bacterioplankton communities among lakes. Therefore, bacterial 
communities may be less sensitive to wind wave turbulence, allowing the bacterial communities to vary in abun-
dance but not in composition even under turbulent conditions.

Although traditionally, the small size and physiology of microscopic organisms is not affected by the moving 
fluid at the micro-scale, turbulence significantly triggered higher bacterial abundance in the turbulent treatments 
in the present study (Fig. 1). This is consistent with results of previous studies showing that small-scale turbulence 
has a positive effect on bacterial abundance10,15,68,69. One suggested explanation is that turbulence changes the 
encounter rates between heterotrophic microplankton and their more preferred prey (picoplankton and nanoflag-
ellates), thus releasing bacteria from grazing pressure under turbulent conditions15. Moreover, turbulence affects 
competition for resources14, even though it is generally considered that bacterial uptake is inconsequential since 
their size is considerably smaller than the Kolmogorov scale. Also, turbulence may indirectly enhance the growth 
of bacteria. Altering top-down control, based on grazing shift hypothesis, turbulence may change nutrient condi-
tions. For instance, if turbulence favors the growth of large-celled phytoplankton which excrete high-molecular 
weight dissolved organic matter70,71, bacteria may in fact benefit from the increased flux of organic matter under 
turbulent conditions. Therefore, microorganisms exposed to turbulent flows enhance their growth and activity by 
being released from grazing pressure, increasing nutrient uptake, and changing the nutrient conditions of their 
environment. Moreover, in the strong turbulent treatments (medium and high), the sedimentary bacteria resus-
pended through mixing were partly contributed to the high bacterial abundance, as seen from the presence of 
sediment-associated bacteria (Sediminibacterium and Pedobacter) that dominated in medium and high turbulent 
conditions at the end of the experiments.

In lakes, interactions between phytoplankton and bacteria have been proposed to also influence bacterial 
community dynamics72–76. Although diatoms and green algae tend to be superior under mixed or turbulent 
conditions48,77,78, gas-vacuolated Microcystis has been mainly promoted by wind wave turbulence, which also 
dominated in the turbulent conditions before about 8 days during the experiment79. Under turbulent condi-
tions, bacterioplankton community was observed to be more consistent than the phytoplankton and zooplank-
ton community79,80, indicating differences in stability or stochasticity of plankton communities in response to 
environmental changes62. This also indicates that bacteria could be less sensitive to environmental changes than 
the eukaryotic groups62. Moreover, regardless of nutrient conditions, Chl a and bacterial production rates were 
positively correlated with turbulence, where bacterial abundance and activity were higher under turbulent con-
ditions. This suggests that turbulence may accelerate nutrient cycling, and may play an important role in nutrient 
strategies of plankton.

In conclusions, changes in bacterial production occurred under turbulent conditions without changes in 
community structure and diversity in Lake Taihu during cyanobacterial bloom periods. Wind wave turbulence 
favored the accumulation of bacterioplankton especially active bacterioplankton, which benefited the biogeo-
chemical cycling of nutrients in the lake. However, turbulence did not shift the competition among bacterioplank-
ton species. The direction and variation of bacterioplankton community dynamics were main accordance under 
different turbulent conditions. Moreover, compared to the phyto- and zooplankton, bacteria were less-sensitive 
indicators of the prevailing turbulent conditions at the community level in Lake Taihu. This body of work rep-
resents only a snapshot of the range of microbial processes that are influenced by fluidic mechanical forces and 
transport. Bacterial community response to lake mixing is additionally relevant for understanding microbial 
ecology of disturbance and stability.

References
 1. Shade, A. et al. Fundamentals of Microbial Community Resistance and Resilience. Front Microbiol 3, 417 (2012).
 2. Allison, S. D. & Martiny, J. B. H. Resistance, resilience, and redundancy in microbial communities. P Natl Acad Sci USA 105, 

11512–11519 (2008).
 3. Bertilsson, S., Eiler, A., Nordqvist, A. & Jorgensen, N. O. G. Links between bacterial production, amino-acid utilization and 

community composition in productive lakes. Isme J 1, 532–544 (2007).
 4. Ishida, C. K., Arnon, S., Peterson, C. G., Kelly, J. J. & Gray, K. A. Influence of algal community structure on denitrification rates in 

periphyton cultivated on artificial substrata. Microbial ecology 56, 140–152 (2008).
 5. Strickland, M. S., Osburn, E., Lauber, C., Fierer, N. & Bradford, M. A. Litter quality is in the eye of the beholder: initial decomposition 

rates as a function of inoculum characteristics. Funct Ecol 23, 627–636 (2009).
 6. Logue, J. B. et al. Experimental insights into the importance of aquatic bacterial community composition to the degradation of 

dissolved organic matter. Isme J 10, 533–545 (2016).
 7. Lliros, M. et al. Bacterial community composition in three freshwater reservoirs of different alkalinity and trophic status. Plos One 

9, e116145 (2014).
 8. Paver, S. F. et al. Interactions between specific phytoplankton and bacteria affect lake bacterial community succession. Environ 

Microbiol 15, 2489–2504 (2013).
 9. Margalef, R. Turbulence and marine life. Sci Mar 61, 109–123 (1997).
 10. Rusconi, R. & Stocker, R. Microbes in flow. Curr Opin Microbiol 25, 1–8 (2015).
 11. Prairie, J. C., Sutherland, K. R., Nickols, K. J. & Kaltenberg, A. M. Biophysical interactions in the plankton: A cross-scale review. 

Limnology & Oceanography: Fluids & Environments 2, 121–145 (2012).
 12. Guasto, J. S., Rusconi, R. & Stocker, R. Fluid Mechanics of Planktonic Microorganisms. Annu Rev Fluid Mech 44, 373–400 (2012).



www.nature.com/scientificreports/

8SCiENTifiC RepoRTs | 7: 16850  | DOI:10.1038/s41598-017-17242-z

 13. Dolan, J. R., Sall, N., Metcalfe, A. & Gasser, B. Effects of turbulence on the feeding and growth of a marine oligotrich ciliate. Aquatic 
Microbial Ecology 31, 183–192 (2003).

 14. Malits, A. et al. Effects of small-scale turbulence on bacteria: a matter of size. Microbial ecology 48, 287–299 (2004).
 15. Peters, F. et al. Turbulence and the microbial food web: effects on bacterial losses to predation and on community structure. Journal 

of Plankton Research 24, 321–331 (2002).
 16. Bergstedt, M. S., Hondzo, M. M. & Cotner, J. B. Effects of small scale fluid motion on bacterial growth and respiration. Freshwater 

Biol 49, 28–40 (2004).
 17. Shade, A. et al. Lake microbial communities are resilient after a whole-ecosystem disturbance. Isme J 6, 2153–2167 (2012).
 18. Knutson, T. R. et al. Tropical cyclones andclimate change. Nat Geosci 3, 157–163 (2010).
 19. Sriver, R. L. Climate Change Tropical cyclones in the mix. Nature 463, 1032–1033 (2010).
 20. G.-Tóth, L., Parpala, L., Balogh, C., Tátrai, I. & Baranyai, E. Zooplankton community response to enhanced turbulence generated by 

water-level decrease in Lake Balaton, the largest shallow lake in Central Europe. Limnology and Oceanography 56, 2211–2222 (2011).
 21. Paerl, H. W. & Otten, T. G. Blooms Bite the Hand That Feeds Them. Science 342, 433–434 (2013).
 22. Falkowski, P. G., Fenchel, T. & Delong, E. F. The microbial engines that drive Earth’s biogeochemical cycles. Science 320, 1034–1039 

(2008).
 23. Shade, A. et al. Resistance, resilience and recovery: aquatic bacterial dynamics after water column disturbance. Environ Microbiol 13, 

2752–2767 (2011).
 24. Robarts, R. D., Waiser, M. J., Hadas, O., Zohary, T. & MacIntyre, S. Relaxation of phosphorus limitation due to typhoon-induced 

mixing in two morphologically distinct basins of Lake Biwa, Japan. Limnol Oceanogr 43, 1023–1036 (1998).
 25. Tang, X. M. et al. Characterization of Bacterial Communities Associated with Organic Aggregates in a Large, Shallow, Eutrophic 

Freshwater Lake (Lake Taihu, China). Microbial ecology 58, 307–322 (2009).
 26. Jones, S. E. et al. Typhoons initiate predictable change in aquatic bacterial communities. Limnol Oceanogr 53, 1319–1326 (2008).
 27. Chrost, R. J. & Riemann, B. Storm-Stimulated Enzymatic Decomposition of Organic-Matter in Benthic Pelagic Coastal Mesocosms. 

Mar Ecol Prog Ser 108, 185–192 (1994).
 28. Saxton, M. A., Morrow, E. A., Bourbonniere, R. A. & Wilhelm, S. W. Glyphosate influence on phytoplankton community structure 

in Lake Erie. J Great Lakes Res 37, 683–690 (2011).
 29. Qin, B. Q., Xu, P. Z., Wu, Q. L., Luo, L. C. & Zhang, Y. L. Environmental issues of Lake Taihu, China. Hydrobiologia 581, 3–14 (2007).
 30. Wilhelm, S. W. et al. The relationships between nutrients, cyanobacterial toxins and the microbial community in Taihu (Lake Tai), 

China. Harmful Algae 10, 207–215 (2011).
 31. Qin, B. Q. et al. A Drinking Water Crisis in Lake Taihu, China: Linkage to Climatic Variability and Lake Management. Environ 

Manage 45, (105–112 (2010).
 32. Zhou, J. et al. Effects of wind wave turbulence on the phytoplankton community composition in large, shallow Lake Taihu. Environ 

Sci Pollut Res 22, 12737–12746 (2015).
 33. Zhou, J., Qin, B. Q., Casenave, C. & Han, X. X. Effects of turbulence on alkaline phosphatase activity of phytoplankton and 

bacterioplankton in Lake Taihu. Hydrobiologia 765, 197–207 (2016).
 34. Harkonen, L., Pekcan-Hekim, Z., Hellen, N., Ojala, A. & Horppila, J. Combined Effects of Turbulence and Different Predation 

Regimes on Zooplankton in Highly Colored Water—Implications for Environmental Change in Lakes. Plos One 9, e111942 (2014).
 35. Zhu, M., Paerl, H. W. & Zhu, G. The role of tropical cyclones in stimulating cyanobacterial (Microcystis spp.) blooms in hypertrophic 

Lake Taihu, China. Harmful Algae 39, 310–321 (2014).
 36. Gong, Y., Tang, X., Shao, K., Hu, Y. & Gao, G. Dynamics of bacterial abundance and the related environmental factors in large 

shallow eutrophic Lake Taihu. Journal of Freshwater Ecology 32, 133–145 (2016).
 37. delGiorgio, P. A., Prairie, Y. T. & Bird, D. F. Coupling between rates of bacterial production and the abundance of metabolically 

active bacteria in lakes, enumerated using CTC reduction and flow cytometry. Microbial ecology 34, 144–154 (1997).
 38. Sieracki, M. E., Cucci, T. L. & Nicinski, J. Flow cytometric analysis of 5-cyano-2,3-ditolyl tetrazolium chloride activity of marine 

bacterioplankton in dilution cultures. Applied and environmental microbiology 65, 2409–2417 (1999).
 39. Claesson, M. J. et al. Comparative Analysis of Pyrosequencing and a Phylogenetic Microarray for Exploring Microbial Community 

Structures in the Human Distal Intestine. Plos One 4 (2009).
 40. Caporaso, J. G. et al. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. Isme J 6, 

1621–1624 (2012).
 41. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461 (2010).
 42. Schloss, P. D. et al. Introducing mothur: Open-Source, Platform-Independent, Community-Supported Software for Describing and 

Comparing Microbial Communities. Applied and environmental microbiology 75, 7537–7541 (2009).
 43. Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new 

bacterial taxonomy. Applied and environmental microbiology 73, 5261–5267 (2007).
 44. R, Core & Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 

http://www.R-project.org/ (2017).
 45. Oksanen, J. et al. vegan: Community Ecology Package. v. R package version2. 0–2 (2011).
 46. Zhao, S., Guo, Y., Sheng, Q. & Shyr, Y. Advanced heat map and clustering analysis using heatmap3. Biomed Res Int 2014, 986048 

(2014).
 47. Newton, R. J., Jones, S. E., Eiler, A., McMahon, K. D. & Bertilsson, S. A guide to the natural history of freshwater lake bacteria. 

Microbiology and molecular biology reviews: MMBR 75, 14–49 (2011).
 48. Rokkan Iversen, K. et al. Effects of small-scale turbulence on lower trophic levels under different nutrient conditions. Journal of 

Plankton Research 32, 197–208 (2009).
 49. Confer, D. R. & Logan, B. E. Increased bacterial uptake of macromolecular substrates with fluid shear. Applied and environmental 

microbiology 57, 3093–3100 (1991).
 50. Logan, B. E. & Kirchman, D. L. Uptake of dissolved organics by marine bacteria as a function of fluid motion. Mar. Biol. 111, 

175–181 (1991).
 51. Kleeberg, A. et al. Intermittent riverine resuspension: Effects on phosphorus transformations and heterotrophic bacteria. Limnol 

Oceanogr 58, 635–652 (2013).
 52. Shade, A., Chiu, C. Y. & McMahon, K. D. Differential bacterial dynamics promote emergent community robustness to lake mixing: 

an epilimnion to hypolimnion transplant experiment. Environ Microbiol 12, 455–466 (2010).
 53. Shade, A., Chiu, C.-Y. & McMahon, K. D. Seasonal and Episodic Lake Mixing Stimulate Differential Planktonic Bacterial Dynamics. 

Microbial ecology 59, 546–554 (2009).
 54. Wei, C., Bao, S., Zhu, X. & Huang, X. Spatio-temporal variations of the bacterioplankton community composition in Chaohu Lake, 

China. Progress in Natural Science 18, 1115–1122 (2008).
 55. Li, J. et al. Annual periodicity in planktonic bacterial and archaeal community composition of eutrophic Lake Taihu. Scientific 

reports 5, 15488 (2015).
 56. Tang, X. et al. Spatiotemporal dynamics of bacterial community composition in large shallow eutrophic Lake Taihu: High overlap 

between free-living and particle-attached assemblages. Limnol Oceanogr 62, 1366–1382 (2017).
 57. Berdjeb, L., Ghiglione, J. F. & Jacquet, S. Bottom-up versus top-down control of hypo- and epilimnion free-living bacterial 

community structures in two neighboring freshwater lakes. Applied and environmental microbiology 77, 3591–3599 (2011).

http://www.R-project.org/


www.nature.com/scientificreports/

9SCiENTifiC RepoRTs | 7: 16850  | DOI:10.1038/s41598-017-17242-z

 58. Dalu, T., Clegg, B. & Nhiwatiwa, T. Temporal variation of the plankton communities in a small tropical reservoir (Malilangwe, 
Zimbabwe). Trans. R. Soc. S. Afr. 68, 85–96 (2013).

 59. Hanson, C. A., Fuhrman, J. A., Horner-Devine, M. C. & Martiny, J. B. H. Beyond biogeographic patterns: processes shaping the 
microbial landscape. Nature Reviews Microbiology 10, 497–506 (2012).

 60. Heino, J. et al. Metacommunity organisation, spatial extent and dispersal in aquatic systems: patterns, processes and prospects. 
Freshwater Biol 60, 845–869 (2015).

 61. Logue, J. B. et al. Freshwater bacterioplankton richness in oligotrophic lakes depends on nutrient availability rather than on species-
area relationships. Isme J 6, 1127–1136 (2012).

 62. Liu, L. et al. Phytoplankton communities exhibit a stronger response to environmental changes than bacterioplankton in three 
subtropical reservoirs. Environ Sci Technol 49, 10850–10858 (2015).

 63. Hamilton, W. D. & Lenton, T. M. Spora andGaia: How microbes fly with their clouds. Etho. Ecol. Evol. 10, 1–16 (1998).
 64. Soininen, J. Species turnover along abiotic and biotic gradients: patterns in space equal patterns in time? BioScience 60, 433–439 

(2010).
 65. Wilkinson, D. M., Koumoutsaris, S., Mitchell, E. A. & Bey, I. Modelling the effect of size on the aerial dispersal of microorganisms. 

J. Biogeogr. 39, 89–97 (2012).
 66. Yang, J., Smith, H. G., Sherratt, T. N. & Wilkinson, D. M. Is there a size limit for cosmopolitan distribution in free-living 

microorganisms? A biogeographical analysis of testate amoebae from polar areas. Microb. Ecol. 59, 635–645 (2010).
 67. Nelson, C. E., Sadro, S. & Melack, J. M. Contrasting the influences of stream inputs and landscape position on bacterioplankton 

community structure and dissolved organic matter composition in high-elevation lake chains. Limnol. Oceanogr. 54, 1292–1305 
(2009).

 68. Peters, F., Marrase, C., Gasol, J. M., Sala, M. M. & Arin, L. Effects of turbulence on bacterial growth mediated through food web 
interactions. Mar Ecol Prog Ser 172, 293–303 (1998).

 69. Honzo, M. & Wuest, A. Do microscopic organisms feel turbulent flows. Environ. Sci. Technol. 43, 764–768 (2008).
 70. Benavides, M., Agawin, N. S. R., Aristegui, J., Peene, J. & Stal, L. J. Dissolved organic nitrogen and carbon release by a marine 

unicellular diazotrophic cyanobacterium. Aquatic Microbial Ecology 69, 69–80 (2013).
 71. Stoderegger, K. E. & Herndl, G. J. Production of exopolymer particles by marine bacterioplankton under contrasting turbulence 

conditions. Mar Ecol Prog Ser 189, 9–16 (1999).
 72. Kent, A. D., Yannarell, A. C., Rusak, J. A., Triplett, E. W. & McMahon, K. D. Synchrony in aquatic microbial community dynamics. 

Isme J 1, 38–47 (2007).
 73. Šimek, K. et al. Spatio-temporal patterns of bacterioplankton production and community composition related to phytoplankton 

composition and protistan bacterivory in a dam reservoir. Aquat Microb Ecol 51, 249–262 (2008).
 74. Paver, S. F. & Kent, A. D. Temporal patterns in glycolate-utilizing bacterial community composition correlate with phytoplankton 

population dynamics in humic lakes. Microbial ecology 60, 406–418 (2010).
 75. Paver, S. F., Nelson, C. E. & Kent, A. D. Temporal succession of putative glycolate-utilizing bacterioplankton tracks changes in 

dissolved organic matter in a highelevation lake. Fems Microbiol Ecol 83, 541–551 (2013).
 76. Niu, Y. et al. Phytoplankton community succession shaping bacterioplankton community composition in Lake Taihu, China. Water 

Res 45, 4169–4182 (2011).
 77. Huisman, J. et al. Changes in turbulent mixing shift competition for light between phytoplankton species. Ecology 85, 2960–2970 

(2004).
 78. Kardinaal, W. E. A. et al. Microcystis genotype succession in relation to microcystin concentrations in freshwater lakes. Aquat 

Microb Ecol 48, 1–12 (2007).
 79. Zhou, J., Qin, B. & Han, X. Effects of the magnitude and persistence of turbulence on phytoplankton in Lake Taihu during a summer 

cyanobacterial bloom. Aquatic Ecology 50, 197–208 (2016).
 80. Zhou, J., Han, X., Qin, B., Casenave, C. & Yang, G. Response of zooplankton community to turbulence in large, shallow Lake Taihu: 

a mesocosm experiment. Fundamental and Applied Limnology 187, 315–324 (2016).

Acknowledgements
This research was supported by the National Natural Science Foundation of China (41701098, 41230744, and 
41621002) and the International Scientific Cooperation Project (2014DFG91780).

Author Contributions
J.Z. and B.Q.Q. conceived and designed the experiments; J.Z. and X.X.H. performed the experiments; J.Z., D.C.J. 
and Z.P.W. analyzed the data and prepared Figures 1–5; J.Z. wrote the manuscript. All authors reviewed the 
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17242-z.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-17242-z
http://creativecommons.org/licenses/by/4.0/

	The sensitivity and stability of bacterioplankton community structure to wind-wave turbulence in a large, shallow, eutrophi ...
	Materials and Methods
	Experimental design. 
	Physico-chemical analysis. 
	The abundance of bacterioplankton and active bacterioplankton. 
	DNA extraction, PCR and high-throughput sequencing. 
	Sequence analysis. 

	Results
	Dynamics of environmental parameters and bacterial abundance. 
	Bacterial community structure. 

	Taxonomic identification and variation. 
	Bacterial community diversity. 


	Discussion
	Acknowledgements
	Figure 1 The abundance variation of total bacteria (A) and active bacteria (B) in the calm and turbulent treatments (low, medium, and high) during the experiments.
	Figure 2 Principal co-ordinates analysis of bacterial community in the calm and three turbulent treatments during the experiments, where M5 is the sample of M, at day 5.
	Figure 3 Bacterial community structure at the phylum level in the calm and three turbulent treatments separated according to time (day, (A)) and average percentage of the dominant taxa (B) during the experiments.
	Figure 4 A heat map revealing the dynamics of the 50 most abundant bacterial genera (accounted for 64.
	Figure 5 Bacterial community diversity (Chao1, (A) Shannon, (B)) in the calm and three turbulent treatments (low, medium, and high) during the experiments.
	Table 1 Summary of the energy dissipation rates (ɛ) and Reynolds numbers (Re) of the four levels of turbulence (calm water, low, medium and high turbulent kinetic energy) used in the experiments and in Lake Taihu.




