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The different responses of planktonic 
bacteria and archaea to water temperature 
maintain the stability of their community 
diversity in dammed rivers
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Abstract 

Background  Planktonic bacteria and archaea play a key role in river nutrient biogeochemical cycling; however, their 
respective community assembly and how to maintain their diversity are not well known in dammed rivers. Therefore, 
a seasonal survey of planktonic bacterial and archaeal community compositions and related environmental factors 
was conducted in 16 cascade reservoirs and corresponding river waters on the Wujiang River and the Pearl River in 
southwest China to understand the above mechanisms.

Results  Deterministic processes dominated bacterial and archaeal community assembly. The structural equation 
models showed that water temperature can directly or indirectly affect the microbial diversity. Interestingly, plank‑
tonic bacterial diversity increased with increasing water temperature, while archaea showed the opposite trend; the 
overall diversity of bacteria and archaea was no significant changes with changeable water temperature. Abundant 
microbes had a stronger distance–decay relationship than middle and rare ones, and the relationship was stronger in 
winter and spring than in summer and autumn.

Conclusions  Planktonic bacteria and archaea in dammed rivers had different biogeographic distributions, and water 
temperature was a key controlling factor. The different responses of planktonic bacterial and archaeal diversity to 
water temperature could be due to their different phylogenetic diversity. This ultimately maintained the stability of 
total microbial community diversity. This study reveals the different responses of planktonic bacteria and archaea to 
water temperature and perfects the theoretical framework for planktonic microbial biogeography in dammed rivers.
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Background
Planktonic bacteria and archaea are important compo-
nents of aquatic ecosystems and play an important role 
in nutrient biogeochemical cycles (Falkowski et al. 2008; 

Newton et  al. 2011; Hanson et  al. 2012). Microbial bio-
geography is a discipline that aims to study the temporal 
and spatial distribution pattern of microbial commu-
nity (Ansdell et al. 2016). Understanding the controlling 
mechanisms of planktonic bacterial and archaeal biogeo-
graphic distribution will improve the knowledge of their 
function in aquatic ecosystems (Moitra and Leff 2015; 
Yang et al. 2016). In 1934, Baas-Becking was the first to 
propose the microbial distribution hypothesis: everything 
is everywhere, but the environment selects (Baas-Becking 
1934). Microbial biogeography has been rapidly devel-
oped with the emergence of high-throughput sequencing 
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technology and molecular biology in the twenty-first 
century and becomes a research hotspot in the field of 
ecology nowadays (Nio-García et  al. 2016; Fierer 2017). 
Although microorganisms have strong dispersal ability, 
environmental selection contributes mostly to the tem-
poral and spatial difference in their community structure 
and then results in their different geographical distribu-
tion patterns (Martiny et al. 2006; Zhou and Ning 2017). 
It is well known that microbial community assembly 
is controlled by deterministic and stochastic processes 
(Caswell 1976; Hubbell 2001; Vellend 2010). Determin-
istic processes, including heterogeneous and homogene-
ous selection, are based on niche theory and emphasize 
the influence of environmental factors and microbial spe-
cies interaction. Stochastic processes, including dispersal 
limitation, homogenizing dispersal, and drift, are based 
on the neutral theory and consider that the community 
assembly is affected by uncontrollable factors (Stegen 
et al. 2013; Dini-Andreote et al. 2015; Ning et al. 2020).

In microbial communities, only a few species are abun-
dant, and most are rare. Both abundant and rare groups 
can show similar biogeographical patterns (Chen et  al. 
2020), but they might have different responses to envi-
ronmental changes. Abundant species perform the major 
ecological functions, whereas rare species act as a micro-
bial seed bank and safeguard against environmental 
changes (Pester et al. 2010). As for microorganisms with 
middle abundance, there are few reports on their geo-
graphical distribution patterns nowadays.

Environmental factors play an important role in shap-
ing microbial community structures. Previous studies 
have shown that microbial communities in aquatic eco-
systems are influenced by different factors such as water 
temperature (Yuan et al. 2021), salinity (Mo et al. 2021), 
pH (Liu et al. 2015), and nutrients (Hu et al. 2014). With 
an increase in salinity in coastal wetlands, determin-
istic processes gradually dominate planktonic bacte-
rial community assembly, while planktonic archaea are 
always dominated by stochastic processes (Wang et  al. 
2021). Nutrients are essential elements for microbial 
growth, and the abundance of planktonic bacteria in the 
eutrophic reservoir is thus higher than that in the oligo-
trophic reservoir (Yue et  al. 2021). Water temperature 
is usually associated with geographical variables such as 
altitude and solar radiation and can affect the growth and 
reproduction of microorganisms (Shapiro et al. 2012; Luo 
et al. 2019). It has been found that water temperature, but 
not other factors, significantly influences the structure of 
the planktonic bacterial community in some reservoirs 
(Chen et  al. 2021; Li et  al. 2022). In addition, microbial 
interactions such as mutualism, competition, and para-
sitism are also the important factors affecting microbial 
community structure (Wang et al. 2021).

Rivers are transport tubes from land to sea. The rapid 
development of social economy and the surging popula-
tion lead to the increasing demand for electric power and 
promote the rapid development of renewable energy such 
as hydropower (Wang et  al. 2022). Nowadays approxi-
mately 70% of the world’s rivers have been dammed, and 
this changes water retention time and material cycling 
(Grill et al. 2019; Liang et al. 2019) and thus could affect 
microbial community structure and succession. The 
changes in environmental factors have been reported 
to affect the composition of microbial community, but 
whether planktonic bacteria and archaea respond simi-
larly to these changes is still unclear. In coastal wetlands, 
salinity has been found to show different effects on the 
planktonic bacterial and archaeal community assembly 
(Wang et al. 2020, 2021). Considering that damming can 
cause discontinuities in river water temperature and its 
great fluctuations (Yang et al. 2020a, b), we hypothesized 
that planktonic bacterial and archaeal communities have 
different responses to water temperature in dammed 
rivers.

Therefore, we investigated the microbial community 
composition and the relevant environmental param-
eters in the 16 cascade reservoirs and their correspond-
ing river waters on the Wujiang River and the Pearl River 
in southwest China to verify the above hypothesis. The 
aims of this study are: (1) to explore the geographical dis-
tribution patterns of planktonic bacterial and archaeal 
communities and their influencing factors; (2) to under-
stand the different mechanisms of water temperature on 
planktonic bacterial and archaeal diversity. This study 
will perfect the theoretical framework for the planktonic 
microbial biogeography in dammed rivers.

Methods
Study area and sampling
The Wujiang River, the largest river in Guizhou Prov-
ince, is a tributary of the Yangtze River with a total 
length of 1037 km, and has a subtropical monsoon cli-
mate. Twelve reservoirs on the Wujiang River, includ-
ing Hongjiadu (HJD), Dongfeng (DF), Wujiangdu 
(WJD), Suofengying (SFY), Goupitan (GPT), Silin (SL), 
Pengshui (PS), and Yinpan (YP) in the main streams, 
and Pingzhai (PZ), Puding (PD), Yinzidu (YZD), and 
Hongfeng (HF) in the tributaries (Fig. 1), are surveyed. 
Surface water samples were collected in the winter 
(January), spring (April), summer (July), and autumn 
(October) of 2017 and in the winter (December) of 
2019. The Pearl River is the third longest river in China, 
with a total length of 2320  km. It has a subtropical 
monsoon climate. In this study, the Dahua (DH), Yan-
tan (YT), Longtan (LT), and Chaishitan (CST) reser-
voirs on the Pearl River were selected (Fig.  1). Water 
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samples were collected in the summer (August) and 
winter (December) of 2019. The details of sampling 
sites are referred to Additional file 1: Table S1.

Water temperature (WT), pH, and dissolved oxygen 
(DO) concentration were measured in  situ using the 
professional plus multi-parameter probe (YSI, EXO1, 
USA) with precorrection. The maximum quantum yield 
(Fv/Fm) and chlorophyll a (Chl a) concentration were 
determined by a phytoplankton analyzer (Phyto-PAM, 
Walz, Germany) within 12 h after sampling. Microbial 
assemblages were collected using 0.22 μm sterilized fil-
ter membrane (MF-Millipore, USA) and then stored at 
−  20  °C until DNA extraction. The filtrate was stored 
in a 15-ml centrifuge tube at 4  °C for the determina-
tion of cation and anion concentrations and stored in a 

60-ml polyethylene bottle at 4 °C for the determination 
of nutrient concentrations.

Measurement of physical and chemical parameters
The concentrations of nitrate nitrogen (NO3-N), nitrite 
nitrogen (NO2-N), ammonium nitrogen (NH4-N), phos-
phate phosphorus (PO4-P), and dissolved silicon (DSi) 
were measured by Skalar (SAN + + , the Netherlands) 
with the detection limits of 0.01  mg L−1, 0.005  mg L−1, 
0.02 mg L−1, 0.02 mg L−1, and 0.02 mg L−1, respectively. 
The concentration of dissolved inorganic nitrogen (DIN) 
is the sum of NO3-N, NO2-N, and NH4-N concentra-
tions. The concentration of dissolved inorganic phospho-
rus (DIP) is referred to the PO4-P concentration. Cation 
and anion concentrations (i.e., Na+, K+, Mg2+, Ca2+, Cl−, 

Fig. 1  A map of sampling sites on the Wujiang River and the Pearl River in southwest China. The abbreviations are referred to the text, and the 
detailed information of sampling sites is referred to Additional file 1: Table S1
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SO4
2−, and NO3

−) were determined by ion chromatog-
raphy (ICS-5000, Thermo Fisher, USA) with a detection 
limit of 0.1 mg L−1. Total alkalinity (ALK) was obtained 
by titration with standard hydrochloric acid. The disso-
ciation constants for carbonic acid were calculated by the 
temperature and corrected by ionic strength (Maberly 
1996; Stumm and Morgan 1983). The concentrations of 
CO2, HCO3

−, and CO3
2− were calculated using ALK, pH, 

and corrected dissociation constants. The concentration 
of dissolved inorganic carbon (DIC) is the sum of CO2, 
HCO3

−, and CO3
2− concentrations. The data of solar 

radiation (SR) were obtained from the agrometeorologi-
cal data (www.​wheata.​cn), and the monthly average data 
during the sampling period were selected.

16S rRNA sequencing
The total DNA of sample was extracted by E.Z.N.A™ 
Water DNA Kit (OMEGA, United States) accord-
ing to the manufacturer’s protocols. The concentration 
and purity of DNA were determined by Multiskan GO 
(Thermo Fisher, United States). The V4 region of 16S 
rRNA sequencing for archaea and bacteria was per-
formed on Illumina NovaSeq 6,000 platform at Meige 
Technology Co., Ltd., Guangzhou, China. The 515F 
(GTG​CCA​GCMGCC​GCG​GTAA) and 806R (GGA​CTA​
CHVGGG​TWT​CTAAT) were used as primers for bac-
teria. The Arch340F (CCC​TAY​GGG​GYG​CASCAG), 
Arch1000F (GGC​CAT​GCA​CYW​CYT​CTC​), Uni519F 
(CAGYMGCC​RCG​GKAAHACC), and Arch806R (GGA​
CTA​CNSGGGTMTCT​AAT​) were used as primers for 
archaea (Li et  al. 2022). Raw fastq data were quality-fil-
tered using Trimmomatic (Bolger et al. 2014) to remove 
contaminating adaptors, low quality ends of reads, and 
short length reads (< 200 bp). The overlapping paired-end 
reads with sequence mismatching < 5  bp and alignment 
similarity > 90% were merged using FLASH (Magoc and 
Salzberg 2011). Operational taxonomic units (OTUs) 
were clustered in UPARSE software at 97% consist-
ency level (Edgar 2013). Singleton and doubleton OTUs 
representing sequencing errors were removed, and the 
representative OTUs with the highest occurrence fre-
quency were assigned using Greengenes2 (Lan et  al. 
2012). To equalize sequencing depth, each sample was 
rarefied to the minimum sequencing depth (the mini-
mum number of bacterial and archaeal reads is 83,126 
and 72,619, respectively), and sequence normalization 
was performed using MOTHUR v.1.33.3 (Schloss et  al. 
2009). Bacterial and archaeal raw data obtained have 
been deposited in NCBI SRA database with the accession 
numbers of SRR8892916, SRR8892914, PRJNA874581, 
PRJNA874587, PRJNA874586, PRJNA874582, 
PRJNA907135, and PRJNA907132. The microbes were 
classified into three groups: abundant OTUs were OTUs 

of a mean relative abundance of ≥ 0.1%; rare OTUs were 
OTUs of a mean relative abundance of < 0.001%; and the 
rest were middle OTUs (Additional file 1: Table S3) (Mo 
et al. 2021).

Analysis for planktonic bacterial and archaeal community 
assembly
The Infer Community Assembly Mechanisms by Phy-
logenetic-bin-based null model (iCAMP) was used for 
quantitative analysis of planktonic bacterial and archaeal 
community assembly processes. The observed taxa were 
divided into different bins based on their phylogenetic 
relationships, and then it was quantified for the pro-
portions of each ecological process (i.e., heterogenous 
selection, homogenous selection, dispersal limitation, 
homogenizing dispersal, and drift) (Ning et al. 2020). In 
this method, beta Net Relatedness Index indicated phylo-
genetic diversity, and modified Raup–Crick metric indi-
cated taxonomic β-diversities (Stegen et  al. 2013; Ning 
et al. 2020). The analysis was calculated using the R soft-
ware (4.2.1) “iCAMP” package.

Data analysis
Community dissimilarities of planktonic bacteria and 
archaea based on Bray–Curtis distance were calculated 
using the “vegan” package. Principal coordinates analy-
sis (PCoA) and analysis of similarities (ANOSIM) were 
used to analyze the differences in community compo-
sition among samples with “vegan” package. Random 
Forest was conducted to identify the key environmental 
factors affecting the deterministic processes and ana-
lyzed using the “rfPermute” package. Spearman’s corre-
lation was used for analyses between the variables, and 
Mantel test was used for understanding the relationship 
between microbial community composition and envi-
ronmental factors according to the correlation coefficient 
r and significance-level p-values of the two matrices. 
They were calculated using the core function in the “lin-
kET” and “corrplot” packages. Non-parametric variance 
decomposition based on Bray–Curtis distance was per-
formed using permutational multivariate analysis of 
variance (PERMANOVA) to assess the contribution of 
environmental factors to microbial community struc-
ture. The alpha diversity indexes (i.e., Shannon–Wiener 
index, richness index, and phylogenetic diversity) were 
conducted with the “picante” package. The structural 
equation model (SEM) is used to determine the direct 
and indirect relationship between the variables (Rosseel 
2011). The SEM model was constructed using “lavaan” 
package. All the computational analysis was done on R 
software (4.2.1 version). The linear fitting analysis was 
performed using Origin2021 Student Edition.

http://www.wheata.cn
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Results
Physical and chemical parameters
The average WT, pH, DO concentration, and SR in the 
Wujiang River and the Pearl River were 19.03  °C, 7.91, 
8.93  mg L−1, and 8.83 × 106  J  m−2 d−1, respectively. In 
general, the average WT was higher in the mainstream 
than in the tributaries, with a gradual increase from 
upstream to downstream; while the average pH, DO con-
centration, Chl a concentration, and SR were lower in the 
mainstream than in the tributaries and higher in summer 
than in winter (Additional file 1: Figs. S1–3). The average 
concentrations of DIP, DIN, DSi, and DIC in the Wujiang 
River and the Pearl River were 2.73 μmol L−1, 0.22 mmol 
L−1, 0.04  mmol L−1, and 2.62  mmol L−1. The DIP con-
centration in the upstream was higher than in the down-
stream for the Wujiang River, whereas that in the Pearl 
River showed the opposite tendency. The concentrations 
of DIN and DSi in the Wujiang River and the Pearl River 
fluctuated significantly in the upstream and were greater 
in summer than in winter. The concentration of DIC was 
no regular variation trend from upstream to downstream. 
The above parameters showed obvious seasonal varia-
tions (Additional file 1: Figs. S1–3, Table S2). The average 
Chl a concentration and Fv/Fm of phytoplankton in the 
Wujiang River and the Pearl River were 5.40 μg L−1 and 
0.61, with a range from 0 to 71.98 μg L−1 and from 0.27 to 
0.79, respectively. The average Shannon–Wiener indexes 
of planktonic bacteria and archaea in the Wujiang River 
and the Pearl River were 5.29 and 1.52, with a range from 
2.67 to 7.82 and from 0.25 to 4.47, respectively (Addi-
tional file 1: Fig. S4).

Spatiotemporal distribution of planktonic bacteria 
and archaea
A total of 24,054 OTUs in planktonic bacteria and 5311 
OTUs in planktonic archaea were obtained, and all OTUs 
were clustered into 50 bacterial phyla and 9 archaeal 
phyla. The top two bacterial phyla were Proteobacteria 
and Actinobacteria (Fig. 2). The dominant phylum from 
upstream to downstream changed from Actinobacte-
ria to Proteobacteria in winter and spring. In summer 
and autumn, the relative abundance of planktonic bac-
terial groups did not change significantly. The top two 
planktonic archaeal phyla were Thaumarchaeota and 
Nanoarchaeaeota. In general, the spatiotemporal vari-
ation in planktonic archaeal community structure was 
less obvious than that in planktonic bacterial community 
structure (Fig.  2). The planktonic archaeal community 
composition in the HF and CST reservoirs was signifi-
cantly different from that in the other reservoirs: the 
relative abundance of Thaumarchaeota decreased signifi-
cantly, while that of Nanoarchaeaota and Crenarchaeota 

increased. Both of bacteria and archaea exhibited obvi-
ous distance–decay relationships, and the relationship 
of planktonic bacteria was strong in winter and spring 
(Fig.  3). In detail, middle and rare planktonic bacteria 
and abundant planktonic archaea showed significant 
distance–decay relationships (Additional file  1: Table. 
S4); while the relationships for abundant bacteria and 
all archaea were not significant in the Wujiang River in 
winter (Fig. 3b), and in the Pearl River in summer these 
for middle and rare archaea were not significant (Fig. 3c). 
PCoA analysis showed that the distribution patterns of 
planktonic bacterial communities in summer were differ-
ent from that in other seasons; while planktonic archaea 
showed discrete patterns (Fig.  4; Additional file  1: Figs. 
S5-7).

Planktonic bacterial and archaeal community assembly 
and the influencing factors
The iCAMP analysis showed that deterministic processes 
dominated the assembly of planktonic bacteria and 
archaea (Fig. 5a). For planktonic bacteria, the proportion 
of stochastic processes increased from winter to autumn. 
From abundant groups to rare groups of bacteria and 
archaea, the contribution of stochastic processes to com-
munity assembly increased gradually. Random Forest 
showed that WT was a key factor in general in deter-
ministic processes although there were differences in key 
influencing factors for different groups or/and different 
regions (Fig.  5b; Additional file  1: Fig. S8). In the Wuji-
ang River, WT, pH, DO, DSi, DIC, SR, and Chl a were 
the main influencing factors for the planktonic bacterial 
community composition (Fig.  5b; Additional file  1: Fig. 
S8a), whereas WT, DIN, and DSi were the main influenc-
ing ones for planktonic archaeal community composition 
(Additional file 1: Fig. S8b). In the Pearl River, WT, DIP, 
DSi, and SR were the main influencing factors for plank-
tonic bacterial communities, while WT and SR were the 
main influencing factors for planktonic archaeal com-
munities (Additional file 1: Fig. S8c, d). In addition, WT 
had a high contribution to the abundant, middle, and rare 
group’s assembly and was one of their most important 
influencing factors (Additional file 1: Fig. S9).

Mantel test indicated that the community composi-
tion of planktonic bacteria and archaea was influenced by 
nutrients (i.e., DIN, DIP, DSi, DIC) in winter and spring 
but by basic physical and chemical factors (i.e., WT, pH, 
DO, SR) and nutrients in summer and autumn (Fig.  5c; 
Additional file 1: Fig. S10). The influence of these factors 
on the abundant group was stronger than that on the 
rare one. The results of PERMANOVA analysis showed 
that the contribution of basic factors to the community 
assembly was higher than that of nutrients in summer, 
but the opposite result was observed in other seasons 
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(Additional file  1: Table. S4). The environmental fac-
tors contributed less to the community assembly of rare 
groups. Spearman correlation analysis showed that the 
impact of environmental factors on community diversity 
was stronger in summer and autumn than in winter and 
spring. Environmental factors were significantly corre-
lated with the diversity of planktonic bacteria in summer 
and archaea in winter, respectively (Fig.  5d; Additional 
file 1: Fig. S11–12). The SEM model showed that WT not 

only directly affected the diversity of planktonic bacteria 
and archaea, but also indirectly affected them by interfer-
ing nutrient variations (Fig. 6; Additional file 1: Fig. S13).

Discussion
Mechanisms controlling planktonic bacterial and archaeal 
geographical distributions in dammed rivers
There were obvious biogeographical differences for 
planktonic bacteria and archaea in dammed rivers, and 

Fig. 2  The compositions of bacterial and archaeal community. Planktonic bacteria of the Wujiang River in 2017 (a); planktonic archaea (b) and 
bacteria (c) of the Pearl River in 2019; planktonic archaea (d) and bacteria (e) of the Wujiang River in 2019. The X-axis for sampling site is arranged 
from upstream to downstream
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deterministic processes rather than stochastic processes 
dominated the community assembly processes (Fig. 5a). 
The respective contribution of deterministic and sto-
chastic processes to planktonic bacterial and archaeal 
assembly, to some degree, depends on the scale of the 
study area (e.g., regional or global scale) and the differ-
ence in environmental gradients across locations (Han-
son and Fuhrman 2012; Morrison-Whittle and Goddard 
2015). For example, the CST and HF reservoirs as lead-
ing reservoirs had a high eutrophication level (Liang 
et al. 2019) and thus showed significant different plank-
tonic archaeal community composition from the other 
reservoirs (Fig.  2b, d). Microbial habitats usually have a 
larger difference among the tributaries than along the 
river mainstream, so does microbial community com-
position. Therefore, planktonic bacterial and archaeal 
community assembly among the tributaries could show 
no apparent relationships from each other. The samples 
of the Pearl River were mainly from the mainstream, 
while many samples of the Wujiang River were from the 
tributaries (Fig. 1). This could be the reason why the dis-
tance–decay relationship in the Wujiang River was sig-
nificantly weaker than that in the Pearl River (Fig. 3b, d). 
In addition, abundant planktonic bacteria and archaea 
are more sensitive to environmental factors (e.g., WT, 
DO, and nutrients) than rare ones (Pedrós-Alió 2012; Li 
et  al. 2017a). Therefore, the contribution of determinis-
tic processes to the community formation of abundant 

planktonic bacteria and archaea is generally higher than 
that of middle and rare groups, and the distance decay of 
rare groups is then much weaker than that of abundant 
groups (Figs. 3, 5a). Rare species usually have many cat-
egories but low abundance in each group; although their 
biogeographical difference is not obvious, it is known 
that they have important ecological functions and thus 
maintain the stability of aquatic ecosystems (Kim et  al. 
2013; Lynch and Neufeld 2015).

The planktonic microbial community assembly in 
dammed rivers is firstly constrained by hydrological con-
ditions (Yang et  al. 2020a, b), and the species that can 
adapt to the local environment evolve to be dominant 
ones, finally resulting in the control of environmental 
selection on the formation of planktonic bacterial and 
archaeal communities (Fig.  5). As environmental fac-
tors such as light, WT, and nutrient concentrations have 
obvious seasonal variations (Nyirabuhoro et  al. 2020), 
planktonic bacterial and archaeal community compo-
sitions thus show obvious seasonal differences (Fig.  3). 
Eukaryotic microorganisms in a subtropical river have 
also been found to have a stronger distance–decay pat-
tern in dry season than in wet season (Chen et al. 2019). 
In winter and spring, surface runoff to river is small, and 
river water environment varies little; along the horizon-
tal direction of river flow, dispersal will be a main factor 
affecting microbial community assembly, and the dis-
tance–decay relationship is thus strong. In summer and 

Fig. 3  The regression lines showing the distance–decay relationships. The relationships were for the Wujiang River of 2017 (a) and 2019 (b) and 
for the Pearl River in the summer of 2019 (c) and in the winter of 2019 (d). WJ Wujiang River, PR Pearl River, B Bacteria, AllB all bacteria, AB abundant 
bacteria, MB middle bacteria, RB rare bacteria, AllA all archaea, AA abundant archaea, MA middle archaea, RA rare archaea, WIN winter, SPR spring, 
SUM summer, AUT​ autumn
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Fig. 4  Principal coordinate analysis (PCoA) of bacterial and archaeal communities. Bacterial community in the Wujiang River in 2017 (a–d) and in 
2019 (e–h), and bacterial and archaeal community in the Pearl River in 2019 (i–l). R > 0 means the difference between river and reservoir sites more 
than that between river sites or reservoir sites. Significance level: p < 0.05. The other abbreviations are referred to Fig. 3
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autumn, river hydrological conditions change greatly, 
WT and light increase, and nutrient concentrations fluc-
tuate strongly, resulting in a large variation in different 
local environmental factors (Wang et  al. 2015); at that 
time, environmental selection contributes a lot to the 
community assembly, and the significant relationships 
between environmental parameters and planktonic bac-
terial diversity also support that. In addition, as damming 
interrupts river continuum, the environmental factors 
differ significantly between reservoir and river waters 
(e.g., reservoir waters have long retention time and high 

WT), especially in summer; therefore, planktonic bac-
terial communities at river and reservoir sampling sites 
were significantly different in summer (Fig. 4; Additional 
file 1: Figs. S5-7).

Different responses of planktonic bacterial and archaeal 
diversity to water temperature in dammed rivers
Water temperature is a key factor shaping planktonic 
bacterial and archaeal communities in dammed riv-
ers. Firstly, WT directly affects the activity of microbial 
metabolic enzymes (Adams et  al. 2010). As different 

Fig. 5  a The assembly processes for different groups of bacterial and archaeal communities. b Random Forest analysis for bacterial deterministic 
process in the Wujiang River in 2017; c correlations between the variables in the Wujiang River in 2019. Pairwise comparisons of physical and 
chemical factors are displayed with a color gradient to denote Spearman’s correlation coefficients. Community composition is related to each 
environmental factor by performing a Mantel test. Significance level: p < 0.001***; p < 0.01**; p < 0.05*; d Spearman correlation between physical and 
chemical factors and diversity index of planktonic bacteria and archaea in the Pearl River in 2019. S: Shannon index; R: richness index. The numbers 
represent significant correlation coefficients (p < 0.05). The abbreviations are referred to the above text
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biochemical enzymes usually have different optimum 
reaction temperature at molecular level, and as a 
response, at cellular level different species of bacteria 
and archaea have different optimum growth temperature. 
For example, Microcystis aeruginosa is most suitable for 
25–30  °C (Lürling et  al. 2013), while the optimum tem-
perature of hydrogenotrophic methanogens is 40–50  °C 
(Blake et  al. 2020). Secondly, WT can indirectly affect 
bacterial and archaeal community composition by influ-
encing other environmental factors. In summer, the 
high WT will promote the growth of phytoplankton and 
then accelerate the consumption of CO2 and the release 
of O2, thus changing water pH and DO concentration 
(Additional file 1: Fig. S6). Changes in pH and DO con-
centration can usually result in changes in the structure 
of the planktonic bacterial and archaeal community (Spi-
etz et  al. 2015; Li et  al. 2019). In addition, the assimila-
tion of inorganic nutrients by phytoplankton reduces 
the bioavailable nutrients in the water and then affects 
the community assembly of bacteria and archaea (Fig. 6; 
Additional file  1: Fig. S10). Thirdly, WT can affect the 
community composition by influencing microbial inter-
actions. The significant correlation between the maxi-
mum quantum yield per unit biomass of phytoplankton 
(Fv/Fm: Chl a) and the ratio of archaeal to bacterial com-
munity dissimilarity was relative to WT (Fig. 7f ), and this 
suggests that WT may regulate relationships among phy-
toplankton, bacteria, and archaea although the detailed 
interaction mechanism is not known yet. It has been 
reported that phytoplankton and bacteria have a com-
plex coexistence relationship, and this coexistence has a 
significant impact on the microbial community (Li et al. 
2015; Li et  al. 2019). In addition, bacterial richness is 
found decreasing with the increase in temperature, and a 
larger temperature difference leads to a lower community 

composition similarity (Cole et  al. 2013). In freshwa-
ter lakes, the abundance of planktonic archaea is found 
higher in summer than in winter (Yang et al. 2016).

However, the total diversity (i.e., Shannon–Wiener 
index) of planktonic bacteria and archaea did not change 
significantly with the increase in WT (Fig. 7d). Interest-
ingly, the respective diversity of planktonic bacteria and 
archaea showed totally different changes with increas-
ing WT (Fig.  7a; Additional file  1: Fig. S14), and their 
different responses to WT make the overall diversity 
relatively stable during WT fluctuations. From a phylo-
genetic perspective, the greater the phylogenetic diversity 
of planktonic bacteria and archaea, the more complex 
the phylogenetic relationship (Faith 1992; Véron et  al. 
2019). With the increase in WT, the phylogenetic diver-
sity increased, the number of abundant species increased, 
and the α-diversity increased accordingly for planktonic 
bacteria; but for planktonic archaea all these variables 
decreased (Fig. 7b). It has been noted that more micro-
bial species are required to maintain functions under 
higher WT, and the existence and relative abundance of 
species are related to their optimal growth temperature 
(García et al. 2018). Bacteria in temperate lakes are found 
temperature-dependent when temperature is below the 
threshold value, beyond which other factors regulate 
their growth (Vrede 2005). In our study, deterministic 
processes contributed more to the assembly of plank-
tonic bacterial and archaeal community in the warmer 
waters, and meanwhile the community was more sus-
ceptible to environmental disturbances (Fig.  7c; Addi-
tional file 1: Fig. S14). In addition, the succession rate of 
planktonic bacterial community decreased with increas-
ing WT (Fig.  7e), and then the influence of other envi-
ronmental factors increased. This could be the reason 
why the relationship between planktonic bacterial and 

Fig. 6  Structural equation model (SEM) representing the causal relationship between direct and indirect variables on the Shannon index of 
planktonic bacteria (a) and archaea (b) for all data. The red line: a positive relationship; and the black line: a negative relationship. p, p value for a test 
of close fit, RMSEA root mean square error of estimation, CFI comparative fit index
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Fig. 7  Variations in Shannon–Wiener index (a), Faith’s phylogenetic diversity (b), and contribution of deterministic processes (%) (c) for bacteria and 
archaea, respectively, and the Shannon–Wiener index of total bacteria and archaea (NS: Not Significant) (d) with water temperature (WT) gradients, 
each WT gradient is 5 °C. Significance level: p < 0.001***; p < 0.01**; p < 0.05*. e Average WT in the sampling month versus the slope of distance–
decay relationship for bacteria in the Wujiang River (left) in 2017 (solid point) and in the Pearl River (right) in 2019 (hollow point), and the regression 
is only for WJ-17. f The ratio of archaeal community dissimilarity to bacterial community dissimilarity versus the ratio of Fv/Fm to Chl a concentration. 
The abbreviations are referred to the above text
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archaeal diversity and environmental factors was more 
significant in summer and autumn (Figs.  5d; Additional 
file 1: Fig. S11; S12).

Conclusion
Planktonic bacteria and archaea in dammed rivers had a 
significant distance–decay relationship, and the relation-
ship was strong in winter and spring. Water temperature 
was a key factor affecting the planktonic bacterial and 
archaeal community assembly. The structural equation 
model showed that WT can directly or indirectly affect 
microbial diversity. The diversity of planktonic bacteria 
increased with increasing WT, but that of the planktonic 
archaea decreased. The phylogenetic diversity of plank-
tonic bacteria and archaea also showed the opposite 
changes with increasing WT. As such, the overall diver-
sity of planktonic bacteria and archaea did not change 
significantly with WT variations. This study reveals the 
different responses of planktonic bacteria and archaea to 
WT changes and thus perfects the theoretical system for 
the planktonic microbial biogeography in dammed rivers.
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