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Abstract 

Background  Planktonic microbial communities have critical impacts on the pelagic food web and water quality 
status in freshwater ecosystems, yet no general model of bacterial community assembly linked to higher trophic lev-
els and hydrodynamics has been assessed. In this study, we utilized a 2-year survey of planktonic communities from 
bacteria to zooplankton in three freshwater reservoirs to investigate their spatiotemporal dynamics.

Results  We observed site-specific occurrence and microdiversification of bacteria in lacustrine and riverine envi-
ronments, as well as in deep hypolimnia. Moreover, we determined recurrent bacterial seasonal patterns driven by 
both biotic and abiotic conditions, which could be integrated into the well-known Plankton Ecology Group (PEG) 
model describing primarily the seasonalities of larger plankton groups. Importantly, bacteria with different ecological 
potentials showed finely coordinated successions affiliated with four seasonal phases, including the spring bloom 
dominated by fast-growing opportunists, the clear-water phase associated with oligotrophic ultramicrobacteria, 
the summer phase characterized by phytoplankton bloom-associated bacteria, and the fall/winter phase driven by 
decay-specialists.

Conclusions  Our findings elucidate the major principles driving the spatiotemporal microbial community distribu-
tion in freshwater ecosystems. We suggest an extension to the original PEG model by integrating new findings on 
recurrent bacterial seasonal trends.
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Background
Freshwater reservoirs are man-made waterbodies cre-
ated by damming of rivers. Dams interrupt the natu-
ral continuity of water flows, thereby holding water 
for multiple purposes, including energy generation, 

drinking water supply, or flood protection [1]. Since 
breaking the natural flow regime can significantly alter 
influential hydrodynamics such as water-level fluctua-
tion and water retention time, the ecological conse-
quences of building a reservoir can be manifold [2]. The 
most pronounced effect of building a dam is the inten-
sification of longitudinal gradients which in natural riv-
ers tend to be developed gradually across hundreds or 
even thousands of kilometers [3]. The reservoir zona-
tion model proposed by Thornton et  al. [4] described 
the artificial freshwater environment into three distinct 
zones: riverine (inflow), transition, and lacustrine (near 
the dam). According to the model, water velocity and 
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nutrient concentration decrease from inflow to the 
dam, with a consequent increase in water residence 
time and transparency. In lacustrine parts of deep tem-
perate reservoirs, the water column is often thermally 
stratified during vegetation seasons with remarkable 
gradients of temperature, oxygen, or nutrients [5]. This 
leads to the development of warm epilimnion, metalim-
nion (thermocline), and cold hypolimnion, which act as 
barriers to the exchange of heat, oxygen, and nutrients 
[6]. Such environmental differences along both longi-
tudinal and vertical axes provide unique environments 
hosting locally-specific microbial inhabitants [7–10].

Planktonic community dynamics in freshwater res-
ervoirs have been thoroughly described mainly at the 
level of phytoplankton [11, 12] or zooplankton [13]. 
The maximum phytoplankton biomass is expected in 
a transition zone, while limited light availability (due 
to high turbidity) in riverine and nutrient depletion in 
lacustrine zones hamper phytoplankton development 
[14]. The lack of bacterivorous microbial eukaryotes 
in the upstream reservoir parts clearly distinguishes 
turbulent riverine environments from stagnant water 
in lacustrine regions [15, 16]. The well-known Plank-
ton Ecology Group (PEG) model [17], which describes 
the seasonal succession patterns of phyto- (photo- and 
mixotrophic algae and cyanobacteria) and zooplankton 
(mainly heterotrophic nanoflagellates (HNF), ciliates, 
rotifers, copepods, and cladocerans) communities in 
lakes, could be broadly adopted in other aquatic ecosys-
tems including the lacustrine parts of freshwater reser-
voirs (representing a lake-like ecosystem) and marine 
pelagic environments [13, 18]. However, unlike phyto- 
and zooplankton, no general model for the seasonality 
of heterotrophic bacteria in freshwater ecosystems has 
so far been developed, given their inherent microdi-
versity and rapid generation times [19], as well as the 
challenges in conducting long-term studies including 
multiple trophic levels [20].

The meta-analyses of all reported 16S rRNA sequences 
in 2002 [21] and 2011 [22] recovered 21 bacterial phyla 
from diverse freshwater environments. Freshwater-
specific bacterial taxa were represented by the five most 
common phyla, including Proteobacteria, Actinobacte-
ria, Bacteroidota, Cyanobacteria, and Verrucomicrobia 
which contribute up to 50% of the total sequences [22]. 
Our knowledge of ecological niche partitioning of fresh-
water bacteria in reservoirs is still fragmentary since 
most previous studies provided only snapshots of com-
munity compositions in a narrow time frame [8, 23, 24] 
and limited space [25, 26]. A few long-term and continu-
ous sampling campaigns at the annual scale focused on 
specific taxonomic populations [27–30], leaving many 
blind spots.

This study presents a microbial survey of three canyon-
shaped reservoirs with a 3-week sampling frequency. We 
investigated planktonic community dynamics (including 
bacteria, phytoplankton, and zooplankton) and physico-
chemical parameters over a wide trophic gradient (oligo-
trophic to meso-eutrophic), different strata (epilimnion 
and hypolimnion), and longitudinal planes (Inflow, Mid-
dle, and Dam stations) for two consecutive years. We 
identified (i) bacterial populations specific for particular 
longitudinal zones and vertical layers, (ii) their microdi-
versification connected to spatial localization, and (iii) 
recurrent bacterial seasonal patterns, which we used to 
extend the original PEG model.

Methods
Defining terms in planktonic food web
The classic characterization of plankton communities 
into phytoplankton and zooplankton can be considered 
inadequate since mixotrophic protists can contribute to 
both phyto- and zooplankton communities [31]. Cell-
size dependent grouping of zooplankton into micro- 
(20–200 µm) and mesozooplankton (0.2–20 mm) is also 
problematic since HNF (2–20 µm) often do not fall into 
either category [32], and ciliates (10 µm–4  mm) have a 
variable size range [33]. However, to allow better integra-
tion of our results into the original PEG model, we still 
adopted the classic terminology. In this study, we use the 
term phytoplankton for pigmented organisms compris-
ing all algal groups, including photo- and mixotrophic 
protists and cyanobacteria. We use the term zooplankton 
for those having grazing potentials in the planktonic food 
web. The original PEG model mainly referred to HNF, 
ciliates, rotifers, copepods, and cladocerans as impor-
tant zooplankton representatives [17]. In our work, we 
followed the dynamics of all these groups except rotifers 
as the applied methods in this study did not allow us to 
evaluate the densities of rotifers accurately.

Study sites and sample collection for DNA isolation
Three reservoirs with different trophic statuses (oligo-
trophic Klíčava, and meso-eutrophic Žlutice and Římov) 
located in the Czech Republic were selected for the 
2-year microbial survey (Table 1; Fig. 1A). Samples were 
collected at the surface (0.5  m depth) from the Inflow, 
Middle (two Middle for the Římov reservoir considering 
its prolonged morphology), and Dam stations. Hypolim-
nion samples were collected at the Dam area from the 
25, 17, and 34 m depths for Klíčava, Žlutice, and Římov, 
respectively. The sampling campaign (n = 310) was con-
ducted at a 3-week interval from May 2018 to December 
2019, except for the periods when the reservoirs were 
covered by ice (January–February). A Friedinger-type 
sampler (Šramhauser s.r.o., Dolní Bukovsko, CZ) was 
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used to collect two liters of water at each sampling point. 
All samples were prefiltered through a 40-µm nylon net 
to remove coarse particles and bigger organisms. Subse-
quently, vacuum filtration was used to collect biomass on 
0.22  μm polyethersulfone membrane filters (Millipore, 
Merck, Darmstadt, DE). The filters (containing both 
free-living and particle-attached bacteria) were stored at 
− 80 °C until further processing.

Environmental measures
Vertical profiles of temperature, pH, conductivity, and 
dissolved oxygen (DO) concentration were measured at 
the sampling sites by a YSI EXO II multiparameter probe 
(YSI, Yellow Springs, OH, USA). A multi-wavelength 
submersible fluorescence probe (FluoroProbe, bbe-Mol-
daence, Kiel, DE) was employed to measure chlorophyll 
a concentration. The measured data could be converted 
into the amount of chlorophyll a per liter of water using 
the original software provided with the probe. Daily data 
on inflow rates were obtained from the Vltava River 
Authority.

For additional physicochemical parameters, water sam-
ples (100 ml) were delivered to the laboratory in a ther-
mobox. Chlorophyll a concentration was determined 
spectrophotometrically after extraction with ethanol 
(Sigma-Aldrich, St. Louis, MO, USA) [34]. Concentra-
tions of cations (Na+, K+, Ca2+, and NH4

+) and anions 
(Cl–, SO4

2–, F–, NO2
–, and NO3

–) were determined by 
Dionex IC25 ion chromatography (Dionex, Sunnyvale, 
CA, USA) using aliquots of water filtered onto 0.45 µm 
glass fiber filters (Fisher Scientific, Tustin, CA, USA). 
Dissolved reactive phosphorus (DRP) was determined 
by the molybdate method [35]. Total and dissolved phos-
phorus (TP and DP, respectively) were measured using a 
modified protocol of [36] with sample preconcentration 
and perchloric acid digestion. Dissolved organic carbon 
(DOC) concentration was measured as a non-purgeable 
organic carbon by catalytic combustion at 680  °C (Ele-
mentar, Hanau, DE). Samples were acidified with 1M HCl 
(Sigma-Aldrich, St. Louis, MO, USA) to pH < 4 and air 

purged for 3 min before the analysis. Dissolved nitrogen 
(DN) concentrations were obtained using a vario TOC 
cube (Elementar, Hanau, DE).

Enumeration of planktonic organisms
The enumeration of planktonic organisms was carried 
out as previously described [37]. For bacterial enumera-
tion, aliquots of water samples without prefiltration were 
fixed with formaldehyde (2 % final concentration). HNF 
and ciliate samples were fixed with Lugol-formaldehyde-
thiosulfate method [38]. Bacteria and protists were both 
stained with DAPI (Thermo Fisher, Waltham, MA, USA) 
and counted on 0.22 μm and 1.0 μm polycarbonate mem-
brane filters (Sterlitech, Kent, WA, USA), respectively, 
using epifluorescence microscopy [39]. Phytoplankton 
samples were preserved with acid Lugol solution. Spe-
cies were identified and enumerated with the Utermöhl 
method [40] using an Olympus BX50 microscope (Olym-
pus, Tokyo, JP). Using this method, we were able to count 
algal cells larger than 2 µm. The mean algal cell dimen-
sions for biovolume calculation were obtained using the 
approximation of cell morphology to regular geometric 
shapes [41]. Crustaceans were collected by vertical hauls 
using an Apstein plankton net (200 μm) from the entire 
water columns. Samples were preserved in 4 % formal-
dehyde (Sigma-Aldrich, St Louis, MO, USA), and species 
abundances were determined microscopically [42].

Genomic DNA extraction and 16S rRNA amplicon 
sequencing
Genomic DNA was extracted from the 0.22  µm 
polyethersulfone filters using a modified 
phenol:chloroform:isoamyl alcohol extraction method 
[43]. In brief, filters were thawed on ice and incu-
bated with 0.7  ml of lysis buffer (50  mM Tris pH 8.0, 
40  mM EDTA, and  1% SDS). Cells were lysed by add-
ing 20  µl of lysozyme (40  mg ml−1; Serva, Heidelberg, 
DE) and Proteinase K (10  mg  ml−1; Macherey-Nagel, 
Düren, DE). The samples were incubated at 55  °C for 
30  min, followed by 37  °C for 1  h. An equal volume of 

Table 1  Locations and the hydrological conditions of three targeted dam reservoirs during the studied period

Klíčava Žlutice Římov

GPS coordinates (dam site) 50.0649169N, 13.9337606E 50.0879269N, 13.1279789E 48.8475817N, 14.4902242E

Trophic status Oligotrophic Meso-eutrophic Meso-eutrophic

Total surface area (km2) 0.57 1.20 1.89

Mean depth (m) 10.9 7.6 15

Maximum depth (m) 30.3 20.2 41.4

Water retention time (year) 3.1 0.43 0.31

Mean inflow (m3/s) 0.06 0.68 2.93
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phenol:chloroform:isoamyl alcohol (Sigma-Aldrich, St. 
Louis, MO, USA) was added to stop the cell lysis, and 
the samples were vortexed vigorously for 1  min. After 

centrifugation at 10,000×g for 10  min, the top aque-
ous layers were transferred to new 1.5  ml tubes. An 
equal volume of phenol:chloroform:isoamyl alcohol 

Fig. 1  A 2-year microbial survey across three canyon-shaped reservoirs. A Maps of Klíčava (top), Žlutice (middle), and Římov (bottom) reservoirs. 
Sampling stations are indicated as open (epilimnion) and closed (hypolimnion) circles. The location of water inflows and dams are indicated by 
closed triangles and squares, respectively, outside the maps. The bold lines represent a scale of 1 km. B Comparison of the key environmental 
profiles. Each box plot includes all the samples collected during the study. The lower and upper edges of the boxplots correspond to the first and 
third quartiles, the whiskers extend to the largest or smallest value at 1.5 times the interquartile, and the black bars across the box represent median 
values. Dots that exist beyond one of the whiskers represent outliers. C Identification of four successional seasonal phases (spring, clear-water, 
summer, and fall/winter) at the lacustrine regions based on key environmental profiles from the year 2019 (data from the year 2018 is not included). 
K: Klíčava, Z: Žlutice, R: Římov, E: Epilimnion, H: Hypolimnion
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(Sigma-Aldrich, St. Louis, MO, USA) was added, and the 
samples were centrifuged again at 10,000×g for 10  min. 
The top aqueous phases were subsequently transferred 
to clean tubes, and the DNA was precipitated by adding 
0.1 volume of 3  M sodium acetate (Sigma-Aldrich, St. 
Louis, MO, USA) and 0.6 volume of isopropanol (Sigma-
Aldrich, St Louis, MO, USA). After centrifugation at 
10,000×g for 20 min, the DNA pellets were washed with 
500  µl of 70% ethanol (Sigma-Aldrich, St. Louis, MO, 
US), centrifuged again, and dissolved in 50 µl of TE. The 
amount of DNA was determined using a Qubit fluorom-
eter (Invitrogen, Carlsbad, CA, USA). The primer pair 
515F and 926R was used to generate paired-end ampli-
cons covering V4-5 regions of the 16S rRNA sequence 
[44, 45]. Amplicons were sequenced using 2 × 250 chem-
istry under the Illumina Miseq platform (Illumina, San 
Diego, CA, USA). Library preparation and sequencing 
were performed at the Genome Research Core (GRC) at 
the University of Illinois at Chicago. A DNA extraction 
control and a commercial mock community (ZymoBI-
OMICS Microbial Community DNA Standard; Zymo 
Research, Irvine, CA, USA) were also sequenced in the 
same run.

Data processing and analysis
The reads obtained from 16S rRNA amplicon sequenc-
ing were processed using the R package DADA2 v1.16.0 
[46], following the standard pipeline available at https://​
benjj​neb.​github.​io/​dada2/​tutor​ial.​html. All merged 
sequence variants in the range of 400–420  bp in length 
were submitted to unsupervised oligotyping using Mini-
mum Entropy Decomposition (MED) with minimum 
substantive abundance (-M) of 100 and maximum vari-
ation allowed (-V) of 4 [47]. Taxonomic classification of 
the sequences was performed using the TaxAss pipeline, 
which uses the freshwater-specific FreshTrain database 
[48] to first classify the sequences at the 98% identity 
threshold, and then the remaining sequences using the 
SILVA database v138 [49, 50]. Further analysis of the 
data was conducted using the R package phyloseq v1.28.0 
[51]. Oligotypes with taxonomic assignments associ-
ated with eukaryotes, chloroplasts, and mitochondria 
were removed before rarefying the data to a common 
read depth of 8000 for each sample. Rarefaction diver-
sity curves for individual samples were generated using 
‘ggrare’ function in the R package ranacapa v0.1.0 [52]. 
Species accumulation curves were produced using the 
function ‘specaccum’ in the R package vegan v2.5-7 [53]. 
Hierarchical clustering of the samples using the Bray-
Curtis dissimilarity analysis was conducted using the 
function ‘hclust’ (‘complete’  method) implemented in 
base R [54]. Before applying the clustering analysis, sam-
ples (n =  310) were clustered into 52 groups according 

to their collection sites (13 sampling stations) and sea-
sons (four successional phases), and the average read 
counts for individual oligotypes were calculated. Indica-
tor species analysis was performed using the R package 
indispecies v1.7.9 [55]. Maximum likelihood trees for 
the oligotypes affiliated with betIV-A and Rhodoferax 
were constructed using RAxML (randomized axelerated 
maximum likelihood with the general time-reversible 
substitution and gamma rate heterogeneity model GTR-
GAMMA) [56] after alignment with MAFFT (Multi-
ple Alignment using Fast Fourier Transform) v7 [57]. In 
order to integrate heterotrophic bacteria into the PEG 
model, bacterial seasonality was revealed by soft clus-
tering using the R package Mfuzz v2.44.0 [58]. Bacterial 
groups whose maximum abundance was higher than 1% 
were used for this analysis and the number of clusters 
was set to four (one cluster for each successional sea-
sonal phase). Plots and heatmaps were generated using 
the R package ggplot2 v3.3.5 [59] and pheatmap v1.0.12 
(https://​github.​com/​raivo​kolde/​pheat​map). Association 
network analysis was performed using the R scripts avail-
able at https://​github.​com/​Richi​eJu520/​Co-​occur​rence_​
Netwo​rk_​Analy​sis [60]. Spearman’s correlation coeffi-
cient was calculated to identify strong correlations. Read 
abundance patterns from the dam epilimnion samples of 
all three reservoirs were used for the analysis. Network 
visualization and modular analysis was conducted using 
Gephi v0.9.2 [61].

Results
Environmental characteristics
To identify the key environmental factors in microbial 
community assembly, a large suite of physicochemical 
data was obtained over the study period (Figure S1–S4). 
Key environmental parameters from all three reservoirs 
are summarized in Fig.  1B. The surface water charac-
teristics of the oligotrophic Klíčava differed substan-
tially from the other two meso-eutrophic reservoirs. 
Klíčava showed the lowest DOC (5.32 ±  0.33  mg  l−1, 
average ±  s.d.) and chlorophyll a (0.84 ±  1.77  µg  l−1) 
concentrations along with the highest water trans-
parency (5.68  ±  1.49  m) and sulfate concentration 
(119.25  ±  20.71  mg  l−1). Water retention time at the 
lacustrine part was the longest (2.3  years) in Klíčava, 
and much shorter (<  0.5  year; Table  1) in both Římov 
and Žlutice. Clear thermal stratification and water 
mixing were observed in all three reservoirs (Fig-
ure  S3), while an anoxic bottom layer persisted in 
Klíčava throughout the whole year (Figure  S4). This 
anoxia was associated with the remarkable accumu-
lation of phosphorus (up to 434.7  µg  l−1 of TP) at the 
hypolimnion of Klíčava (Fig. 1B). In Římov, the inflow 
rate was substantial (3.02 ±  3.22  m3  s−1), while in the 

https://benjjneb.github.io/dada2/tutorial.html
https://benjjneb.github.io/dada2/tutorial.html
https://github.com/raivokolde/pheatmap
https://github.com/RichieJu520/Co-occurrence_Network_Analysis
https://github.com/RichieJu520/Co-occurrence_Network_Analysis
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other two reservoirs, the water discharges were rela-
tively low (0.69 ±  1.09  m3  s−1 in Žlutice) or negligible 
(0.07 ± 0.07 m3 s−1 in Klíčava) (Fig. 1B).

According to the seasonal changes of the key envi-
ronmental parameters, including water temperature 
and chlorophyll a concentration, we divided each year 
into four successional phases: spring bloom period 
(March–April), clear-water phase (May–June), sum-
mer (July–September), and fall/winter (October–Feb-
ruary) (Fig.  1C). The spring bloom was characterized 
by the first peak of chlorophyll a. In accordance with 
the PEG model [17], phytoplankton peaks in the oli-
gotrophic Klíčava were less prominent than those in 
other meso-eutrophic reservoirs (Fig. 1C). The delay of 
summer phytoplankton peak in Klíčava (mid Septem-
ber–October) was also notable. The seasonal patterns 
of total bacterial abundances and HNF in different 
reservoirs did not show strong correlations to each 
other; however, the spring maxima of bacteria in all 
reservoirs corresponded to the highest abundances of 
bacterivorous HNF. A marked decline of chlorophyll 
a concentration after the spring bloom resulted in the 
clear-water phase. The second peak of phytoplankton 
developed in summer during the strongest stratification 
of the water column (Figre S3). At the end of the year 
(fall/winter stage), a drop in temperature, chlorophyll a, 

and bacterial biomass was a common trend in all three 
reservoirs.

Overview of bacterial community compositions
Using MED analysis, 10,851 oligotypes belonging to 566 
different taxonomic groups were identified in 310 sam-
ples. Among them, 2112 (accounting for 43.6% of total 
reads) and 8736 (56.4% of total reads) oligotypes were 
classified using the freshwater-specific [62] and SILVA 
database [49, 50], respectively. Rarefaction diversity 
curves for each sample reached a plateau, indicating that 
the sequencing depth was sufficient to incorporate most 
of the bacterial populations present in a sample (Fig-
ure  S5A). In addition, the species accumulation curves 
for the whole data set showed that the number of samples 
was large enough to cover the temporal variations in bac-
terial communities (Figure S5B).

Hierarchical clustering of the samples (Fig.  2A) 
showed that the samples could be largely divided into 
five different groups (G1–G5). G1 was highly specific 
to the hypolimnion samples. This group could be fur-
ther divided into Římov- and Klíčava-specific sub-
groups. Planctomycetota were more abundant in the 
hypolimnion of Římov, while Desulfubacterota and Fir-
micutes were specifically present in the hypolimnion 
of Klíčava (Fig. 2B). In both Římov and Žlutice, G2 and 
G3 were associated with the Inflow and spring samples, 

Fig. 2  Hierarchical clustering and community compositions of the samples. A The dendrogram shows the clustering of the samples from three 
reservoirs (K: Klíčava, Z: Žlutice, and R: Římov) covering two water depths (E: Epilimnion and H:Hypolimnion), 13 sampling stations, and four 
successional seasonal phases (spring, clear-water, summer, and fall/winter) over 2 years. Samples (read counts averaged by collection sites and 
seasons) were assigned to each group (G1 to G5) by a cut-off value of 0.65. A hierarchical clustering of individual samples (n = 310) is also available 
in Figure S6. Below the dendrogram (B) shows the average relative proportions of the top 10 bacterial phyla
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respectively. The compositions of these two groups were 
similar at the phylum level and characterized by the 
dominance of Bacteroidota and Gammaproteobacteria, 
and a low number of Alphaproteobacteria. G4 was com-
posed of samples from the clear-water phase and sum-
mer. Higher proportions (up to 12%) of cyanobacteria 
were notable for the summer samples. G5 was mainly 
associated with fall/winter samples. At the phylum level, 
we observed little variation between the summer and fall/
winter samples, implying that the community difference 
probably occurred at lower taxonomic levels.

Spatial distribution and microdiversification of planktonic 
bacteria
We also investigated the distribution of freshwater bac-
teria across different reservoir environments. Indica-
tor species analysis was performed at the oligotype 
level (Table  S1), and the relative proportions of the 
selected indicator strains (indicator value  >  0.5 and p 
value  <  0.01) are shown in a heatmap (Fig.  3). Five dis-
tinctive clusters for the lacustrine, riverine, hypolimnion, 
Klíčava-hypolimnion, and Římov-hypolimnion clearly 
demonstrated the spatial localization of freshwater bac-
teria. The lacustrine cluster (epilimnion at the dam) was 
composed of genome-streamlined ultramicrobacteria 
including LD12 (‘Ca. Fonsibacter’) [63], LD28 (‘Ca. Meth-
ylopumilus’) [29], and acI-B1 (‘Ca. Nanopelagicus’) [30]. 
A large riverine-specific cluster was composed of oligo-
types classified as Flavo-A3, PnecC [64], Lhab-A3 [65], 
bacV, bacIII-A, and betI-A from Gammaproteobacteria 
and Bacteroidota. As common hypolimnion-specialists, 
oligotypes classified as Rhodo (Rhodoferax), acI-A7 (‘Ca. 
Planktophila vernalis’), Nitrosospira, Methylobacter, and 

unclassified Methylophilaceae were found. Oligotypes 
from unclassified Methylophilaceae were affiliated with 
betIV-A but could be distinguished from LD28 at the 
tribe level (98% identity cut-off). Klíčava showed the 
most distinctive community assembly in the hypolim-
nion. The presence of specific oligotypes affiliated with 
Sulfuritalea, Sulfurimonas, Sulfuricurvum, Desulfa-
tirhabdium, and unclassified Desulfocapsaceae reflected 
a potential sulfur-oxidizing environment. A putative 
phosphorus-accumulating ‘Ca. Accumulibacter’ [66] was 
clearly associated with high phosphorus concentrations 
(Fig. 1B). We also noticed that a total of 16 novel oligo-
types affiliated with Bacteroidetes_VC2.1_Bac22 group 
were present only in this environment. The cluster for 
Římov-hypolimnion was composed mainly of CL500-3 
[67], unclassified Isosphaeraceae, and Gemmataceae 
from Planctomycetota, as well as Methylobacter, ‘Ca. 
Nitrotoga’, and unclassified Verrucomicrobiae.

We found on average 19 oligotypes for individual 
tribes, giving the potential to reveal the existence of 
microdiversification related to ecological niche separa-
tion. Two bacterial groups gave positive signals on both 
criteria, phylogenetics and read abundance pattern. We 
first focused on 40 oligotypes affiliated with betIV-A. 
Phylogenetic analysis suggested a clear separation of the 
population into two groups (Fig.  4A). Oligotypes affili-
ated with LD28 showed a high similarity to previously 
described three ‘Ca. Methylopumilus’ species [68], while 
those affiliated with unclassified Methylophilaceae were 
phylogenetically distinct from others, thereby represent-
ing a novel phylogenetic group. The read abundance 
patterns clearly demonstrated the depth-dependent 
separation of these two groups. Another example of 

Fig. 3  Spatial distribution of freshwater bacteria along different sampling stations and water depths. The heatmap shows the abundance patterns 
(log2 read count) of the indicator oligotypes (indicator value > 0.5, p value < 0.01). Columns and rows represent different samples and oligotypes, 
respectively. K: Klíčava, Z: Žlutice, R: Římov, E: Epilimnion, H: Hypolimnion
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microdiversification was observed among 31 oligotypes 
affiliated with Rhodo (Rhodoferax) (Fig.  4B). The first 
group composed of 25 oligotypes was successfully colo-
nizing both hypolimnion and riverine environments. The 
second group, however, was composed of six oligotypes 
that were strict hypolimnion specialists.

Seasonal bacterial dynamics in the context of the PEG 
model
To integrate bacterial seasonality into the original PEG 
model (Fig. 5A), Římov and Klíčava were selected as the 
models of eutrophic and oligotrophic systems, respec-
tively. Since Římov and Žlutice were both eutrophic, the 
shallowest reservoir Žlutice was not included for further 
analysis. In Římov and Klíčava, we additionally followed 
the seasonal succession of major phytoplankton (crypto-
phytes, green algae, diatoms, dinophytes, chrysophytes, 
desmids, and cyanobacteria) and zooplankton (HNF, 
ciliates, copepods, and cladocerans) groups. The seasonal 
succession of both phyto- and zooplankton generally fol-
lowed the patterns outlined in the PEG model (Fig. 5B-
D). In Římov, the maxima of copepods/cladocerans 
corresponded to the spring peak of phytoplankton. The 
phytoplankton community in this eutrophic environment 

was predominated by cryptophytes during the spring 
bloom, and diatoms, green algae, and desmids at the sec-
ond summer peak. In Klíčava, a pronounced copepods/
cladocerans peak during the spring bloom was notable. 
The most abundant phytoplankton group in this oligo-
trophic reservoir was dinophytes. In both reservoirs, cili-
ate peaks developed in summer, which appeared to have 
a strong influence on the bacterial biomass (Fig. 5D-E).

To get access to bacterial seasonality, oligotypes were 
clustered into the lowest taxonomic assignments (tribe-
level or higher), and the resulting 58 bacterial groups 
with maximum relative proportions higher than 1% were 
examined. We used an unsupervised approach based on 
soft clustering to assign them into four seasonal clusters 
(Table  S2, Fig.  5F). In both Římov and Klíčava, spring 
clusters were mainly composed of fast-growing oppor-
tunists such as Lhab-A1, Lhab-A2, Flavo-A2, Flavo-A3, 
betIII-A1, and bacII-A (Figure  S8). PnecC was also a 
robust spring specialist in Římov, but negligible (<  1% 
maximum abundance) in Klíčava. At the clear-water 
phase, oligotrophic ultramicrobacteria such as LD12, 
Luna1-A2, acI-A1 (a subgroup of ‘Ca. Planktophila’), and 
acTH1-A1 from Alphaproteobacteria and Actinobacteria 
were abundant (Figure S9). LD12 was the most dominant 

Fig. 4  Microdiversification within betIV-A (A) and Rhodoferax (B). Maximum likelihood trees (on the left of each panel) of the 16S amplicon 
sequences divide the population into two groups. The scale bars at the bottom correspond to nucleotide substitutions per site. The heatmap (on 
the right) shows the abundance patterns (log2 read count) of the oligotypes. For the heatmap of Rhodoferax (B), samples only from the Římov 
reservoir were analyzed, since only Římov developed a clear riverine environment. Rows represent oligotypes and columns represent different 
samples color-coded by sampling depths (A) or stations (B). E: Epilimnion, H: Hypolimnion, OT: Oligotype
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group with up to nearly 50% of the relative proportion. In 
summer, cyanobacteria, including Cyanobium, Microcys-
tis, and Aphanizomenon_NIES81, as well as unclassified 
Kapabacteriales, Aquir (‘Ca. Aquirestis’), Pirellula, and 
PnecB showed robust peaks in both reservoirs (Fig. S10). 
A few bacterial groups, such as PnecD and Roseomonas 
were summer specialists only in Římov. Lastly, fall/win-
ter clusters were composed of potential decay specialists 
including Methylobacter, ‘Ca. Nitrotoga’, Nitrosospira, 
and Chthoniobacter (Figure S11).

An association network analysis further revealed posi-
tive correlations among the seasonally clustered bacterial 

groups (Fig. 6). The nodes in the network correspond to 
different bacterial groups, while the edges (connections 
between nodes) represent strong correlations (Spear-
man’s correlation coefficient > 0.5 and p value < 0.01). A 
total of 83 edges among 36 nodes were detected. Modu-
larity analysis showed that the entire network could be 
divided into four densely connected groups (modules) 
(Fig.  6A). Nodes within the same module tended to 
belong to the same seasonal cluster (Fig. 6B). While the 
spring and fall/winter modules were highly intercon-
nected to each other, the summer module was compart-
mentalized. Lhab-A1, PnecC, acI-A7, and unclassified 

Fig. 5  Annual succession patterns of planktonic organisms in reservoir ecosystems. A The original PEG model in eutrophic and oligotrophic 
conditions, B chlorophyll a concentration and phytoplankton biomass, C seasonal patterns of copepods and cladocerans, D seasonal patterns of 
HNF and ciliates, E total bacterial cell counts, F the average abundance changes of four seasonal clusters based on soft clustering analysis. Data 
from the year 2019 is presented (data from the previous year is shown additionally in Figure S7)
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Methylophilaceae played the central role in the network, 
showing the highest degree of associations (≥  10). 
Another interesting pattern of the network was that a few 
actinobacterial lineages, including acI-A4, acI-A6, Phila 
(‘Ca. Planktophila limnetica’), acI-A3, acI-B1 (‘Ca. Nan-
opelagicus’), and acI-C2 showed a delayed correlation to 
each other across different seasons.

Discussion
Localized bacterial groups with indicative ecological values
The bacterial community compositions in our study 
involved the spatial heterogeneity between lacustrine and 
riverine environments, epilimnion and hypolimnion, as 
well as high phosphorus and sulfur-oxidizing (Klíčava) 
versus eutrophic (Římov) hypolimnia (Fig. 3). The domi-
nance of ultramicrobacteria, especially LD12 and acI-B1, 
was a strong ecological indicative of lacustrine environ-
ments. While ultramicrobacterial populations in river-
ine environments have been rarely monitored, there is 
a consensus that the lack of grazing [15] and continu-
ous terrestrial loading [69] do not favor their survival 
strategies. Our results go further in showing that river-
ine environments favor fast-growing bacteria, including 
Rhodo, Lhab-A3, PnecC, and Flavo-A3. This is in accord-
ance with previous findings of a strong correspondence 
of Lhab-A3 to allochthonous dissolved organic matter 

(DOM) [69], PnecC to high humic contents [70], and 
Rhodo and Flavo-A3 to riverine conditions [37].

Water depth was often considered one of the primary 
factors for spatial community heterogeneities [8, 71]. 
The identified members of deep-water inhabitants in our 
study are potential key players of carbon (by Methylobac-
ter and unclassified Methylophilaceae) [29, 72], nitrogen 
(by Nitrosospira) [73], or metal cycles (by Rhodo) [74]. 
We further observed physicochemical (Fig. 1B) and com-
munity divergence (Fig.  3) across different hypolimnia. 
The anoxia persisting throughout the whole year and the 
availability of phosphorus in the Klíčava-hypolimnion 
highly resembled metabolic scenarios typical for benthic 
habitats [75]. The occurrence of potential phosphorus-
accumulating ‘Ca. Accumulibacter’ and many sulfur-
cycling species (Fig. 3) is also in line with previous studies 
in anoxic conditions [76, 77]. The selectively present oli-
gotypes affiliated with Bacteroidetes_VC2.1_Bac22 have 
rarely been described in pelagic habitats except in a few 
studies affiliating the presence of this group to extreme 
conditions, including hydrothermal vents at the sea bot-
toms [78] or a desert oasis [79]. Their distribution has 
been suggested in oxygen-deficient and sulfide-rich envi-
ronments, and they have the potential to degrade poly-
mers with high molecular weights and obtain energy via 
NO/N2O and polysulfide reduction [80]. In the nutrient-
rich hypolimnion of the Římov reservoir, the selective 

Fig. 6  The association network of different bacterial groups. Each bacterial group is represented by a node (circle) colored according to modularity 
class (A) and seasonality (B). The size of each node is proportional to the number of connections (i.e., degree). The lines connecting the nodes (i.e., 
edges) represent strong (Spearman’s correlation coefficient > 0.5) and significant (p value < 0.01) correlations
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occurrence of CL500-3, unclassified Isosphaeraceae, and 
Gemmataceae from Planctomycetota was noticeable 
(Fig. 3). These bacteria are well-known freshwater groups 
from oxygenated hypolimnion [67], and potentially medi-
ate the decomposition of phytoplankton-derived sinking 
aggregates [81].

Microdiversified bacterial populations
Previous studies demonstrated that closely related geno-
types tend to play similar ecological roles and have shared 
niche preferences [24, 82]. However, recent evidence has 
also suggested that microdiversification within a bacte-
rial group reflects an ecological strategy to survive in a 
wide range of environments [9, 30, 64]. In our data, two 
phylogenetically narrow bacterial groups, betIV-A and 
Rhodoferax, contained specialized genotypes coloniz-
ing different ecological niches (Fig. 4). Members of ‘Ca. 
Methylopumilus’ (betIV-A) were previously proposed to 
be psychrophilic based on their negative correlation with 
water temperature [29, 68]. Unexpectedly, in our study, 
they mainly seemed to populate warm epilimnia, and 
the other oligotypes affiliated with unclassified Methyl-
ophilaceae from betIV-A were dominating cold hypolim-
nia (Fig. 4A). The discrepancy between our and previous 
observations [29] could result from the resolution limi-
tations of detection methods used (CARD-FISH versus 
16S rRNA amplicon sequencing). Nevertheless, our study 
indicates that the presence of yet unexplored microdiver-
sification within this group remains to be resolved. Rho-
doferax has been well-known for its metabolic diversity 
and ubiquity [74, 83–85]. In our study, we show their 
success in environments that are strongly connected to 
allochthonous DOM and lack of grazing pressure (river-
ine sites and hypolimnia) [37], as well as their taxonomi-
cal separation into two clusters consisting of generalists 
and hypolimnion specialists.

Since our study was based on partial 16S rRNA 
sequences (V4–V5 regions), we are far away from detect-
ing the full extent of diversities within microdiversified 
populations. Since many freshwater bacterial species 
are highly conserved in their 16S rRNA sequences, their 
cryptic radiation has to be uncovered by multilocus 
sequencing or metagenomics [86]. A few studies of com-
parative genomics for ‘Ca. Nanopelagicales’ (acI Actino-
bacteria) [30], Polynucleobacter [64], or diverse bacterial 
MAGs [87] successfully demonstrated that ecological 
diversification can overtake the ribosomal phylogenet-
ics by horizontally acquired genes into ‘genomic islands’. 
Currently, one can only speculate on the speed and con-
sequences of these evolutionary processes and their 
relevance for bacterial community composition and 
functionality conclusions.

Generalized seasonal succession of freshwater bacteria 
in lacustrine environments
A temperate climate modulates consecutive annual 
changes in temperature and solar irradiation intensity 
resulting in seasonal adaptation of organisms, and their 
cycling in abundance and activity within a year. Such 
annual dynamics of freshwater bacteria have been dem-
onstrated earlier by a few studies in lakes using k-means 
clustering of 16S rRNA data [24] or CARD-FISH analy-
sis [82]. The comparison of our results with prior studies 
indicates that different methodologies to detect bacterial 
seasonality provide similar trends for those organisms 
showing strong seasonal preferences (e.g., Flavo-A2, 
Flavo-A3 for spring bloom, or PnecB and Mycrocystis 
for summer). However, it has also been reported that 
microbial seasonality tends to be more readily detected 
using soft clustering than other methods [88]. Since the 
most abundant bacterial groups, such as LD12, LD28, 
and acI lineages are highly ecologically diversified and 
can survive a wide range of environmental conditions, 
they might show slightly different [24] or weak [82] sea-
sonal preferences in other studies. Altogether, we are 
convinced that this is the first study that provides both 
recurrent (2-year survey) and comprehensive (58 differ-
ent bacterial groups) observations of how community 
diverges at the temporal scale.

Based on the original PEG model and our bacterial 
seasonality observations, we assembled an integrated 
model of plankton succession that connects all three 
major components of the microbial food web, including 
zooplankton, phytoplankton, and bacteria (Fig. 5 and Fig-
ure S7). In spring, the succession of fast-growing bacteria 
can be explained by the strong effects of increased water 
temperature and inorganic nutrient availability (Fig.  1C 
and Figure  S2). The dominance of fast-growing bacteria 
is of short duration since lacustrine environments do not 
favor their survival and these opportunistic populations 
seem to be rapidly eliminated by selective HNF grazing, 
which increases the carbon flow to higher trophic lev-
els [13, 89]. Conversely, oligotrophic ultramicrobacteria 
seem to be more resistant to protistan grazing and zoo-
plankton filtration [13, 90], and adapted to low nutrient 
regimes [82] including the clear-water phase. In addi-
tion to well-known PnecB and PnecD [70, 91], we identi-
fied several previously overlooked heterotrophic groups, 
including ‘Ca. Aquirestis’ and Pirellula as the summer 
specialists. Previously described associations of Pirel-
lula with diatom blooms [92] indicate that algae are the 
key prerequisite for their summer appearance. Gener-
ally, phytoplankton plays an important role in bacterial 
community assembly directly by the production of extra-
cellular organic matters [93], or indirectly by the crea-
tion of attachment sites for predatory HNF [94] and the 
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production of secondary metabolites (e.g. microcystins 
and lipopeptides) toxifying the grazer communities [95]. 
During the fall/winter periods, the succession of decay 
specialists coincided with a drop in temperature, chlo-
rophyll a, and bacterial biomass. Their survival was con-
siderably restricted to this season as well as hypolimnia, 
hinting at their psychrophilic lifestyle.

It is worth noting that we observed a pronounced zoo-
plankton peak at the beginning of our sampling in the 
oligotrophic Klíčava (Fig.  5C). Since zooplankton peaks 
develop after some delay in response to the availability 
of edible phytoplankton [17], the most likely explana-
tion for this observation is an early diatom bloom prior to 
our sampling period (January–February). Despite recent 
findings expanding our knowledge on the importance of 
lake winter ecology for plankton dynamics in the grow-
ing season [96, 97], winter plankton dynamics remains 
understudied in the current study due to technical and 
administrative constraints. Thus, future investigations 
should pay more attention to winter plankton dynamics 
and their implications on the PEG model.

Temporal dynamics and the co-occurrence of different 
freshwater bacteria were further resolved in an associa-
tion network (Fig. 6). The strong correlations between 36 
bacterial groups were highly supported by their seasonal 
relatedness. The compartmentalization of the summer 
module corresponded to the highest community hetero-
geneity in summer, which was in line with the hierarchi-
cal clustering analysis (Fig.  2). We also noticed that the 
delayed correlation of actinobacterial lineages in the net-
work corroborates a previous study reporting a similar 
time-lagged correlation between acI-B1, acI-A3, and acI-
A4 [24].

Conclusions
Overall, the present spatiotemporal microbial survey 
targeting multiple recognizable zones along the longitu-
dinal and vertical axes for two consecutive years success-
fully resolved the reservoir-specific microbial community 
dynamics. The presented spatial niche partitioning of 
bacterial populations has important implications for the 
prediction of microbial responses to different environ-
mental conditions. The integration of bacterial seasonal-
ity into the existing PEG model represents a critical step 
toward a better understanding of the highly complex 
trophic cascading and microbial food web dynamics in 
freshwater ecosystems.
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