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ABSTRACT: Anthropogenic pressures can threaten lake and
reservoir ecosystems, leading to harmful algal blooms that have
become globally widespread. However, patterns of phytoplankton
diversity change and community assembly over long-term scales
remain unknown. Here, we explore biodiversity patterns in
eukaryotic algal (EA) and cyanobacterial (CYA) communities
over a century by sequencing DNA preserved in the sediment
cores of seven lakes and reservoirs in the North Temperate Zone.
Comparisons within lakes revealed temporal algal community
homogenization in mesotrophic lakes, eutrophic lakes, and
reservoirs over the last century but no systematic losses of α-
diversity. Temporal homogenization of EA and CYA communities
continued into the modern day probably due to time-lags related to historical legacies, even if lakes go through a eutrophication
phase followed by a reoligotrophication phase. Further, algal community assembly in lakes and reservoirs was mediated by both
deterministic and stochastic processes, while homogeneous selection played a relatively important role in recent decades due to
intensified anthropogenic activities and climate warming. Overall, these results expand our understanding of global change effects on
algal community diversity and succession in lakes and reservoirs that exhibit different successional trajectories while also providing a
baseline framework to assess their potential responses to future environmental change.
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1. INTRODUCTION

Biotic homogenization is referred to the increase in the
similarity of biota over time indicated by the decrease of β-
diversity.1 The temporal or spatial homogenization of natural
ecological assemblages has been evident in the Anthropocene,
leading to less ecologically resistant/resilient communities,1,2

the deterioration of ecosystem goods and services, and higher
vulnerability of populations to diseases, altogether ushering in
new biological eras termed the “New Pangea” and “Homoge-
cene”.3−6 Lakes and reservoirs are similarly affected by the
above processes and are particularly threatened by damming,
variation in productivity, land-use intensification, and climate
change.7,8 Lakes and reservoirs are critical natural resources
that contain 87% of Earth’s liquid surface water and are among
the most sensitive ecosystem types to anthropogenic activities
and biodiversity loss.9,10 Widespread increases in the intensity
and frequency of lake phytoplankton blooms and the
occurrence of harmful algal blooms are growing global
problems that exert far-reaching influences on public health
and ecosystem services.11−13 Some of the most pervasive and
problematic causes of harmful algal blooms in lakes and

reservoirs are warming and nutrient pollution that both favor
the dominance of physiologically and ecologically tolerant taxa
like cyanobacteria.12,14,15 However, the trajectories and
mechanisms controlling phytoplankton assembly and succes-
sion during long-term environmental change in lakes and
reservoirs remain unclear, although they are crucial for
predicting responses of aquatic ecosystems to environmental
change and predicting future states.7,16,17

Community assembly is thought to be governed by two
types of processes: (i) deterministic or niche-based processes
that include homogeneous or heterogeneous selection imposed
by abiotic factors and biotic interactions and (ii) stochastic or
species-neutral processes that include probabilistic dispersal,
stochastic birth-death events, and unpredictable disturb-
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ance.18−21 By definition, selection under homogeneous (or
heterogeneous) abiotic and biotic environmental conditions
leading to more similar (or dissimilar) structures among
communities is referred to as homogeneous (or heteroge-
neous) selection.22 Previous studies of phytoplankton
community assembly suggest that higher spatial β-diversity in
areas with higher productivity reflects a stronger role of
stochastic rather than deterministic assembly processes, as
evidenced by a seven-year experiment in 45 artificial freshwater
ponds treated with three levels of nutrients to simulate
productivity in an old-field at Washington University’s Tyson
Research center, near Saint Louis, Missouri.23 Higher nutrient
levels are thought to increase compositional stochasticity by
enhancing ecological drift and weakening niche selection by
providing greater levels of resources.18,21 However, laboratory
studies are not able to simulate the natural complexity of real
aquatic ecosystems in lakes and reservoirs, and the timespans
of experiments are typically too short to evaluate long-term
community trajectories.16 Therefore, the lack of field data over
a sufficiently long historical period represents a considerable
challenge for constraining our understanding on patterns of
phytoplankton assembly.24,25 Rapid advances in molecular
techniques have enabled the analysis of historical DNA
archives from lake and reservoir sediments that can help
bridge the gap between paleoecology and contemporary
genetics, thereby allowing reconstruction of long-term
ecological trajectories via retro-observational methods.26−30

Sedimentary DNA (sed-DNA) sequences can only provide
indirect evidence of historical processes due to the cumulative
effects of time-dependent damage to DNA including
degradation by endogenous nucleases, DNA crosslinking, and
damage from oxidation or hydrolysis. However, many recent
studies have been able to avoid many methodological pitfalls in
the successful reconstruction of microeukaryotic assemblages
and cyanobacterial communities.24,25,31 In particular, Mon-
champ et al. demonstrated the homogenization of cyanobacte-
rial communities in 10 European peri-alpine lakes over a
century owing to climate change and eutrophication using
amplicon sequencing of 16S rRNA genes from sed-DNA.24

That study focused on the spatial homogenization (i.e.,
decreased spatial β diversity) of cyanobacterial communities
from a biogeographical perspective and did not evaluate the
temporal succession within a single lake (i.e., temporal β
diversity) via differences in species composition between two
or more samples collected from different times. Thus, the
patterns of phytoplankton community succession and assembly
over time, particularly in lake and reservoir ecosystems, have
not been investigated in depth.
In the present study, we used sed-DNA records to

investigate the temporal patterns of eukaryotic algal (EA)
and cyanobacterial (CYA) communities since the onset of the
twentieth century by applying 18S and 16S rRNA gene-based
high-throughput sequencing, respectively, in five lakes and two
reservoirs in the North Temperate Zone. These lakes and
reservoirs exhibit distinct geographic and limnological features
including different trajectories of the trophic status, which
enables the analysis of succession and assembly of
phytoplankton communities among and within lakes over
contrasting temporal and spatial scales.32−35 In particular, the
goal of this study was to thoroughly document changes in
lacustrine EA and CYA diversity over the twentieth century, in
addition to evaluating their mechanisms of community
assembly. Molecular analysis via sed-DNA metabarcoding
was used to address three primary questions: (i) what are the
temporal trends of α and β diversity in EA and CYA
communities over the last century within each lake or
reservoir? (ii) What are the spatial differences in EA and
CYA community succession across different lakes and
reservoirs and the drivers? (iii) What is the relative importance
of deterministic vs stochastic processes on the assembly of EA
and CYA communities over long-term environmental
succession in lakes and reservoirs?

2. MATERIALS AND METHODS
2.1. Study Sites and Sediment Coring. Five lakes and

two reservoirs from the North Temperate Zone with different
limnological characteristics were selected as study sites (Figure
1 and Table S1). Lake Chaohu is a shallow eutrophic lake in

Figure 1. Location of the study sites and historical environmental changes within the five lakes and two reservoirs of China and Germany. (a)
Temporal changes in the trophic status within lakes and reservoirs indicated by diatom-inferred total phosphorus (DI-TP) concentrations (solid
lines) and sediment total phosphorus (Sed-TP) content (dotted lines). (b) Temporal changes in annual average air temperature for the catchment
areas of the seven study sites (data from the Climatic Research Unit database http://www.cru.uea.ac.uk/).
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eastern China located between the Huaihe River watershed
and the Yangtze River Delta.35 Lakes Erhai, Lugu, and Fuxian
are deep-water lakes located on the Yunnan−Guizhou Plateau,
while Lake Erhai is a mesotrophic lake and the other two are
oligotrophic lakes.34 Lake Constance is a typical large peri-
alpine lake of glacial origin, has undergone oligotrophication−
eutrophication−reoligotrophication in the past century, and
provides a comparison with a different successional trajectory
relative to the trophic states in the other lakes.33 The
Wangkuai and Yuqiao Reservoirs were also included in the
study and are the two most important large reservoirs in
northern China and provide a comparison to natural lakes.32

The Lake Constance sediment core data were derived from a
previous study,33 while the sediment cores from the other six
sites were collected in 2017 and 2018. The EA and CYA
communities from Lake Chaohu and the CYA communities in
Lakes Erhai, Lugu, and Fuxian were investigated in our
previous studies.34,35 Briefly, three duplicate sediment cores
were retrieved from the deepest part of each lake site using a
gravity corer and a PMMA tube on the corer. The core
samples were subjected to molecular, dating, and chemical
analyses. After collection, cores were sealed and stored in an
upright position in the dark and then immediately transported
on ice to the laboratory. Cores were then cut open
longitudinally using a sterile blade, and sediments were
sectioned into 1 cm layers under sterile conditions. To limit
potential contamination from the inner surface of the PMMA
tubes, only the centers of each subsample were used for
molecular analyses. All subsamples were freeze-dried at −50 °C
and mixed well using sterile techniques followed by storage at
−80 °C for further analyses.
2.2. Sediment Core Dating and Proxy Analysis. 137Cs

and 210Pb fallout radionuclide analyses were used to date the
sediment cores from the seven lakes and reservoirs using
gamma ray spectrometry (ORTEC, USA) on a DSPEC jr 2.0
multichannel spectrometer coupled to a GWL-120-15 well
detector. We have previously described detailed protocols for
sediment dating and associated results.34,35 Sediment accumu-
lation rates and accurate chronologies were obtained for high-
resolution sampling using the sediment age models (Table S1
and Supplementary Data 1).
Diatom inferred total phosphorous (DI-TP) values were

used to reconstruct aquatic TP concentrations based on
diatom assemblages in sediments, following previously
described methods.36 Briefly, ∼0.05 g of freeze-dried sediment
sample was subjected to removal of organic matter and calcium
cements by adding 30% H2O2 and 15% HCl. Samples were
centrifuged, and glass microscope slides were prepared using
divinylbenzene microspheres and Naphrax. Nearly 600 diatom-
valves were microscopically counted per slide under 1000×
magnification. A transformation function model of diatom-TP
for the study area was then established using a weighted
average regression with subsequent correction.34,36 Sed-TP in
the two reservoirs was also analyzed to evaluate their historical
trends in the trophic status.
2.3. Molecular Analyses. Rigorous laboratory protocols

were used to ensure the validity and authenticity of the
molecular data, including conducting analyses in a sterile
laminar flow hood and careful sterilization of all instruments.
DNA was extracted from 0.5 g aliquots of sediment samples
(dry weight) using PowerSoil DNA isolation kits (MoBio
Laboratories, Carlsbad, CA) and standard protocols. A blank
control was included with every six DNA extractions as a

quality control measure. All blank controls did not yield
quantifiable DNA after extraction, indicating the lack of
exogenous DNA input during DNA extraction. DNA extracts
were quantified using a NanoDrop ND-2000 spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE, USA).
Universal eukaryotic primers 960F and NSR1438 were used

to amplify a 260 bp fragment of the V7 region of EA 18S rRNA
genes (Table S2).31 EA 50 μL PCR mixtures contained 2 μL of
Q5 high-fidelity DNA polymerase, 1.5 μL of 10 μM stocks of
forward and reverse primers, 1.0 μL of dNTPs, 10 μL of High
GC Enhancer, 10 μL of buffer, and 24 μL of H2O. PCRs were
conducted with an initial denaturation at 94 °C for 10 min
followed by 35 cycles of 1 min at 94 °C, 1 min at 55 °C, and
30 s at 72 °C, all followed by a final extension at 72 °C for 10
min.31,35 The CYA-specific primers, CYA359F and CYA781R,
were used to amplify a ∼400 bp fragment of the V3 and V4
hypervariable regions of CYA 16S rRNA genes (Table S2).24,37

PCRs were conducted with an initial denaturation step at 94
°C for 5 min followed by 35 cycles of 94 °C for 1 min, 60 °C
for 1 min, and 72 °C for 1 min, all followed by a final extension
at 72 °C for 5 min.34,37 PCR products were purified with an
Omega D6492-02 Cycle Pure Kit, and concentrations were
measured with a NanoDrop 2000 spectrophotometer. The
purified amplicons were subjected to paired-end (2 × 250 bp)
sequencing with an Illumina HiSeq 2500 instrument (Illumina,
San Diego, CA, USA).

2.4. Data Processing. The paired-end sequence data were
merged with FLASH (v1.2.7) by specifying a minimum overlap
length of 10 bp and a maximum mismatch ratio of the overlap
region of 0.2.38 The raw sequence tags were then filtered and
cleaned as follows. (1) Tags with more than six mismatches
compared to the primers were discarded using the FASTX-
Toolkit. (2) Tags were truncated with Trimmomatic using an
average quality score <20 over a 50 bp sliding window and
then removed if tags were shorter than the length of 75% of all
tags after quality control. The UCHIME tool implemented in
Mothur (v.1.35.1) was used to identify and remove putative
chimeric sequences.39 The quality-filtered sequences were
clustered into operational taxonomic units (OTUs) at a
nucleotide similarity threshold of ≥97% using the QIIME
UCLUST module. OTUs representing less than 0.005%
relative abundance of all sequences were removed to avoid
possible confounding influences from artifactual, low-abun-
dance sequences. Taxonomic classifications were assigned to
the 18S and 16S rRNA gene OTUs by searching sequences
against the Silva database and a curated National Center for
Biotechnology Information (NCBI) database, respectively.40

OTUs affiliated with nonalgal eukaryotes (e.g., metazoans,
embryophytes, fungi, and protozoa) and non-cyanobacteria
were removed from the 18S rRNA gene and 16S rRNA gene
sequencing libraries, respectively, so that only positively
identified EA and CYA sequences were used for further
analysis.33

2.5. Community Analyses. OTU counts were rarefied to
control for differences in sequencing depth, thereby enabling
accurate and reliable comparisons at the community level.24

The α diversity levels within the EA and CYA communities
were estimated based on the Shannon diversity index that was
calculated using the “vegan” package for the R platform
(version 4.1.0).41,42 Temporal changes in the relative
abundances of EA and CYA taxonomic groups were plotted
using Tilia (v2.2.1) and clustered using constrained
incremental sums of squares cluster analysis (CONISS). To
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evaluate changes in EA and CYA community structures within
each lake and reservoir through successional stages based on
CONISS results, β diversity was estimated with Bray−Curtis
pairwise distances and then visualized with nonmetric
multidimensional scaling (NMDS) in reduced two-dimen-
sional space, as implemented in the “vegan” R package.
Analysis of similarities (ANOSIM) was used to evaluate
differences in EA and CYA communities among different
historical stages based on Bray−Curtis dissimilarities and 999
permutations. To investigate the factors that significantly
explained variation in EA and CYA community structures
through time, distance-based redundancy analysis (dbRDA)
was applied after principal coordinate analysis (PCoA) based
on Bray−Curtis dissimilarity matrices using the rda function in
the “vegan” package. The environmental factors considered in
the analyses included DI-TP, Sed-TP, and mean annual air
temperature (obtained from the Climatic Research Unit
database, University of East Anglia; http://www.cru.uea.ac.
uk/).
The contributions of deterministic and stochastic processes

toward EA and CYA community assembly were investigated
using the Sloan neutral community model.43 The Sloan model
predicts the co-occurrence frequency of OTUs and their
relative abundances under the assumption that random
immigration, births, and deaths determine the relative
abundance of taxa within metacommunities, ultimately
providing a best fit distribution curve using the least-squares
method.43,44 Specifically, the model defines that the probability
of OTU i occurring within a sample at abundance (xi) above a
detection threshold (d) is predicted using the beta probability
density function, as follows:

∫> = −x d x Nmp Nm p xPr( ) Beta( : , (1 ))di
d

i i i i

1

(1)

where N is the average sample read count, m is the migration
frequency, and pi is the occurrence frequency of OTU i in the
metacommunity. The R2 value of the model indicates the fit of
the neutral model, while Nm indicates the metacommunity size
multiplied by the estimated immigration rate.43 The fits of the
neutral model across all samples in each lake and reservoir
were assessed, regardless of the influence of anthropogenic
activities. Model fit should be lower if nutrient enrichment or
other factors varying over time lead to deterministic processes
driving community assembly.
The Stegen null model was also used to further explore

processes underlying EA and CYA community assembly. The
model is based on a null model implementation within
phylogenetic β-diversity metrics.19,21 EA and CYA phyloge-
netic trees were used in this model to estimate pairwise
turnover for EA or CYA OTUs, and these were constructed
using the approximately maximum-likelihood method with
representative EA and CYA OTU sequences, as previously
described.19 Phylogenetic signal was then inferred when the
habitat preferences of closely related taxa were more similar to
each other than for distant relatives, and this was used to
quantify the percentage of compositional turnover linked to
deterministic and stochastic processes.45 To quantify pairwise
phylogenetic turnover between communities, the β-mean
nearest taxon distance (βMNTD) metric was calculated
based on the Stegen null model using the picante package
for R.19 The β-nearest taxon index (βNTI) metric is calculated
using the following equation:

β =
β − β

β
NTI

( MNTD mean( MNTD ))

sd( MNTD )
obs null

null (2)

where βMNTDobs is the observed βMNTD, mean-
(βMNTDnull) is the mean for the βMNTD null distribution,
and sd(βMNTDnull) is the standard deviation of the βMNTD
null distribution. βNTI values of >+2 or <−2 suggest
significantly greater than or less than expected phylogenetic
turnover, respectively.19,20

3. RESULTS AND DISCUSSION

3.1. Historical Environmental Conditions and Algal
Community Composition. The North Temperate Zone
contains thousands of lakes and reservoirs with diverse
morphological characteristics, trophic statuses, and abiotic
conditions. Here, we investigated the ecological succession
within five lakes and two reservoirs from Germany and
throughout China that have exhibited different successional
trajectories of the trophic status and mean annual air
temperatures over the past ∼80 to ∼120 years using sediment
coring profiles (Figure 1). Specifically, DI-TP concentration
trends indicate that Lake Constance has undergone rapid
eutrophication and reoligotrophication over the second half of
the twentieth century. Lake Chaohu also became eutrophic
over time, but unlike Lake Constance, it has not exhibited
reoligotrophication and currently exhibits the highest TP-
inferred concentrations of the five lakes evaluated here. Lake
Erhai exhibited gradual mesotrophication over the last century,
and Lakes Fuxian and Lugu have remained oligotrophic over
the time-span covered by the sediment cores (Figure 1 and
Table S1). The Wangkuai and Yuqiao Reservoirs were
impounded circa 1960 and are mesotrophic artificial lakes
regulated and controlled by humans, providing a comparison
to the natural lakes.32 The annual average air temperature
around the seven lakes and reservoirs has increased since 1900
(Figure 1). The mean annual temperature (MAT) over the
past 120 years around eutrophic Lake Chaohu reached 16.06
°C, while the MAT for mesotrophic Lake Erhai was 15.24 °C.
The MATs over the same period for oligotrophic Lakes Fuxian
and Lugu were 15.03 and 7.16 °C, respectively, while the MAT
of reoligotrophic Lake Constance was 8.54 °C, and the MATs
of the mesotrophic reservoirs Wangkuai and Yuqiao were
11.38 and 9.34 °C, respectively.
Analysis of short-lived radionuclides, 137Cs and 210Pbex, was

used to establish a chronological framework for the seven
sediment cores from each site and spanned a time period from
1900 to 2016−2017 (see Section 2 for details; Supplementary
Data 1 and Table S1). Rigorous sampling protocols, followed
by filtering and processing of 18S and 16S rRNA gene
sequence data, resulted in a total of 1,554,044 and 2,356,027
high-quality sequences recovered from all 170 sedimentary
samples assigned to 7963 and 4442 OTUs defined at the 97%
nucleotide similarity level for EA and CYA communities,
respectively. EA and CYA community composition varied over
time and across lakes and reservoirs, with an average of 47 ±
28.8 and 26 ± 14.3 OTUs per sample, respectively
(Supplementary Data 1 and 2). Diverse phytoplankton
communities were identified including nine EA taxa compris-
ing the Chlorophyceae, Trebouxiophyceae, Zygnematophyceae,
Bacillariophyceae, Coscinodiscophyceae, Mediophyceae, Chryso-
phyceae, and Dinophyceae, in addition to seven CYA taxa
comprising Aphanizomenon, Cyanobium, Dolichospermum,
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Microcystis, Prochlorococcus, Synechococcus, and other Chroo-
coccales (Figure S1). Species accumulation curves confirmed
that sample sizes were sufficient to identify most EA or CYA
taxa within the sediments and to predict OTU richness, with
the exception of the Lake Constance communities (Figure 2).
In addition, comparison of the numbers of OTUs and
sequences within and among lakes and reservoirs (Supple-
mentary Data 1 and Figure S1) indicated that significant biases
were not detected that would indicate selective DNA
degradation, including the disappearance of OTUs associated
with specific taxa over sediment age. The reconstructed data
were consistent with historical records of several well-studied
lakes, including for Lakes Chaohu,35 Constance,33 and Erhai,34

indicating that even marginal diagenetic processes occurring
during burial of sediments were unlikely to significantly affect
these results.24,25,31

3.2. Temporal Analysis of Assemblages Revealed
Biotic Homogenization without a Systematic Loss of
Diversity. Temporal turnover in communities measured as
changes in α diversity (the number of species within a specific
habitat) and β diversity (the turnover of species across
habitats) indicated temporal homogenization of EA and CYA
communities over time, without a systematic loss of α diversity
in specific lakes or reservoirs (Figures 2 and 3). Individual lake
or reservoir variation in Shannon diversity index values (an α
diversity metric) of EA communities over time exhibited

significant increases at three sites (Lakes Chaohu and Fuxian
and the Yuqiao Reservoir) (all p < 0.05; Figure 2) but no
significant changes (p > 0.05) at the four other sites. Variation
in Shannon diversity index values did not significantly differ for
the CYA communities in Lake Chaohu and the Wangkuai
Reservoir but significantly increased in Lakes Constance, Lugu,
and Fuxian and significantly decreased in Lake Erhai and the
Yuqiao Reservoir (p < 0.05; Figure 2). These analyses
collectively indicate local changes in temporal α diversity but
do not provide evidence for a consistent or even general
negative trend across all systems. Multivariate analysis of β
diversity based on Bray−Curtis dissimilarity values, as
ordinated with NMDS, suggested a strong reduction of
temporal β diversity in each lake or reservoir, as indicated by
reduced sample dispersion between past and recent historical
phases, with the exception of the two oligotrophic lakes, Fuxian
and Lugu (Figure 3). In addition, ANOSIM tests confirmed
the presence of significant decay in Bray−Curtis dissimilarities
of EA and CYA communities through successional phases (R >
0, p < 0.05; Figure 3). The study sites of this investigation were
only in Europe and China, but similar results have been
observed in North America, including β diversity loss in
diatom, CYA, zooplankton, fish, and plant communities over
time.37,46−49

Progressive changes in the temporal homogenization of EA
and CYA communities without systematic loss of α diversity

Figure 2. Temporal trends in eukaryotic algal (EA) and cyanobacterial (CYA) community α diversity. (a,b) Species accumulation curves showing
the number of OTUs estimated for a given number of samples in different lakes or reservoirs. The 95% confidence intervals for each curve are
shown as shaded areas. (c,d) Shannon diversity index values for different aged-sediment samples. Colored lines show lake-specific significant (solid
lines) or nonsignificant (dashed lines) linear relationships at the p = 0.05 level.
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confirmed that biotic homogenization was not necessarily
synchronized with a loss of local species richness. Thus,
turnover metrics that incorporate shifts in species composition
potentially act as more sensitive indicators of community
change than α diversity metrics do alone.50−52 Previous studies
have also suggested that α diversity variation alone is not
sufficient to capture the consequences of anthropogenic or
natural alterations of ecosystems in a timeframe consistent with
those changes.53,54 Two advantages are evident for quantifying
temporal community turnover based on Bray−Curtis distances
among different communities, as conducted in this study,
compared to previous studies that have quantified temporal β
diversity relative to an initial baseline year using Jaccard

dissimilarity values.51,52 First, β diversity based on Bray−Curtis
dissimilarity values includes compositional differences caused
by variation in species richness and composition (i.e.,
abundances) in addition to balanced variation (turnover),
while the Jaccard distance only reflects turnover in
composition.54,55 Second, temporal variation in β diversity
based on different successional stages avoids errors from
temporal autocorrelation and shifting baselines compared to
analyses that depend on time-series baselines.51,52 Thus, the
careful selection and interpretation of β diversity metrics can
help better illuminate immediate biodiversity losses across
temporal scales.53,55

Figure 3. Multivariate analysis of eukaryotic algal (EA) and cyanobacterial (CYA) communities of Lakes Chaohu (CH), Constance (CON), Erhai
(EH), Fuxian (FX), and Lugu (LG), in addition to the reservoirs Wangkuai (WK) and Yuqiao (YQ). The violin plots show the probability density,
median, and interquartile range of Bray−Curtis dissimilarity ranks estimated by analysis of similarities (ANOSIM) for each time period. The
significance values of ANOSIM statistics are all lower than 0.01. The x axis label ″between″ indicates differences between groups (i.e., the overall
range of dissimilarity).
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3.3. Trophic Status Determines the Magnitude of
Algal Homogenization. Although homogenization of algal
communities was observed in five lakes and reservoirs that
were evaluated in this study, spatial differences were never-
theless present (Figure 3). The trophic status could be used as
a signal of human activities that could implicate influences on
algal community succession due to other types of chemical
pollution.32−35 To assess whether other parameters could
potentially have influenced the community changes observed
in these lakes, Mantel tests were used to identify the
association of other human contaminants (metal concen-
trations and persistent organic pollutants (POPs)) with
community composition. Mantel tests revealed that nutrient
levels in Lake Chaohu were significantly correlated with algal
community composition (R = 0.3699, p = 0.001 for EA. R =
0.4509, P = 0.001 for CYA), while metal and POP levels were
not significantly correlated with algal community composition
(Table S3). dbRDA ordination analysis indicated correlations
between EA and CYA community variation and DI-TP (or
sedimentary TP) concentrations and mean annual air temper-
ature (Figure S2). Moreover, the magnitude of temporal
homogenization of EA and CYA communities varied with the
lake trophic status, wherein increased community similarity
across time was more pronounced under eutrophic and
mesotrophic conditions (e.g., as in Lakes Chaohu and Erhai;
Figure 3). In contrast, oligotrophic Lakes Fuxian and Lugu did
not exhibit temporal homogenization in EA and CYA
communities, likely because they have been less subject to
local anthropogenic pressures given the low human density and
moderate agricultural activity in their regions that would limit
risks for direct anthropogenic nutrient enrichment.34 These
results provide support for the hypothesis that the observed
temporal turnover was primarily driven by local human
activities rather than long-term ecological drift.24,25 Surpris-
ingly, the EA and CYA communities of Lake Constance

continued to homogenize following reoligotrophication of the
lake (Figure 3), although DI-TP concentrations were
significantly associated with algal communities based on
Mantel tests (R = 0.203, p < 0.01 for EA; R = 0.322, p <
0.001 for CYA). Previous studies have shown that
eutrophication conditions are the main drivers of algal
communities in Lake Constance, while similar delayed
responses of phytoplankton biomass to phosphorous concen-
trations have also been observed.33,56 This stressor−response
relationship in Lake Constance is not consistent over time and
is likely due to ecological memory, which is the capacity of past
eutrophic states to influence modern states and even future
responses of EA and CYA communities to reoligotrophica-
tion.57,58 The time-lag hypothesis for community succession
posits that when nutrient levels change over time, a range of
transient disequilibrium community states can be achieved in
which community compositional changes lag relative to
nutrient concentrations.17,59

EA and CYA communities in reservoirs also exhibited
homogenization after the 1980s (Figure 3). In addition to
nutrient enrichment and climatic warming, the hydrological
regime controlled by dams undoubtedly represents a major
driver of aquatic ecosystem dynamics in reservoirs by
influencing photosynthetic active radiation and nutrient
variation within the water column.44,60,61 Dam construction
leading to increased water residence time, improved light
penetration, nutrient retention, and sediment trapping in an
impounded reservoir has been suggested to promote
phytoplankton biomass production while also promoting the
succession of dominant phytoplankton from river-dominant to
lake-dominant taxa.61−63 Many studies have documented the
homogenization of river flow regimes resulting from the
fragmentation of river corridors by dams and the associated
modification of fluvial processes and streamflow dynamics that
pose significant threats to global freshwater biodiversity.63−65

Figure 4. Patterns of β-nearest taxon index (βNTI) values for (a) eukaryotic algal and (b) cyanobacterial communities in Lakes Chaohu (CH),
Erhai (EH), Fxian (FX), and Lugu (LG), in addition to the reservoirs Wangkuai (WK) and Yuqiao (YQ). Horizontal dotted lines show βNTI = −2
and = 2 threshold values. The fraction of pairwise comparisons with significant βNTI values (|βNTI| > 2) represents the estimated influence of
selection, while other values indicate the influence of stochastic processes. Samples were grouped into bins of 20 years to evaluate temporal trends
in the contributions of deterministic and stochastic processes toward community assembly.
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The results shown here provide evidence for temporal
homogenization of phytoplankton communities in reservoirs,
although direct evidence is not available to quantify the
influence of damming.
3.4. Homogeneous Selection Accelerates Algal

Community Homogenization. The EA and CYA commun-
ities in the lakes and reservoirs were not well fit by the Sloan
neutral community model (Figure S3). Neutral processes
explained 35.7−73.3% and 35.5−72.2% of EA and CYA
community variation, respectively, with between 65 and 87% of
the EA and between 55 and 83% of CYA OTUs predicted as
neutrally distributed OTUs at the 95% confidence level,
respectively (Figure S3). Theoretically, all OTUs within a
community should pass Sloan’s neutrality test to consider the
whole community neutrally assembled, since the model only
tests the neutral distributions of individual species.43 Thus,
community assembly in these ecosystems may not be only
shaped by stochastic processes.44

To better understand the mechanisms underlying EA and
CYA community assembly, the contributions of deterministic
and stochastic processes to community assembly were further
evaluated using the Stegen null model based on the
phylogenetic β-diversity metric, βNTI.19 βNTI values were
quantified for all pairwise community comparisons to evaluate
the relative contributions of heterogeneous and homogeneous
selection processes based on βNTI values >2 and <−2,
respectively, while stochastic processes were indicated by
βNTI values between −2 and 2.19,21 The βNTI values of the
EA and CYA communities in all lakes and reservoirs evaluated
in this study exhibited a general decreasing trend across 20-
year sampling windows, while βNTI values were predom-
inantly <−2 in the most recent 20 year period (Figure 4).
These results suggest that both deterministic and stochastic
processes have impacted the historical assembly of EA and
CYA communities in these systems and that homogeneous
selection primarily controlled community assembly in recent
years, likely due to reduced environmental heterogeneity that
filtered communities based on species traits and resulted in
temporal homogenization of the most recent communities
within lakes or reservoirs.19−21 This result is inconsistent with
Chase’s conclusion that stochastic community assembly results
in higher biodiversity in more productive environments from a
seven-year experiment in artificial ponds.23 It should be noted
that the present study focuses on mechanisms of EA and CYA
community assembly in single lakes or reservoirs over time and
in the context of the trophic status, which differs from the
aforementioned study of β diversity of primary producers and
animals in parallel ponds with different nutrient levels.23

Rather, these results are consistent with the results of recent
studies indicating that homogeneous selection is a relatively
important factor influencing the progressive succession of
bacterioplankton and microbial communities due to anthro-
pogenic disturbance influences surpassing the influences of
natural environmental change.66−68

The observed temporal homogenization of EA and CYA
communities in lakes and reservoirs over the last century and
speculation that homogeneous selection could be the leading
influence underlying community assembly in recent years
provide some insights to inform lake and reservoir ecological
protection and management measures. Conservation scientists
could incorporate β diversity estimations into management
decisions as a way of monitoring diversity loss and revealing
mechanistic underpinnings of diversity changes.8 Since the

trophic status potentially determines the magnitude of algal
homogenization, controlling nutrient loads is an essential
measure to prevent harmful algal blooms in lakes and
reservoirs, although long-standing debates exist regarding the
individual control of nitrogen and phosphorus or both
simultaneously.69,70 Moreover, it should be noted that rapid
improvement of aquatic ecosystems may not be apparent after
the restoration of lake and reservoir environments, considering
that driver−response relationships can be temporally variable
and dependent on both short- and long-term past conditions
due to the hysteresis of ecosystems or the presence of
ecological memory.17,57,59 For reservoir ecosystems, attention
should be given toward flood control, water supply, irrigation,
and other functions that impact water levels and their
ecological consequences on aquatic vegetation in the reservoir,
in addition to flows toward rivers that affect downstream
ecosystems.64,71

Here, we demonstrate that the application of sed-DNA
methods combined with traditional paleolimnological proxies
can help fill knowledge gaps in studies of lake and reservoir
ecology, particularly for understanding long-term variation in
community composition, diversity, and processes of commun-
ity assembly. The results of this study suggest that EA and
CYA community compositions were subject to temporal
homogenization in mesotrophic lakes, eutrophic lakes, and
reservoirs over the last century. The temporal homogenization
of Lake Constance EA and CYA communities following
eutrophication and reoligotrophication continues into modern
times, possibly due to time-lags related to historical legacies.
Our results suggest that both deterministic and stochastic
processes simultaneously affected the assembly of EA and CYA
communities, although deterministic effects (homogeneous
selection) were particularly influential for community assembly
in recent years, in association with increased intensification of
human activities and climate warming. These findings provide
new insights into the successional trajectories of lakes and
reservoirs that feature different limnological characteristics or
the trophic status and that exhibit losses of temporal β diversity
in association with increased nutrient loading and climate
warming. These dynamics signal a general problem for
freshwater ecosystems that requires future efforts to be
implemented into conservation biodiversity in order to
maintain ecosystem functioning and resilience within these
systems.
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