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• Both α- and β-diversity of bacteria, eukaryotic algae and metazoans were examined.
• Eutrophication decreased β-diversity of
all planktonic communities we tested.
• Planktonic diversity was related to severity and heterogeneity of trophic status.
• Planktonic diversity was also affected by
biotic interactions.
• Decreased diversity weakened the trophic
cascade effect of the planktonic food
chain.
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A B S T R A C T

Human activities, such as land use change and eutrophication, threaten freshwater biodiversity and ecosystem function. In this study, we examined both the α- and β-diversity of plankton communities, that is, bacteria/prokaryotic
algae, eukaryotic algae, and zooplankton/metazoans, using both classical microscopy and high-throughput sequencing methods across 40 lakes of the Yangtze River Basin. The spatial variations in plankton communities were explained
by environmental variables such as trophic status index (TSI) and environmental heterogeneity according to nonmetric multidimensional scaling analyses, mantel tests, and structural equation model. Our results showed that the
compositional dissimilarities of bacteria, cyanobacteria, eukaryotic algae, and metazoans all decreased with the increasing TSI values, and were signiﬁcantly positively related to environmental dissimilarity. Both the species richness
and compositional dissimilarity of zooplankton had positive effects on zooplankton/phytoplankton biomass ratio. Zooplankton diversity was not directly affected by TSI and environmental dissimilarity; however, it was indirectly affected
by the biotic interactions with cyanobacteria or eukaryotic algae. In addition, there were signiﬁcant positive relationships between bacteria/cyanobacteria and eukaryotic algae dissimilarities. Our results indicated that increased trophic
status and decreased environmental dissimilarity as consequences of eutrophication may weaken the trophic cascading
effects of planktonic food chain via reducing the top-down effects of zooplankton on phytoplankton.
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1. Introduction

impacts on biotic dissimilarity; for example, nitrate and phosphorus uptake
efﬁciency and tolerance ability of nitrogen deﬁciency varied among phytoplankton species (Chafﬁn and Bridgeman, 2014; Halterman and Toetz,
1984; Tilman et al., 1986). Environmental dissimilarity may inﬂuence
both temporal and spatial phytoplankton dissimilarity (Crossetti et al.,
2014). Environmental dissimilarity may determine species and trait compositions by acting as environmental ﬁlters on a spatial scale and then
inﬂuence both taxonomic and functional β diversity (Frasconi Wendt
et al., 2021). However, studies on how compositional dissimilarity of biotic
communities responds to environmental dissimilarity, whether the effects
of environmental stress on aquatic organisms differ among trophic levels,
and how the diversity of different aquatic organisms inﬂuence ecosystem
function are rare.
Environmental stress of eutrophication was known generally weakened
ecosystem function of the top-down control on phytoplankton in aquatic
ecosystems (McQueen et al., 1989; Paerl and Otten, 2013). However, the
importance of the process changes underlying relationship between diversity change of biotic groups and the top-down control on phytoplankton
is rarely extensively clariﬁed in previous literature. We hypothesize that
(1) stress severity with high level would reduce both biotic α- and βdiversity regardless of the trophic levels; (2) heterogeneity of trophic status
would affect different biotic communities in different way as the sensitivity
to stress differ in different trophic levels; (3) eutrophication of both increased stress severity and decreased heterogeneity of trophic status
would weaken the top-down control on phytoplankton through inﬂuencing
biotic diversity. We conducted the study in 40 lakes along the middle-lower
Yangtze River under strong environmental stress. We focused on different
aquatic groups and explored the effects of environmental dissimilarity on
compositional dissimilarities and their interactions. We used microscopy
to analyze the response of prokaryotic algae, eukaryotic algae, and zooplankton in the water column of shallow lakes to changes in the trophic status index; we also used molecular methods to expand the trophic level
ranges to prokaryotic organisms, eukaryotic algae, and metazoans in the
water column.

The effects of human activities on ecosystem structure and function
have been of great interest to recent research (Lawler et al., 2014; Peng
et al., 2020). A review based on 688 published articles showed that environmental change, including climate change, land use change, eutrophication, and biological invasion, inﬂuence community and ecosystem
processes by altering interspeciﬁc relationships in food webs (Tylianakis
et al., 2008). Intense land use increases eutrophication and may drive
changes in biodiversity of aquatic communities (Dodds et al., 2010;
Dunck et al., 2019; Felipe-Lucia et al., 2020).
Decreased biodiversity can be caused by the gain of alien species and
loss of native species (Dudgeon et al., 2006; Early et al., 2016; Thomas
et al., 2004), or by a decrease in compositional dissimilarity among species
assemblages. Decrease in compositional dissimilarity is related to changes
in environmental gradients across space or time (Anderson et al., 2011;
Cook et al., 2018), reﬂected in the changes of both alpha and beta diversity.
Theoretical models predict that eutrophication increases the biodiversity of
nutrient-poor regions, but decreases the biodiversity of nutrient-rich regions (Rall et al., 2008; Rip and McCann, 2011). Alpha diversity usually
shows a unimodal pattern with nutrient level or primary productivity, although it varies within different biological groups or study scales (Rosset
et al., 2014; Waide et al., 1999; Wang et al., 2019). Alpha diversity increases under relatively low environmental stress, but decreases under
high stress. For example, low concentrations of heavy metal pollution increased α diversity in a benthos community (Hewitt et al., 2010), whereas
high concentrations of chemical oxygen demand, ammonia nitrogen, and
total phosphorus decreased α diversity in ﬁsh (Li et al., 2018). Beta
diversity describes the differentiation of different habitats or temporal
and regional compositional dissimilarity changes of different biotic groups
along environmental variables (Anderson et al., 2011; Pound et al., 2019;
Whittaker, 1965). Compositional dissimilarity of biotic communities
declines with increasing environmental alterations caused by human
activities (Fricke and Svenning, 2020; McKinney, 2006; McKinney and
Lockwood, 1999). This is true for both plants and animals in both terrestrial
and aquatic ecosystems (Carlton, 1996; Lockwood et al., 2000; Otto et al.,
2020; Rahel, 2000; Rooney et al., 2004). Decline in compositional dissimilarity of biotic communities involves a decrease in taxonomic diversity, a
gain in adaptive species, a loss of native species, and also a decline in
genetic and functional forms (Olden et al., 2004). A decrease in compositional dissimilarity of biotic communities is mainly caused by the loss of
rare species that are strongly dependent on local environment and thus
are sensitive to environmental change (van Schalkwyk et al., 2019).
Stochastic and deterministic processes are the predominant factors
driving dissimilarity; stochastic processes are related to species diffusion–
colonization–extinction, ecological drift, and priority; deterministic process
are related to the coupling of environmental factors, ecological niche
theory, and intraspeciﬁc relationships (Chase et al., 2009). Stochastic
processes usually lead to an increase in dissimilarity (Ellingsen et al.,
2020), whereas effects of deterministic processes on dissimilarity are
uncertain. When exploring the effects of environmental change on biodiversity, deterministic processes usually drive invasion and human interference, reducing compositional dissimilarity of biotic communities; for
example, compositional dissimilarity of phytoplankton decreases with increasing nutrient concentrations (Wang et al., 2019). However, in addition
to severity of environmental stresses (e.g. high concentrations of chemical
oxygen demand and nutrient concentrations), heterogeneity of environmental stresses are also needed to be considered. Environmental heterogeneity and different predation pressure can lead to greater compositional
dissimilarity between locations (Bruno and O'Connor, 2005; Frasconi
Wendt et al., 2021).
Environmental heterogeneity in space and time in shallow lakes is
strongly dependent on hydrodynamics (Scheffer, 1998), and is also strongly
correlated with the presence of aquatic macrophytes in the littoral zone or
adjacent wetlands (Thomaz et al., 2008). Apart from the physical environment, environmental dissimilarity of resource availability also has major

2. Material and methods
2.1. Study area and sampling
The studied lakes were located in the catchments of the middle-lower
Yangtze River. Half of the freshwater lake area in China is distributed in
the study location, which is under intense human activity. We selected 40
lakes with different trophic conditions (lake area varied from 7 to
674 km2) wherein each lake contains 1–4 sampling sites considering replication (Fig. 1). In total 98 sites were independently sampled depending on
microhabitat difference to avoid the effects of site homogenization and
spatial autocorrelation on the research results. We obtained catchment
characteristic data of the studied lakes using the established scales of
water, forest, grassland, cropland, urban land, and other types of soil utilization with a 30-m resolution from the Scientiﬁc Data Sharing Platform
for Lakes and Watersheds, China (http://lake.data.ac.cn/index.html). The
area percentage of each land use type was used for analysis. We also
obtained the population density and gross domestic product of the catchment (2010) to assess human activity intensity from the Global Change
Research Data Publishing & Repository website (www.geodoi.ac.cn).
The lakes were sampled in August 2019. Water depth (WD) and water
transparency (Secchi depth, SD) were measured in situ using a portable ultrasonic sounder (Speedtech SM-5, USA) and a black and white Secchi disk
(20 cm diameter), respectively. The WD of the zone with macrophytes was
measured using a hammer. The studied lakes were mostly shallow with a
median WD of 2.1 m. The SD of the sampling sites varied from 0.1 m to
2.3 m, with a median of 0.4 m. Water temperature, dissolved oxygen
concentration, pH, and turbidity were measured in situ using a multiparameter controller (Hydrolab HL7, USA). Chemical and biotic parameters were analyzed by collecting integrated water samples from the upper
(0.5 m below the water surface), middle, and lower (0.5 m above the
2
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that are typical, standard, variable, and easy to amplify, and relatively short
in length (Stefanni et al., 2018). In particular, high-throughput sequencing
is often used in ecology (Shendure and Ji, 2008) for diversity analyses, genomic research (sequencing and annotation), and functional genomics research (gene expression and regulation, gene function, protein/nucleic
acid interaction) (DePristo et al., 2011; Marani et al., 2021; McKenna
et al., 2010), and can also be used in environmental research (Garner
et al., 2021; Wani et al., 2021). However, inevitable problems also limit
the application of DNA metabarcodes in environmental ecology. For example, environmental DNA may contain biological residues (dead organisms
or part of the body), data accuracy is greatly limited by molecular markers,
and taxonomic analysis is restricted by incomplete databases (Shokralla
et al., 2012; Stefanni et al., 2018). Using both methods simultaneously
can improve the reliability of research.
Biotic parameters were identiﬁed using both traditional optical microscopic identiﬁcation and high-throughput sequencing technology. For traditional optical microscopic identiﬁcation of aquatic organisms, 1.5-L
integrated depth water samples were preserved in acetic Lugol's solution;
then sedimented for 48 h and concentrated for prokaryotic algae
(cyanobacteria) and eukaryotic algae analyses. Integrated depth water
samples (20−L) were sieved through a plankton net with a 64-μm aperture
in 5% formalin solution for zooplankton (Cladocera and Copepoda)
analysis. Algae and zooplankton were identiﬁed and counted using optical
microscope (Ziess Axio Vert.A1, Germany) according to Zhang and Huang
(1991), Hu (2006), Shen et al. (1979) and Chiang and Du (1979). The
species identiﬁcation by optical microscope was limited by sampling
method; we expanded the aquatic biotic groups by metabarcoding. For
metabarcoding, aquatic organisms were collected by ﬁltering 1000-mL of
the integrated depth water samples through glass ﬁber ﬁlters (0.7-μm,
Whatman) and then stored at −80 °C.
2.3. DNA extraction and PCR ampliﬁcation
Fig. 1. Location of the study area. The distribution of sampling sites and the trophic
status index of each site (top); Pearson correlation matrix among land-use types,
human activity intensity, and trophic status index (bottom). TSI, trophic status
index. Land use types: water, forest, grassland, cropland, built up area, and other
types of soil utilization coverage. Human activity intensity: population density
(Popl) and gross domestic product (GDP) of the catchment. Pearson r-values of
statistically signiﬁcant relationships (p < 0.05) are displayed in the boxes.

Total DNA of aquatic organisms was extracted using the FastDNA SPIN
Kit (MP Biomedicals, USA) according to the manufacturer's protocols. The
ﬁnal DNA concentration and puriﬁcation were determined using a
NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientiﬁc, Wilmington, USA), and DNA quality was checked by 1% agarose gel electrophoresis.
We used speciﬁc primers to amplify the nuclear gene or chondriogene
for the targeted groups. The V4 hypervariable regions of the prokaryotic
16S rRNA gene were ampliﬁed with primers 515FmodF (5′GTGYCAGCMGCCGCGGTAA-3′) and 806RmodR (5′-GGACTACNVGGG
TWTCTAAT-3′) for heterotrophic bacteria and cyanobacteria (Walters
et al., 2016) using a thermocycler PCR system (GeneAmp 9700, ABI,
USA). The PCR reactions were conducted using the following program:
3 min of denaturation at 95 °C; 27 cycles of 30 s at 95 °C, 30 s for annealing
at 55 °C, and 45 s for elongation at 72 °C; and a ﬁnal extension at 72 °C for
10 min. The V9 hypervariable region of the 18S rRNA gene was ampliﬁed
with primers 1389F (5′-TTGTACACACCGCCC-3′) and 1510R (5′- CCTT
CYGCAGGTTCACCTAC-3′) for eukaryotic algae (Amaral-Zettler et al.,
2009; de Vargas et al., 2015) using a thermocycler PCR system (GeneAmp
9700, ABI, USA). The PCR reactions were conducted using a similar
program with 35 cycles (30 s at 95 °C, 30 s at 55 °C, and 45 s at 72 °C).
The mtDNA COI fragment was ampliﬁed with primers COIlintF (5′GGWACWGGWTGAACWGTWTAYCCYCC-3′) and HCO2198R (5′-TAAACT
TCAGGGTGACCAAAAAATCA-3′) for metazoans (including zooplankton)
(Leray et al., 2013; Stefanni et al., 2018) using a thermocycler PCR system
(GeneAmp 9700, ABI, USA). The PCR reactions were conducted using a similar program with 41 cycles (30 s at 95 °C, 30 s at 46 °C, and 45 s at 72 °C).

sediment surface) sections of the water column of each site using a 5-L
water sampler (Uwitec, Austria). Fourteen parameters of nitrogen, phosphorus, and ions were analyzed using the standard methods for the examination of water and wastewater (Eaton et al., 1966). These were total
nitrogen (TN), dissolved total nitrogen (DTN), ammonia nitrogen (NH4N), nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-N), total phosphorus
(TP), dissolved total phosphorus (DTP), orthophosphate (PO4-P), sodium
ion (Na), potassium ion (K), Magnesian ion (Mg), calcium ion (Ca), chloride
ion (Cl), and sulfate ion (SO4). Chlorophyll a (Chl-a) was determined by ﬁltering 200–1550 mL integrated water samples through Glass Fiber Filter
(0.7-μm pore diameter) and using the heat ethanol extraction method and
spectrophotometric analysis (Lorenzen, 1967).
2.2. Biotic parameters
Species composition and number are required to determine α-diversity
and biotic dissimilarity. Classical microscopy methods are irreplaceable for
obtaining qualitative and quantitative information on tiny organisms, especially for certain morphological characteristics (Poulickova et al., 2007).
However, many bacterial species, microalgae, and other species at early
life stages are difﬁcult to identify using general optical microscopy. Furthermore, taxonomic identiﬁcation requires a high level of expertise. With the
development of molecular biological techniques and bioinformatics,
identiﬁcation and classiﬁcation based on metabarcoding has become
popular in ecology (Hebert et al., 2004; Hebert et al., 2003; Valentini
et al., 2009; Ward et al., 2005). Metabarcoding is based on DNA fragments

2.4. Sequencing and bioinformatic analysis
Sequencing was conducted on an Illumina MiSeq platform (Illumina,
San Diego, CA, USA) according to the standard protocols of Majorbio BioPharm Technology Co. Ltd. (Shanghai, China). Bioinformatic analysis was
conducted for sequencing data; sequences were quality-ﬁltered using
3
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We assessed the eutrophication of sites using the trophic status index
(TSI). TSI was calculated according to the improved Carlson TSI based on
TN, TP, Chl-a, and SD (Jing et al., 2008; Zhang et al., 2018). The TSI of
each variable and weighted sum of TSI were established using the following
formulas:

We applied NMDS with Bray–Curtis distance using abundance data for
biotic communities and NMDS with Euclidean distance using TN, TP, SD
and Chl-a data for environmental factors. The differences in assemblage
structure and environment stress were shown with objects ordinated distance. The NMDS scores (the ﬁrst scaling axis, NMDS1) of biotic composition data and environmental data were separately used representing
dissimilarity of the biotic composition and environment dissimilarity for
further analysis. To clarify how biotic diversity affect top-down control
function, we used a structural equation model to quantiﬁcationally analyze
the direct and indirect effects of the TSI, environment dissimilarity,
cyanobacteria diversity, eukaryotic algal diversity and zooplankton diversity on zooplankton/phytoplankton biomass ratio based on microscopy
data. Both α-diversity and β-diversity were included for structural equation
model. The species richness was used to indicate α-diversity of the biotic
community. NMDS1 of biotic composition data was used to indicate βdiversity of the biotic community. All data were standardized before the
analysis. All analyses were performed using R software with “vegan”
“pheapmap” “psych” “semPlot” libraries.

TSIðChl − aÞ ¼ 10ð2:5 þ 1:086lnChl − aÞ

(1)

3. Results

TSIðTPÞ ¼ 10ð9:436 þ 1:624lnTPÞ

(2)

3.1. Water chemistry and lake trophic state

TSIðTNÞ ¼ 10ð5:453 þ 1:694lnTNÞ

(3)

TSIðSDÞ ¼ 10ð5:118–1:94lnSDÞ

(4)

TSI ¼ 0:326TSIðChl − aÞ þ 0:219TSIðTNÞ þ 0:230TSIðTPÞ
þ 0:225TSIðSDÞ

(5)

Most (81%) of the sampling sites were eutrophic with TSI varied from
38.6 to 76.9 and with a median TSI of 62.5. According to the trophic
state partition criterion, 19 sites were mesotrophic, 24 sites were slightly
eutrophic, 42 sites were medium eutrophic, and 13 sites were highly
eutrophic. The concentration of TN, TP and Chl-a varied from 0.28 to
3.56 mg/L, 0.022 to 0.624 mg/L, and 2.55 to 225.66 μg/L, respectively.
Mean values of TN, TP, and Chl-a were 1.22 ± 0.61 mg/L, 0.110 ±
0.110 mg/L, and 51.51 ± 44.68 μg/L, respectively (Table 1).
The proportion of the water area in our studied catchment was negatively related to forest (r = −0.69, p < 0.05) and grassland area (r =
−0.54, p < 0.05) (Fig. 1). TSI was signiﬁcantly positively related to the proportion of cropland (r = 0.54, p < 0.05) (Fig. 1). The proportion of cropland
was negatively related to built-up area (r = −0.61, p < 0.05). The proportion of built-up area was positively related to the population of the catchment (r = 0.72, p < 0.05) and GDP (r = 0.67, p < 0.05).

Trimmomatic and merged using FLASH. Operational taxonomic units
(OTUs) were clustered with a 97% similarity cutoff using UPARSE (version
7.1, http://drive5.com/uparse/). The taxonomy of each gene sequence was
analyzed using the RDP Classiﬁer algorithm (http://rdp.cme.msu.edu/)
against the Silva (SSU132) 16S rRNA database (for 16S rRNA) and nucleotide sequence database (for 18S rRNA and mtDNA COI) using a conﬁdence
threshold of 70%. For OTUs of 16S rRNA, 18S rRNA, and mtDNA COI, bacterial groups, eukaryotic algae, and metazoans were selected, respectively,
and ﬂattened using the minimum sequence number at which the dilution
curve reached a plateau.
2.5. Trophic status index calculation

where the units of TN, TP, Chl-a, and SD were mg/L, mg/L, μg/L, and m, respectively. The trophic status partition criterion was based on the TSI scores
(5): oligotrophic, TSI < 30; mesotrophic, 30 ≤ TSI ≤ 50; slightly eutrophic,
50 < TSI ≤ 60; medium eutrophic, 60 < TSI ≤ 70; and highly eutrophic,
TSI > 70.
2.6. Statistical analysis

3.2. Biodiversity along trophic gradients

We go through the analyses by making a composite sample (average
value) of the environments located in the same lake (with 40 replicates).
For traditional optical microscopy data, the densities of cyanobacteria, eukaryotic algae, and crustacean zooplankton species were used for analysis.
For sequencing data, OTUs of bacteria, eukaryotic algae, and metazoan species were used for analysis. Pearson correlation was conducted to analyze
the relationship between land use type and TSI. We used heatmap to analyze relationships between biotic parameters (response data) and environmental factors (explain data), wherein species richness, Shannon-Wiener
index, and evenness were used to indicate α-diversity. Both explain and response data were clustered by “average” method. Explain data were logarithmically transformed before the analysis.
Environmental stress of severity and the heterogeneity were indicated
as TSI interval division classes and environmental dissimilarity respectively. Environmental dissimilarity was calculated based on the Euclidean
distance matrix of TN, TP, SD and Chl-a. β-diversity was calculated by compositional dissimilarity of biotic groups based on the Bray-Curtis distance
matrix. We analyzed effects of TSI on compositional dissimilarity patterns
of biotic communities using non-metric multidimensional scaling
(NMDS). Linear regressions were conducted to test the effects of environmental dissimilarity on compositional dissimilarity within each biotic
group (bacteria, eukaryotic algae, and metazoan) based on both OTUs
and density. We also conducted linear regressions among compositional
dissimilarities of eukaryotic algae and bacteria, metazoan and eukaryotic
algae, and metazoan and bacteria based on both OTUs and density. Statistical values and the signiﬁcances of the linear models were determined using
Mantel tests with 9999 permutations.

Trophic status and environmental factors had signiﬁcant effects on αdiversity of biotic groups (Fig. 2). For microscopy data, the richness
of cyanobacteria was signiﬁcantly positively correlated with TSI.
Cyanobacteria richness was signiﬁcantly positively related to Chl-a. However, zooplankton richness was signiﬁcantly negatively related to Chl-a.
Zooplankton had a median density of 26 ind./L and were dominated by
Bosmina sp. and Mesocyclpos sp. with a frequency of occurrence of 76.5%
and 79.6%, and a mean density of 42 ind./L and 12 ind./L, respectively.
For sequencing data, the richness, Shannon-Wiener index, and evenness
of bacteria were signiﬁcantly positively related to TSI. The richness and
Shannon-Wiener index of bacteria were signiﬁcantly negatively related to
SD. Shannon-Wiener index and evenness of bacteria were signiﬁcantly positively related to Chl-a. The Shannon-Wiener index and evenness of metazoans were signiﬁcantly negatively related to TSI and Chl-a. Metazoan
richness was signiﬁcantly positively related to the ratio of SD/WD (Fig. 2).
Table 1
Descriptive statistics of total nitrogen (TN), total phosphorus (TP), chlorophyll a
(Chl-a), Secchi disk depth (SD), and trophic state index (TSI).

Min
Max
Median
Mean
Standard deviation

4

TN (mg/L)

TP (mg/L)

Chl-a (μg/L)

SD (cm)

TSI

0.28
3.56
1.21
1.22
0.61

0.022
0.624
0.074
0.110
0.110

2.55
225.66
35.12
51.51
44.68

10
23
40
51
39

38.62
76.89
62.49
60.13
9.55
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−0.39
0.37

0.35

0.46

−0.44 −0.43 −0.45 −0.59 −0.53

metazoa.shannon

−0.46 −0.47 −0.54 −0.61 −0.57 −0.36 −0.33

metazoa.evenness

0.2

zooplankton.density.richness

0

cyanobacteria.density.evenness

−0.2

−0.38

−0.44

−0.49
0.33

cyanobacteria.density.shannon
algae.density.shannon

0.4

−0.4
−0.6

algae.density.evenness
0.32

0.42

zooplankton.density.shannon

−0.48

zooplankton.density.evenness

−0.32

metazoa.richness

0.41

algae.richness
algae.shannon
algae.evenness
0.54

0.49

0.49

0.56

0.53

0.58

0.35
0.33

0.58

0.56

0.46

0.43

0.38

0.32

0.55

0.51

0.43

0.45

0.39

0.43

0.36

Chla

TSI

TP

DTP

pH

DO

0.41
0.38

0.37

bacteria.richness
cyanobacteria.density.richness

0.41

0.38

0.39

−0.48

−0.71

0.53

algae.density.richness

−0.39
−0.40

bacteria.shannon
bacteria.evenness

SD

NO3.N

WT

DTN

TN

PO4.P

Ca

NO2.N

SD.WD

Cl

Na

Mg

NH4.N

TUB

SO4

K

Fig. 2. Pearson correlation matrix among trophic status index, environmental factors, and biotic alpha diversity. TSI, trophic status index. Physical environmental factors:
water temperature (WT), dissolved oxygen concentration (DO), pH, turbidity (TUB), water depth (WD), water transparency (SD), the ratio of water transparency to water
depth (SD.WD). Chemical environmental factors: total nitrogen (TN), dissolved total nitrogen (DTN), ammonia nitrogen (NH4.N), nitrate nitrogen (NO3.N), nitrite
nitrogen (NO2.N), total phosphorus (TP), dissolved total phosphorus (DTP), orthophosphate (PO4.P), sodium ion (Na), potassium ion (K), magnesian ion (Mg), calcium
ion (Ca), chloride ion (Cl), and sulfate ion (SO4). Alpha diversity (species richness, the Shannon–Wiener index, and evenness) was determined for prokaryotic bacteria,
eukaryotic algae, and metazoans based on sequencing data (“bacteria,” “algae,” and “metazoan,” respectively), and it was determined for prokaryotic algae, eukaryotic
algae, and crustacean zooplankton based on microscopy (“cyanobacteria.density,” “algae.density,” and “zooplankton.density”). Pearson r-values for statistically signiﬁcant
relationships (p < 0.05) are displayed in the boxes.

phytoplankton biomass ratio by inhibiting β-diversity of cyanobacteria
and eukaryotic algae that had positive effects on zooplankton/phytoplankton biomass ratio and by promoting species richness of cyanobacteria that
negatively affected species richness of zooplankton (Fig. 6a, c). Environmental dissimilarity was negatively related to TSI (Fig. 6e) that showed
positive effects on β-diversity of cyanobacteria and eukaryotic algae but
negative effects on species richness of cyanobacteria (Fig. 6b, d).
Environmental dissimilarity had indirectly positively effects on zooplankton/phytoplankton biomass ratio that the decreasing environmental dissimilarity would decrease zooplankton/phytoplankton biomass ratio.

Community compositions of each biotic group (cyanobacteria, bacteria,
eukaryotic algae, zooplankton and metazoans) were correlated with both
TSI severity and environmental dissimilarity. In NMDS plots based on
Bray-Curtis distances for each biotic group, high TSI samples clustered together tighter and the overlap ratios of 95% conﬁdence ellipses increased
with increasing TSI (Fig. 3). Mantel tests showed that the dissimilarity in
each biotic group based on both OTUs and density was positively related
to environmental dissimilarity, except for zooplankton dissimilarity based
on density (p = 0.773) (Fig. 4).
3.3. Correlations among aquatic groups

4. Discussion
The dissimilarity in eukaryotic algae based on both OTUs and density
was positively related with the dissimilarity in prokaryotic organisms
(bacteria: Mantel r = 0.4207, p < 0.001; cyanobacteria: Mantel r =
0.3740, p < 0.001) (Fig. 5). Both the dissimilarity in metazoan based on
OTUs and zooplankton based on density showed no signiﬁcant relationships with the dissimilarity in prokaryotic organisms or eukaryotic algae
(p > 0.05) (Fig. 5).
The structural equation model showed signiﬁcant effects of both TSI
and environmental dissimilarity on zooplankton/phytoplankton biomass
ratio through inﬂuencing interactions among diversity of three biotic
groups (Fig. 6). Species richness and β-diversity of zooplankton were the
main factors inﬂuencing zooplankton/phytoplankton biomass ratio,
which showed positive effects on zooplankton/phytoplankton biomass
ratio (Fig. 6a, b). TSI had negative effects on β-diversity of cyanobacteria
and eukaryotic algae but positive effects on species richness of
cyanobacteria. TSI indirectly negatively inﬂuenced zooplankton/

Eutrophication decreased β-diversity of freshwater biotic groups
(bacteria/prokaryotic algae, eukaryotic algae, and zooplankton/metazoans)
by increasing stress severity and decreasing environmental heterogeneity,
and also negatively affected α-diversity of zooplankton; the decrease in
biotic diversity would all result in the decrease of top-down effects on
phytoplankton.
4.1. Eutrophication decreased compositional dissimilarity in freshwater biotic
groups
Eutrophication is an environmental ﬁlter for aquatic organisms through
inﬂuencing both stress severity and environmental heterogeneity. Our results showed that dissimilarity within the different freshwater biotic groups
decreased when the nutrient level was high and that compositional dissimilarities were signiﬁcantly correlated with environment dissimilarity
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Fig. 3. Community composition was correlated with trophic status index gradients. Non-metric multidimensional scaling plots based on Bray-Curtis dissimilarity matrixes
along TSI gradients for biotic groups. Bray-Curtis distances based on relative OTU abundance of bacteria (a), eukaryotic algae (b), and metazoan (c); or density of
cyanobacteria (d), eukaryotic algae (e), and zooplankton (f). Ellipses represent 95% conﬁdence intervals.

adversely affects diversity by reducing refuges and intensifying both competition and predator–prey relationships (Maestre et al., 2009; McIntire and
Fajardo, 2014; Sand-Jensen et al., 2008). Therefore, both an increase in resources and a decrease in habitats caused by eutrophication can decrease dissimilarity of freshwater biotic groups.
The effects of human activities on aquatic ecosystems are mainly
through nutrient inputs accompanied by land-use change, especially cropland coverage, which would increase lake trophic status and decrease environmental dissimilarity in the middle-lower region of the Yangtze River.
Excessive exogenous input of N and P from croplands is a common cause
of eutrophication (Smith and Schindler, 2009; Smith et al., 1999). The dramatic increase in cyanobacterial dominance is crucial in eutrophic lakes
(Smith, 2003). Our results also showed a signiﬁcant positive relationship
between cyanobacterial richness and TSI. Agricultural activities, such as
fertilization and overgrazing on croplands in catchments threatens aquatic
ecosystems by increasing non-point pollution, altering soil features, and
accelerating soil erosion (Borrelli et al., 2020). Cultural eutrophication
increases the availability of nutrients for plants, subsequently increasing
productivity and β-diversity at the local scale, and β-diversity is positively
related to resource availability on a local scale (Langenheder et al., 2012).
However, the positive effects of resources on β-diversity may decrease
with increasing scale and show a hump-shaped relationship over a large
spatial scale (Bonn et al., 2004). The dissimilarity of freshwater biotic
groups declined when the TSI was high, indicating a decrease in βdiversity over our study scale.

(associated with the trophic status) regardless of the method used
(i.e., sequencing or microscopy). Eutrophication leads to a regime shift
from a clear state to a turbid state in shallow lakes, increasing stress severity
and reducing environmental dissimilarity of resource availability (Chl-a, N,
and P) and habitats (SD) (Scheffer et al., 2001; Scheffer et al., 1993).
On the one hand, resource-based niche differentiation may reduce
limited-resource competition and promote biodiversity (McKane et al.,
2002; Tilman et al., 1982). Accordingly, heterogeneous conditions beneﬁt
different species. Our results showed that environmental dissimilarity was
negatively related to TSI and algae diversity was not limited by nutrients
(Figs. 2, 6), indicating that eutrophication reduced discrepancies in resources. The higher level of resources under eutrophication reduced niche
differentiation, which is dependent on resource competition. Although increased environmental dissimilarity strengthens the relationship between
compositional dissimilarities and geographical distances, eutrophication
weakens spatial biotic dissimilarity (Bini et al., 2014). On the other hand, environmental dissimilarity decline can lead to a decrease in habitat heterogeneity. Our results showed that the richness of metazoans was positively
related to the ratio of water transparency to water depth (Fig. 2). A positive
feedback occurs between water transparency and submerged plants (Squires
et al., 2002; Su et al., 2021); a high transparency beneﬁts metazoan biodiversity. There is higher biodiversity in the littoral zone than in the pelagic zone,
in which plants provide higher vertical spatial habitats and more refuges for
aquatic organisms (Zohary and Gasith, 2014). Submerged plants improve
water transparency and support spatial heterogeneity in shallow lakes; habitat complexity beneﬁts the determination and maintenance of biodiversity
(Thomaz et al., 2008). However, eutrophication promotes the growth of phytoplankton and reduces water transparency, negatively affecting submerged
plants and reducing the habitat complexity of shallow lakes (Salgado et al.,
2018; Smith and Schindler, 2009). The lakes in our study were generally turbid and lacked submerged plants. Lower spatial heterogeneity of habitats

4.2. Magnitude of TSI and environment dissimilarity affects species
compositional dissimilarity and interactions
Our results showed that environment dissimilarity positively inﬂuenced
dissimilarity within the three biotic groups, indicating that dissimilarity of
6
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Fig. 4. Mantel test with 9999 permutations examining the Spearman's correlation between (a) bacterial community structure (based on OTUs) and trophic status index;
(b) eukaryotic algae community structure (based on OTUs) and trophic status index; (c) metazoan community structure (based on OTUs) and trophic status index;
(d) prokaryotic algae community structure (based on density) and trophic status index; (e) eukaryotic algae community structure (based on density) and trophic status
index; and (f) crustacean zooplankton community structure (based on density) and trophic status index at a signiﬁcance level of 0.05. We calculated the Bray-Curtis
distance matrix of the biotic communities and the Euclidean distance matrix of environmental variables. Environment dissimilarity was calculated based on Euclidean distance matrix of TN, TP, SD and Chl-a.

diversity and dissimilarity by interacting with cyanobacteria and eukaryotic algae.
Positive interactions between different prokaryotic organisms (bacteria
and cyanobacteria) and eukaryotic algae indicate that the effects of eutrophication on biotic dissimilarity may also be related to biotic interactions
and these interactions may be important for maintaining community structure stability. Interactions between eukaryotic algae and heterotrophic bacteria can be categorized into nutrient competition and exchange, signal
transduction and inhibition, and gene transfer (Cole, 1982; Kouzuma and
Watanabe, 2015). Composition shifts of eukaryotic algae have been found
to be linked with those of heterotrophic bacteria (Rooney-Varga et al.,
2005). A study on epiphytic bioﬁlms showed that algal community dissimilarity responded quickly to environmental changes, followed by changes in
bacterial community dissimilarity (Xia et al., 2020). Cyanobacteria have
similar characteristics to both bacteria and algae. They are prokaryotes capable of oxygenic photosynthesis. They interact with eukaryotic algae,
competing for both nutrients and light (Grossman et al., 1995). However,
recent studies have shown that co-metabolism and synergistic action
seem to be important interactions between cyanobacteria and eukaryotic
algae (Foster et al., 2011; Gautam et al., 2019). A co-culture of
cyanobacteria and eukaryotic algae enhanced secondary metabolite production; the presence of eukaryotic algae enhanced nitrogen ﬁxation by
cyanobacteria; and ﬁxed nitrogen can be transferred to eukaryotic algae
(Foster et al., 2011; Gautam et al., 2019).

biotic groups would increase when the dissimilarity of trophic status increased. For instance, in terrestrial ecosystems, fertilization can lead to species loss on a local scale, but a high trophic status dissimilarity promotes
community compositional dissimilarity on a large spatial scale (Zhou
et al., 2019). Our results also showed “triangle-shaped” distributions for
bacteria, algae, and metazoans (Fig. 4 a, b, c, d, e), indicating that when
the trophic status dissimilarity was low, species compositional dissimilarity
was either low or high, but when trophic status dissimilarity was high, species compositional dissimilarity was high.
Environmental dissimilarity is important for determining species compositional dissimilarity in aquatic ecosystems (Dunck et al., 2019; Rahel,
2007). When trophic status dissimilarity is low, environmental dissimilarity
such as geographical distance, local ecological conditions, or diffusion will
be more important than trophic status for determining species composition;
high environmental dissimilarity leads to high species compositional
dissimilarity (Thompson and Townsend, 2006). However, when trophic
status dissimilarity is high, trophic status is the major determinant. For instance, although spatial dissimilarity is relatively large for streams, environmental dissimilarity rather than geographical distance is the major
determining factor for compositional dissimilarity among invertebrate assemblages when trophic status dissimilarity is high at a continental scale
(Bini et al., 2014). High-strength ﬁltration of stress leads to species tolerance and more similar species compositions (Cook et al., 2018; Dunck
et al., 2019). However, the ﬁltering strength can differ for different biotic
groups. Prokaryotic organisms (bacteria and cyanobacteria) and eukaryotic
algae response sensitively to both TSI and environmental dissimilarity.
Nevertheless, for zooplankton, the response was not directly signiﬁcant.
We found eutrophication increased α-diversity of cyanobacteria and decreased β-diversity of cyanobacteria and eukaryotic algae, which negatively affected α- and β-diversity of zooplankton (Fig. 6). Both TSI and
environmental dissimilarity would indirectly affect zooplankton α-

4.3. Eutrophication weakened top-down control of zooplankton on
phytoplankton
Most of the lakes studied were eutrophic with high environmental
stress. Both α- and β-diversity of zooplankton communities decreased in eutrophic lakes that weakened their top-down control on phytoplankton.
7
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Fig. 5. Mantel test with 9999 permutations examining the Spearman's correlation between (a) bacterial community structure and eukaryotic algae community structure
(based on OTUs); (b) bacterial community structure and metazoan community structure (based on OTUs); (c) eukaryotic algae community structure and metazoan
community structure (based on OTUs); (d) prokaryotic algae community structure and eukaryotic algae community structure (based on density); (e) prokaryotic algae
community structure and crustacean zooplankton community structure (based on density); and (f) eukaryotic algae community structure and crustacean zooplankton
community structure (based on density) at a signiﬁcance level of 0.05. We calculated Bray-Curtis distance matrixes of all biotic communities.

effects of eutrophication on planktonic diversity. The effects of trophic status mainly inﬂuence deterministic processes and usually lead to a decrease
in dissimilarity (Ellingsen et al., 2020; Wang et al., 2019). However, predators can affect dissimilarity in two ways: (1) predators can increase dissimilarity by reducing the biomass of prey, increasing stochastic processes and
(2) predators can decrease dissimilarity by reducing rare species, resulting
in species homogenization (Chase et al., 2009). The effects of predators on
dissimilarity are related to feeding habits; generalists increase dissimilarity
but specialists decrease dissimilarity by selective removal of certain species
(Ellingsen et al., 2020; Ryberg et al., 2012). Zooplanktivorous ﬁsh are generalist predators and apply strong predator pressure on zooplankton in subtropical shallow lakes, which is attributed to high feeding and reproduction
rates in warm environments (Iglesias et al., 2011). Zooplanktivorous ﬁsh
may increase dissimilarity by reducing the biomass of zooplankton, increasing stochastic processes.
In addition, both the severity and heterogeneity of predation may determine zooplankton β-diversity; stress severity and stress heterogeneity have
a combined inﬂuence on overall β-diversity (Pound et al., 2019). There is
usually a strong predation intensity and high heterogeneity of ﬁsh predation intensity in subtropical Chinese lakes due to high temperatures and
aquaculture activities (Li and Chen, 2020). Strong predation intensity can
lead to changes in the zooplankton community structure. According to
the size-selective hypothesis, zooplankton with large body sizes, which
are usually herbivores, are generally the most hunted (Brooks and
Dodson, 1965). High predation intensity can lead to changes in the
community structure of herbivores, with large-sized species (e.g., Daphnia
spp.) shifting to small-sized species (e.g., Rotifera and Cladocera)
(Christoffersen et al., 1993). In addition, the communities of top predators
were homogeneous in our studied lakes, with the majority of ﬁsh being
generalists and omnivores (multiple prey trophic levels) (Fig. S1). Omnibenthivore ﬁsh feed on both zooplankton and phytoplankton and inﬂuenced both the community composition and trophic cascade effects in the

High zooplankton size diversity shows strong top-down effects on algae (Ye
et al., 2013). High stress severity will lead to a decrease in biodiversity (Li
et al., 2019; Li et al., 2018; Wang et al., 2019), as well as a decrease in zooplankton size diversity, which weakens top-down effects (Duffy et al., 2007;
Haddad et al., 2009). For organisms at a certain trophic level, diversity
would promote the efﬁciency of resource acquisition (Ives et al., 2005)
and resistance to higher trophic levels (Hillebrand and Cardinale, 2004).
In reverse, stress of resource and predation would also affect top-down
function of zooplankton.
Our results showed that small-sized invertebrate herbivores (Bosmina)
and invertebrate predators (Cyclops) were dominant. The Mantel test
showed that zooplankton dissimilarity was not positively related to dissimilarity of TSI, prokaryotic organisms, or eukaryotic algae. Conversely, our
results showed that the richness, Shannon index, and evenness of metazoans were negatively related to Chl-a, and cyanobacteria richness was positively related to Chl-a (Fig. 2), indicating that food quality, not food
quantity, was the limiting factor. Eutrophication leads to an increase in inedible cyanobacteria, which leads to the community structure change of
zooplankton by increasing the dominance of small-sized species of Rotifera
and small Cladocera (Filstrup et al., 2014; Hansson et al., 2007; Paerl and
Otten, 2013). A meta-analysis based on published data from 114 studies
showed that invertebrate herbivores produced the strongest cascade effect
in the aquatic food web when compared with vertebrate herbivores and invertebrate predators, and invertebrate predators produced the weakest cascade effect (Borer et al., 2005). The decrease in effective grazers and the
increase in inedible cyanobacteria led to effective invertebrate grazers
shifting to non-effective invertebrate grazers and invertebrate predators
and weakened predator–prey interactions between phytoplankton and
zooplankton.
Moreover, in our studied lakes, zooplanktivorous ﬁsh, generally with
low selectivity, accounted for 53% of the total ﬁsh biomass (Fig. S1). The
high predation pressure of zooplanktivorous ﬁsh may alleviate the negative
8
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Fig. 6. Structural equation model with (a) driver variable: TSI, response variables: β-diversity of cyanobacteria, eukaryotic algal and zooplankton; (b) driver variable:
environment dissimilarity, response variables: β-diversity of cyanobacteria, eukaryotic algal and zooplankton; (c) driver variable: TSI, response variables: α-diversity of
cyanobacteria, eukaryotic algal and zooplankton; (d) driver variable: environment dissimilarity, response variables: α-diversity of cyanobacteria, eukaryotic algal and
zooplankton; (e) relationship between TSI and environment dissimilarity; (f) statistics of SEM. The response variable of zp/pp. was the biomass ratio of zooplankton to
phytoplankton. α-diversity was represented by species richness; β-diversity was represented by NMDS1 value based on bray-cruis distance matrix of the biotic
communities. Environment dissimilarity was represented by NMDS1 value based on Euclidean distance matrix of TN, TP, SD and Chl-a. The solid arrows represent signiﬁcant
paths (p < 0.05 piecewise SEM) that the positive relationships were displayed in red and the negative relationships were displayed in blue. The thickness of each signiﬁcant
path represents the magnitude of the standardized regression coefﬁcient or effect size, and the positive or negative values are given on the arrows. Signiﬁcant effects are
marked by asterisks (p < 0.001 (***), p < 0.01 (**) and p < 0.05 (*)). Arrows for non-signiﬁcant paths (p ≥ 0.05) are in dash arrows. R2 values for component models
are given in the boxes of endogenous variables.

may increase the apparent competition among zooplankton and then alter
their population and decrease their biomass, further weakening trophic
cascades.

studied lakes. The loss of energy transfer among food webs leads to a
bottom-heavy pyramid biomass structure in the ecosystem; omnivores
also alter biomass, and the feeding behavior of top predators on lower trophic webs leads to a bottom-heavy pyramid shifting to a top-heavy hourglass shape (Woodson et al., 2018). Omnivores diffuse interactions among
trophic levels and lead to a nonlinear food chain, weakening trophic cascades (Fagan, 1997; Kratina et al., 2012). Exploitative competition between
species can weaken niche complementarity in a single trophic level, which
is unfavorable for ecosystem function (Fukami, 2010). Similar to exploitative competition, the trophic complementarity hypothesis proposes that
apparent competition in multiple trophic level systems has similar negative
effects (Poisot et al., 2013). Generalist predators of zooplanktivorous ﬁsh

5. Conclusions
Both the severity and heterogeneity of the trophic status signiﬁcantly inﬂuenced the plankton biotic communities. We found that eutrophication
decreased species compositional dissimilarity in freshwater biotic groups,
regardless of the method used (i.e., sequencing of environmental DNA
and classical microscopic identiﬁcation). Furthermore, eutrophication decreased heterogeneity of the trophic status, consequently resulting in
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negative effects on species compositional dissimilarity. Decreased planktonic compositional dissimilarity weakened the trophic cascade effect of
the planktonic food chain by weakening the top-down effects of zooplankton on phytoplankton. In our study, the main mechanism of eutrophication
affecting the top-down effect was through increasing the proportion of inedible algae and decreasing zooplankton diversity. Our study implied that
the decreased species compositional dissimilarity caused by eutrophication
might be maintained or strengthened by the biotic interactions. Therefore,
both nutrients reduction and environmental dissimilarity improvement
should be included in the restoration of eutrophic lakes.
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