
����������
�������

Citation: Zhu, Y.; Mi, W.; Tu, X.; Song,

G.; Bi, Y. Environmental Factors

Drive Periphytic Algal Community

Assembly in the Largest

Long-Distance Water Diversion

Channel. Water 2022, 14, 914.

https://doi.org/10.3390/w14060914

Academic Editor: Abasiofiok

Mark Ibekwe

Received: 17 February 2022

Accepted: 12 March 2022

Published: 15 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Environmental Factors Drive Periphytic Algal Community
Assembly in the Largest Long-Distance Water
Diversion Channel
Yuxuan Zhu 1,2, Wujuan Mi 1, Xiaojie Tu 1, Gaofei Song 1 and Yonghong Bi 1,*

1 State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy
of Sciences, Wuhan 430072, China; zhuyuxuan1991@126.com (Y.Z.); miwj@ihb.ac.cn (W.M.);
tuxj@ihb.ac.cn (X.T.); song@ihb.ac.cn (G.S.)

2 University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: biyh@ihb.ac.cn; Tel.: +86-27-687-800-16

Abstract: Periphytic algae exist widely in different waters. However, little is known about periphytic
algae in long-distance water diversion channels across watersheds. We investigated the periphytic al-
gae and the environmental factors at twenty sampling sites in the middle route of the South-to-North
Water Diversion Project (MRP). The dominant species were Desmodesmus intermedius (Hegewald),
Calothrix thermalis (Bornet & Flahault), Calothrix parietina (Bornet & Flahault) and Leptolyngbya ben-
thonica (Anagnostidis) (dominance > 0.02) as measured in a whole year. Habitat heterogeneity in
the MRP led to lower spatial heterogeneity and higher temporal heterogeneity of the periphytic
algal community. Stochastic processes are the major process in periphytic community assembly. In
deterministic processes, homogeneous selection had the major role in structuring the periphytic
community, whereas the role of heterogeneous selection was less significant. In stochastic processes,
dispersal limitations had the major role in structuring the periphytic community, whereas the role
of homogenizing dispersal and drift were less significant. The variation in total nitrogen and total
phosphorus promoted more stochastic processes (−1.96 < βNTI < 1.96). The variations in water
temperature and water velocity promoted more heterogeneous selection (βNTI > 1.96). In integrating
all of this empirical evidence, we explore the role of environmental factors in the action of ecological
processes shaping thecommunity assembly of the periphytic algal community.

Keywords: artificial diversion channel; periphytic algal community; environmental heterogeneity;
stochastic process; deterministic process

1. Introduction

The definition of periphytic algae is algae living attached to any substrate under
water like submerged plants or plant parts, rocks, and sediment [1,2]. Periphytic algae is
an important part of an aquatic ecosystem and participates in the material cycle, energy
flow and food web of the ecosystem [3–5]. As the food source of aquatic organisms, it
sometimes provides more resources than phytoplankton and higher aquatic plants [6–8].
Moreover, periphytic algae can provide habitats for the growth, development, survival
and reproduction of a large number of aquatic animals [9,10]. The dynamics of periphytic
algae can be mainly affected by biotic and abiotic factors, such as interspecies competition,
grazing, nutrient concentration and nutrient availability, water velocity, substrate type,
light and temperature [11–13]. Periphytic algae grow by attaching to the substrate, but can’t
obtain a favorable living environment and avoid adverse environmental changes through
motion like planktonic algae, so periphytic algae are more sensitive to environmental
dynamics [14,15]. Therefore, changes in the periphytic algae community can be used to in-
dicate the variation in aquatic ecosystems [16]. In response to the spatiotemporal dynamics
of the habitat, the communities of periphytic algae show corresponding spatiotemporal
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dynamics [17,18]. It can be confirmed that periphytic algae play an important role in the
maintenance of ecosystems, and research in periphytic algal community ecology is helpful
to deepen the understanding of aquatic ecosystems.

Understanding the mechanisms of assembly can effectively help us understand the
ecology of the periphytic community [19,20]. It is well known that both deterministic
and stochastic processes play pivotal roles in regulating the assembly of ecological com-
munities [21–23]. Community assembly is driven by deterministic processes, stochastic
processes, or the interaction between the two types of ecological processes [24–26]. Deter-
ministic processes include “homogeneous selection” and “heterogeneous selection”, and
they lead to more similar or dissimilar structures among communities under the homoge-
neous or heterogeneous environment [22,26]. Stochastic processes include “homogenizing
dispersal”, “dispersal limitation” and “drift and others”; homogenizing dispersal lead a
low turnover within communities, dispersal limitations increase community turnover, drift
and others influences changes in communities due to random birth, death, and reproduc-
tion, independently of species fitness [26–28]. The interaction between deterministic and
stochastic processes may arise when the timing of the arrival of species in the community,
an intrinsically stochastic type of event, leads to multiple equilibria through more determin-
istic succession or priority effects [24,29]. Environmental factors are important drivers for
shaping diversity and community structures and driving community assembly [23]. Most
studies on the periphytic algal community include the relationship between environmental
factors and algae, but few involve the relationship between environmental factors and com-
munity assembly [11–13]. Interspecies interaction is a key point in the study of periphytic
algae and can affect the succession process through facilitation, tolerance and inhibition
effects, but few involve the relationship between interspecies interaction and periphytic
community assembly. [30,31]. Therefore, elucidating the relative impacts of stochastic and
deterministic processes on the community and underlying factors is essential to reach a
comprehensive understanding of periphytic algal community assembly.

Due to artificial disturbance, the spatiotemporal characteristics of habitats in man-
made waterbodies (such as water temperature, nutrition and hydraulic condition, etc.)
are often different from those in natural waterbodies, and always lead to different peri-
phytic algal communities [32,33]. The long-distance water diversion channel is a kind
of man-made waterbody that transfers clean drinking water for a large number of peo-
ple [34,35]. As an important member of aquatic ecosystems, periphytic algae is closely
related to the safety of water transportation [36]. The middle route of the south-to-north
water diversion project is the world’s largest long-distance water diversion channel; this
project has a total length of 1432 km, with the function of transferring drinking water
from the Danjiangkou reservoir to Henan, Hebei, Beijing and Tianjin, which could ser-
vice nearly 200 million people [37]. As a drinking water provider, TN ≤ 1.8 mg/L and
TP ≤ 0.02 mg/L in MRP [38,39]. Construction of MRP began in 2003, and the drinking
water supply began in 2014, with periphytic algae thriving in the channel over the next four
years in MRP [37,40]. Dead periphytic algae and planktonic algae accumulate at the end
outlets. The silted algal biomass increased the severity of the drinking water pretreatment,
which caused the management departments to regularly remove silt. If dredging could not
be done in time, it might also bring the risk of odorous compounds, black and odorous
water, and even algal toxins [41–43]. On the other hand, there are few data on algae in MRP,
especially periphytic algae, which makes it difficult to reveal periphytic algal community
assembly. To ensure the safety of water conveyance and understand the changes in MRP,
exploration of the relative impacts of assembly processes on the periphytic algal community
and the relationship with underlying factors is necessary.

In this study, we hypothesize that the influence of different ecological processes
shaping periphytic algal communities will depend mainly on the system’s environmental
factors. To test this hypothesis, we investigated the community structure, spatial and
temporal patterns of periphytic algae in the MRP, and the spatiotemporal changes in
the community were demonstrated. We analyzed the processes shaping periphytic algal
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community structure using the approach proposed by Stegen et al. [22]. The effects of
stochastic and deterministic processes on the periphytic algal community were elucidated,
and their driving factors were identified. Then, we constructed co-occurrence networks
to explore how ecological processes affect putative interactions between taxa. The aim of
this study was: (i) to identify important periphytic algae, and (ii) to determine the relative
importance of the assembly processes structuring the periphytic algal community.

2. Materials and Methods
2.1. Site Stations and Samples Collection

Periphytic algal samples were collected in the first half (May 2019) and the second half
(October 2018) of the year at 20 sampling sites along the main route of the MRP (Figure 1
and Supplementary Table S1). Sampling sites P1–P20, ‘H1’ and ‘H2’ were added after the
names of the sampling sites to denote samples of the first half of the year and the second
half of the year, respectively.
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Figure 1. Sketch map of sampling sites in the main route of the middle route of the South-to-North
Water Diversion Project in China.

Periphytic algal samples were collected from the side slope below the water surface
area at 0.35 m depth. The algal sample collection procedure was to remove large algae
pieces from the substrate with a spade, divide the large pieces into small pieces of 10 cm2

with a knife, put each small piece into a white porcelain dish, and to stir it evenly with
100 mL of pure water. At each sampling site, four pieces of a 10 cm2 algal sample were
collected, of which three pieces of algal samples were stored at −80 ◦C. DNA extraction
and a piece of algal sample was stored at 4 ◦C for determination of chlorophyll a. In
addition, subsurface (0.35 m depth) water samples (1.5 L) were collected synchronously
for chemical analysis in 20 sampling sites (Figure 1), water samples were filtered by GF/C
glass microfiber filters (Whatman, Germany), and the filtrate was then stored in sterilized
collection bottles at 4 ◦C until analyses.

2.2. Environmental Parameters Determination

When collecting algae in the 20 sampling sites (Figure 1), water temperature (WT), pH,
turbidity (Tur), specific conductivity (SPC), and dissolved oxygen (DO) were monitored
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by YSI (ProPlus, Yellow Springs, OH, USA), and water velocity (V) was monitored by
a flowmeter (Flowatch, Yverdon-les-Bains, Switzerland). Periphytic algal chlorophyll
a was determined according to the standard practices for measurement of chlorophyll
content of algae in surface waters (ASTM D3731-87 (2012)) [44]. Other environmental
parameters of the water sample, such as total nitrogen (TN), nitrate nitrogen (NO3−-N),
ammonium nitrogen (NH3-N), total phosphorus (TP), orthophosphate (PO4

3−-P), and
potassium permanganate index (CODMn), were determined according to APHA [45].

2.3. Molecular Analyses

In the laboratory, periphytic algal DNA was extracted with an E.Z.N.A.® Soil/Stool
DNA Kit (Omega Biotek, Norcross, GA, USA) according to the manufacturer’s instruc-
tions. DNA concentrations and quality levels were measured with an ND-2000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE, USA). PCRs were performed
in triplicate in a 20 µL mixture containing 4 µL of 5 × FastPfu Buffer, 2 µL of 2.5 mM
dNTPs, 0.8 µL of each primer (5 µM), 0.4 µL of FastPfu Polymerase, 0.2 µL of bovine serum
albumin (BSA) and 10 ng of template DNA. The PCR parameter was 95 ◦C for 3 min,
followed by 25 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 45 s and a final extension
at 72 ◦C for 10 min. Cyanobacteria V3-V4 hypervariable region of the 16S rRNA were
amplified by PCR using primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′), and eukaryotic algae V4 hypervariable region of
the 18S rRNA were amplified by PCR using primers 3NDF (5′-GGCAAGTCTGGTGCCAG-
3′) and V4_euk_R2 (5′-ACGGTATCT(AG)ATC(AG)TCTTCG-3′), where the barcode was
an eight-base sequence unique to each sample. Amplicons were extracted from 2%
agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) according to the manufacturer’s instructions, and quantified using
QuantiFluor™-ST (Promega, Madison, WI, USA). Paired-end sequencing for PCR prod-
ucts was conducted on Illumina MiSeq (Illumina, San Diego, CA, USA) as previously
described [46]. The overlapping paired-end reads were joined with FLASH using the
default setting [47]. The merged sequences were subsequently quality filtered and ana-
lyzed with QIIME 1.9.1 [48]. Chimera sequences were removed using USEARCH 7.0 [49].
The remaining sequences were clustered into operational taxonomic units (OTUs, 97%
similarity level) using UPARSE 7.0 [50]. The representative sequence of each OTU was
taxonomically annotated based on the SILVA 128 database. After taxonomies had been
assigned, OTUs that were affiliated with archaea, chloroplasts, unclassified (not affiliated
with bacteria), and singleton OTUs were removed from the dataset. In H1, 151,259 reads of
cyanobacteria were produced, with an average of 7961 reads per sample, and 131 species
of cyanobacteria were identified. In H2, 121,087 reads of cyanobacteria were produced,
with an average of 6373 reads per sample, and 140 species of cyanobacteria were identified.
In H1, 148,390 reads of eukaryotic algae were produced, with an average of 7810 reads
per sample, and 82 species of eukaryotic algae were identified. In H2, 109,098 reads of
eukaryotic algae were produced, with an average of 5742 reads per sample, and 81 species
of eukaryotic algae were identified.

2.4. Environmental Heterogeneity

Environmental heterogeneity was estimated by computing the average dissimilarity
between sites based on environmental factors [51]. For each sampling phase, we computed
a Euclidean distance matrix (Vegan package, R) and calculated the dissimilarity between
sites (Ed) as follows:

Ed =

(
Euc

Eucmax

)
+ 0.001 (1)

where Euc is the Euclidean distance between two sites and Eucmax corresponds to the
maximum Euclidean distance considering all the pairwise distances in the overall dataset.
0.001 was added to account for zero similarity between sites [52]. Then, we calculated the
mean Ed of each computed similarity matrix and used it as an index of environmental hetero-
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geneity in H1, H2 and for the whole year (Supplementary Table S2). We compared the mean
of ranked dissimilarities between phases (H1 and H2) to the mean of ranked dissimilarities
within phases with analysis of similarities (ANOSIM) (Supplementary Table S2). In addition,
we calculated the coefficient of variation (CV%) for each variable and hydrological phase, as
the standard deviation divided by the mean of each variable (Supplementary Table S3).

To test whether the environmental conditions in the sampling phases and sampling
sites differed significantly, we performed permutational multivariate analysis of variance
(PERMANOVA) (Supplementary Table S4). We first tested for homogeneity of multivariate
dispersion (PERMDISP) with the betadisper function (Vegan package, R), which com-
pares the within-group spread among groups using the average value of the individual
observation distances to the centroid of the own group. Differences in environmental con-
ditions were also analyzed with performed permutational multivariate analysis of variance
(PERMANOVA) for testing the effects of phases (adonis function in Vegan package, R) [52].

2.5. Periphytic Algal Community Structure

The effect of environmental factors on periphytic algal community structures was
assessed by calculating the community turnover in each sampling phase. We computed a
Bray-Curtis matrix on the basis of OTU normalized abundances for each sampling phase to
calculate the dissimilarity (Xd) between the local communities as follows:

Xd =

(
Bray

Braymax

)
+ 0.001 (2)

where Bray is the Bray-Curtis dissimilarity between two communities and Braymax corre-
sponds to the maximum Bray-Curtis dissimilarity considering the overall dataset. Next,
we calculated the mean Xd of each matrix computed, which was used as a value of
community turnover.

To test whether the community structure in the sampling phases and sampling sites
differed significantly, we performed permutational multivariate analysis of variance (PER-
MANOVA) (Supplementary Table S4). Since PERMDISP was significant, we ran the PER-
MANOVA with betadisper function (Vegan package, R). We additionally calculated the
Whittaker index to explore the β-diversity (Past software V4). To visualize the taxonomic
similarity across local communities, a Principal Co-ordinates Analysis (PCoA) was per-
formed using the Bray-Curtis metric (Vegan package, R).

2.6. Networks Analysis

Network analysis represents an approach for exploring and identifying patterns in
large, complex datasets and patterns that may be more difficult to detect using the standard
alpha/beta diversity metrics widely used in microbial ecology. To screen the interspecies
interaction of periphytic algae, network analysis was used to explore cooccurrence patterns
in the algal community. To describe the topology of the resulting network, the average path
length and modularity were calculated.

The average path length CB(v) was calculated as follows:

σst(v) =
{

0 i f dG(s, t) < dG(s, v) + dG(v, t)
σsv·σvt otherwise

(3)

δst(v) = σst(v)/σst (4)

CB(v) = ∑
s 6=v 6=tεV

δst(v) (5)

Networks are conveniently described as a graph G = (V, E), where the set V of vertices
represents actors, and the set E of edges represents links between actors. A path was
defined from s ε V to t ε V as an alternating sequence of vertices and edges, beginning with
s and ending with t, such that each edge connects its preceding with its succeeding vertex.
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We used dG (s, t) to denote the distance between the vertices s and t. Let σst (v) denote the
number of the shortest paths from s to t that some v ε V lies on.

The modularity Q was calculated as follows:

Q =
1

2m ∑
i,j

[
Aij −

kik j

2m

]
δ
(
ci, cj

)
(6)

where Aij represents the weight of the edge between i and j, ki = ∑j Aij is the sum of the
weights of the edges attached to vertex i, ci is the community to which vertex i is assigned,
the δ function δ (u, v) is 1 if u = v and 0 otherwise and m = 1

2 ∑ij Aij.
Network analysis was conducted based on Spearman’s correlations calculated using

SPSS 24.0 and visualized using Gephi 0.9.2.

2.7. Analysis of Periphytic Algal Community Assembly

Null-modelling based approaches were preferentially performed in this study to infer
community assembly mechanisms. The null model analysis was conducted following the
framework described by previous research. The phylogenetic β-diversity was quantified
using beta mean nearest taxon distance (βMNTD) and beta nearest taxon index (βNTI)
by using the ‘picante’ package [22,53,54]. βMNTD represents the phylogenetic distance
between each OTU in one community and its closest relative in a second community, and
βNTI quantifies the difference between the observed βMNTD and the null distribution of
βMNTD. A value of |βNTI| > 1.96 indicates that the community assembly is governed pri-
marily by deterministic processes, which can be divided into homogeneous selection (βNTI
< −1.96, leading to similar community structures in similar environments) and heteroge-
neous selection (βNTI > 1.96, leading to dissimilar community structures in heterogeneous
conditions). When |βNTI| < 1.96, the value suggests that the community compositions are
the result of stochastic processes. Additionally, The Bray-Curtis based Raup-Crick (RCbray),
the deviation between the observed Bray–Curtis and the null distribution was calculated
to further partition the stochastic processes [22]. A value of |RCbray| > 0.95 indicates that
homogenizing dispersal (RCbray < −0.95) or dispersal limitation (RCbray > 0.95) drives
compositional turnover. If |βNTI| < 1.96 and |RCbray| < 0.95, this estimates the influ-
ence of ‘drift and others’ assembly, such as weak selection, weak dispersal, diversification,
and/or drift [21,55]. Furthermore, a modified framework to quantitatively infer community
assembly mechanisms by phylogenetic-bin-based null model analysis (iCAMP), based on
the turnovers of individual bins across communities, was used to quantify the relative
importance of ecological processes in controlling microbial community diversity by using
the ‘iCAMP’ package [56].

The relevant calculation was as follows:

MNTD = ∑nk
ik=1 f ikmin(∆ikjk) (7)

NTI = (mean(MNTDnull)−MNTDobs)/sd(MNTDnull) (8)

βMNTD = 0.5
[
∑nk

ik=1 min(∆ikjm) + ∑nm
im=1 min(∆imjk)

]
(9)

βNTI = (βMNTDobs −mean(βMNTDnull))/sd(βMNTDnull) (10)

where fik represents the relative abundance of OTUi in community k, nk is the number of
OTUs in community k, ∆ikjk is the minimum phylogenetic distance between OTUi and
all other OTUj in community k, and min(∆ikjm) is the minimum phylogenetic distance
between OTUi in community k and all OTUj in community m.

The normalized stochasticity ratio (NST) was further applied to evaluate the microbial
community assembly. The relative importance of deterministic and stochastic processes can
be quantified by the index NST with 50% as the boundary point between more deterministic
(NST < 50%) and more stochastic (NST > 50%). The NST estimated the relative importance
of stochastic processes in community structure and was tested with simulated communities
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by considering abiotic filtering, competition, environmental noise, and spatial scales. NST
values based on Bray–Curtis (tNSTbray) dissimilarity were calculated by using the ‘iCAMP’
package [56].

2.8. Statistical Analysis

The sampling diagram was drawn using ArcGIS 10.4. Dominance and niche analysis
was performed with the package “spaa” in R 4.0.5. Principal Coordinate Analysis (PCoA)
was used to measure the similarity between the samples based on OTU level with the pack-
age “Vegan” in R 4.0.0. The Wilcoxon test (nonparametric method) was used to compare
the physicochemical temporal variations of the water and alpha diversity indices. Alpha di-
versity indices were calculated using Past 3. A redundancy analysis (RDA) was performed
using CANOCO 4.5. Raw data were uploaded as FASTQ files registered to the National
Center for Biotechnology Information (NCBI) under bioproject number PRJNA706557.

3. Results
3.1. Characteristics of Periphytic Algal Community

The relative abundances of Calothrix parietina (Bornet & Flahault), Calothrix thermalis
(Bornet & Flahault), Leptolyngbya benthonica (Anagnostidis), Cyanobium distomicola (Rippka &
Cohen-Bazire.), Nodosilinea epilithica (Perkerson & Casamatta) and Microseira minor (Geng &
Yu) were higher in cyanobacteria (Figure 2a,b). In eukaryotic algae, Desmodesmus intermedius
(Hegewald), Ulnaria ulna (Compère), Monactinus sturmii (Jena & Bock), Navicula phyllepta
(Kützing), Ulothrix zonata (Kützing) and Spirogyra crassispina (Jao) had higher relative
abundance (Figure 2c,d).
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There were 15 dominant periphytic algal species in the community (Dominance > 0.02)
(Table 1). The niche width of these dominant species was larger than that of nondominant
species (Table 1). Filamentous algae accounted for a higher proportion of dominant species,
such as Spirogyra crassispina, Calothrix thermalis, and Leptolyngbya benthonica.

Table 1. Dominant species of periphytic algal communities.

H1 H2
Dominant Species Dominance Niche Width Dominant Species Dominance Niche Width

Desmodesmus
intermedius 0.257 5.317 Desmodesmus

intermedius 0.204 5.666

Calothrix thermalis 0.179 2.900 Calothrix thermalis 0.157 2.301
Calothrix parietina 0.168 7.481 Leptolyngbya benthonica 0.130 14.845

Ulnaria ulna 0.107 2.711 Cyanobium distomicola 0.129 13.066
Leptolyngbya benthonica 0.046 11.096 Calothrix parietina 0.053 4.220

Spirogyra crassispina 0.045 4.732 Microseira minor 0.037 4.182
Monactinus sturmii 0.035 5.618 Leptolyngbya valderiana 0.035 2.807

Microseira minor 0.026 6.393 Nodosilinea epilithica 0.031 10.410
Navicula phyllepta 0.026 10.880 Ulothrix zonata 0.027 3.437

Microcoleus amoenus 0.023 11.109
Leptolyngbya foveolarum 0.022 10.958

nondominant species average = 0.001 average = 6.194 nondominant species average = 0.004 average = 4.287

Community richness (Chao1) and community coverage (Coverage) of algal communities
showed upward trends along the MRP, while community evenness (Pielou) and community
diversity (Shannon) showed downward trends along the MRP (Supplementary Table S2).

The relative abundance of periphytic algae has a spatial difference: Calothrix pari-
etina, Calothrix thermalis, Microseira minor, Spirogyra crassispina and Ulothrix zonata
preferentially distributed at the lower latitude sample sites, while Leptolyngbya benthon-
ica, Cyanobium distomicola, Nodosilinea epilithica and Monactinus sturmii preferentially
distributed at the higher latitude sample sites. The dominance of periphytic algae
has a temporal difference: dissimilarity tests confirmed that dominant species be-
tween the first half year (H1) and the second half year (H2) were significantly different
(Figures 3 and S2); Calothrix parietina, Ulnaria ulna, Desmodesmus intermedius, Mon-
actinus sturmii, Spirogyra crassispina, Calothrix thermalis and Navicula phyllepta were
the dominant species in H1, whereas H2 was dominated by Microseira minor, No-
dosilinea epilithica, Leptolyngbya foveolarum (Anagnostidis & Komárek), Microcoleus
amoenus (Komárek & Johansen), Leptolyngbya valderiana (Anagnostidis & Komárek),
Leptolyngbya benthonica and Cyanobium distomicola (Figures 3 and S2).
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The community structure according to species abundance varied with significant dif-
ferences between H1 and H2 (PERMANOVA, F = 5.5657, p = 0.001, Supplementary Table S4).
In PCoA, local communities were more similarly grouped in a distinct cluster in H2. In con-
trast, those from H1 were more spread (Supplementary Figure S1). The community turnover
(Xd) varied markedly between H1 and H2, being significantly lower (PERMANOVA,
p < 0.005) in H1 (Xd = 0.71) than in H2 (Xd = 0.81) (Supplementary Tables S2 and S4).

The alpha diversity of algal communities had spatial heterogeneity: the community
richness in P15–P20, the community coverage in P5–P15, the community evenness in
P10–P15 and the community diversity in P10–P15 were significantly different from those
of other samples (p < 0.05). The alpha diversity of algal communities also had temporal
difference: community richness and community coverage were higher in H1 than in
H2, and community evenness and community diversity were higher in H2 than in H1
(Supplementary Table S5).

3.2. Periphytic Algal Community Associations

In Figure 4a, species in positive correlations were generated into some relatively
independent groups; the average path length was 1.636 and the modularity was 0.684. This
result suggested that the network had a modular structure. In the negative correlation
network, the average path length was 3.379, and the modularity was 0.018. There were
some key nodes shown in the negative correlations (Figure 4b). This result suggested
that the network had no modular structure, and nodes tend to disperse in the negative
correlation network.
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Figure 4. Co-occurrence network of the periphytic algal communities in H1 and H2 (a) positive
correlation network (b) negative correlation network. Each node represents an individual species,
and the species belonging to the same phylum are displayed in the same color. The sizes of nodes
reflected their connecting degrees. The higher the degree, the more connections there were between
this species and other neighboring species. Each edge between two nodes represents positive or
negative interactions between the two species. A connection stands for a significant (|r| > 0.7,
p < 0.05).

Compared with positive associations, the negative associations among species in peri-
phytic algal communities showed a more complex and tighter network structure with a
higher average connectivity and clustering coefficient, shorter harmonic geodesic distance
and smaller modularity (Figure 4). Moreover, the negative interactions in periphytic algal
communities were clustered between different species, and the positive interactions in peri-
phytic algal communities were clustered within modules possessing the same taxonomic
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affiliations (Figure 4). In both positive and negative associations, dominant species occupy
key positions with higher centrality than nondominant species, and the difference in niche
width between dominant and nondominant species also supports this view (Figure 4 and
Table 1).

3.3. Periphytic Algal Community Assembly

The large proportion of stochasticity in dominant species and nondominant species
communities (79.32% and 68.08%) suggested that stochastic processes exerted a greater
influence on the community (Figure 5a). In deterministic processes, homogeneous
selection had a major role in structuring the periphytic community, whereas the role of
heterogeneous selection was less significant (Figure 5a). In stochastic processes, dispersal
limitations had the major role in structuring the periphytic community, whereas the role
of homogenizing dispersal and drift were less significant (Figure 5a). Compared with
dominant species, determinism processes exerted a greater influence on nondominant
species, and the proportion of homogeneous selection in dominant species (14.77%) was
lower than that in nondominant species (29.97%) (Figure 5a).

The average environmental dissimilarity between sites (Ed) as well as the CV% of the
12 environmental factors indicated a clear trend to higher spatial homogenization from
H1 to H2 (Supplementary Tables S2 and S3). The H1 and H2 were significantly differ-
ent according to their environmental characteristics (PERMANOVA F = 341.95, p = 0.001,
Supplementary Figure S2 and Tables S2 and S4). The Monte Carlo unrestricted permu-
tation test identified 11 environmental factors (Supplementary Figure S3) as significant
influencing factors for the periphytic algal communities (p < 0.05). Total nitrogen and total
phosphorus were positively related to chlorophyll a, community evenness and community
diversity, but were negatively related to community richness and community coverage.
Water temperature and water velocity were positively related to community richness and
community coverage but negatively related to chlorophyll a, community evenness and
community diversity (Figure 5b).

Based on RDA, a subset of environmental factors (total nitrogen, total phosphorus,
water temperature and water velocity) was selected to identify the relationship between
βNTI and the variation in environmental factors (Figure 5b and Supplementary Figure S4).
βNTI was significantly negatively correlated with the variation in total nitrogen and total
phosphorus (Figure 5c,d), indicating that the variation in total nitrogen and total phos-
phorus led to a shift from heterogeneous selection (βNTI > 1.96) to stochastic processes
(−1.96 < βNTI < 1.96). βNTI was significantly positively correlated with variations in water
temperature and water velocity (Figure 5e,f), indicating that variations in water temper-
ature and water velocity led to a shift from stochastic processes (−1.96 < βNTI < 1.96) to
heterogeneous selection (βNTI > 1.96).
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Figure 5. Relative influences of deterministic and stochastic processes in structuring the periphytic
algal community. (a) The fraction of ecological processes (deterministic: homogeneous and hetero-
geneous selection; stochastic: dispersal limitations and homogenizing dispersal; drift and others)
governing the community assembly in the dominant species and nondominant species. (b) Redun-
dancy analysis ordination plot for the first two principal dimensions. (c) Relationships between βNTI
and differences in total nitrogen. (d) Relationships between βNTI and differences in total phosphorus.
(e) Relationships between βNTI and differences in water temperature. (f) Relationships between
βNTI and differences in water velocity. The value of |βNTI| > 1.96 indicated that the community
assembly was governed primarily by deterministic processes, which could be divided into homoge-
neous selection (βNTI < −1.96, leading to similar community structures in similar environments) and
heterogeneous selection (βNTI > 1.96, leading to dissimilar community structures in heterogeneous
conditions). When |βNTI| < 1.96, the value suggested that the community compositions were
the result of stochastic processes. Linear regression models (shown as red lines) and associated
correlation coefficients and p values are provided in each panel.

4. Discussion
4.1. Periphytic Algal Communities in the MRP

The cyanobacteria in MRP were also commonly found in rivers, e.g., Calothrix were
observed in 80% USA rivers, Calothrix, Cyanobium, Leptolyngbya were observed in the
upper Paraná River, Calothrix, Leptolyngbya were observed in seven rivers of different conti-
nents [10,57,58]. The eukaryotic algae in MRP were generally found in rivers or streams,
e.g., Navicula, Fragilaria, Achnanthes were observed in Weihe RiverBasin, Ulnaria, Navicula,
Cymbella were observed in six rivers below the Dujiangyan irrigation project, Desmodesmus,
Ulothrix, Ulnaria, Navicula, Spirogyra were observed in various streams [59–61]. Several
species of periphytic algae in MRP prefer to grow on rock surfaces in rivers or streams
rather than lakes, e.g., Calothrix thermalis, Leptolyngbya valderiana, and Gleocapsa gigas [62,63].
That is to say, the habitat provided by MRP for periphytic algae was similar to rivers or
streams. Previous studies have shown that the structure of algal communities in different
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habitats is different [64,65]. It could be judged that the MRP is a river-type waterbody
based on the periphytic algae community.

ANOSIM and PERMDISP tests that were performed on the community structure
spatial heterogeneity found that different regions of MRP had no significant difference in
community structure (Supplementary Tables S4 and S5); this is different from the spatial
heterogeneity of community structure in natural rivers [66,67]. Several studies have found
evidence of the pivotal role of the variation of environmental factors in determining com-
munity structure, and an increase in its relative importance as environmental heterogeneity
increases and the community structures become more heterogeneous [21,68,69]. Further-
more, ANOSIM and PERMDISP tests on the environmental spatial heterogeneity found
that no significant difference of environmental factors between different regions of MRP
(Supplementary Tables S4 and S5). The relatively small environmental spatial heterogeneity
of MRP leads to the fact that the spatial heterogeneity of the periphytic algal community
structure is smaller than that of natural rivers.

The temporal heterogeneity of the community structure was tested with ANOSIM
and PERMDISP, community structure of different phases (H1 and H2) with significant
difference (Supplementary Figure S1 and Tables S4 and S5), this was similar to natural
rivers [70–72]. Previous studies have found evidence of the pivotal role of environmen-
tal temporal heterogeneity in determining biofilm community structure, environmental
temporal heterogeneity increase and its relative importance increase, and temporal hetero-
geneity of biofilm community structures increase [71,73,74]. Next, we tested environmental
temporal heterogeneity with ANOSIM and PERMDISP and found a significant differ-
ence of environmental factors between different phases (Supplementary Figure S1 and
Tables S4 and S5). The environmental temporal heterogeneity of MRP leads to the temporal
heterogeneity of the periphytic algal community.

4.2. Periphytic Algal Community Assembly Processes

Stochastic processes include weak selection, dispersal limitation, diversification, and
drift, and are not the consequence of environmentally determined fitness [21]. Dispersal
limitation signifies the circumstance that low dispersal rates could increase community
richness variations [22,26]. When the environmental conditions were suitable for the coex-
istence of more species, the community suffered less selection pressure, and the assembly
was mainly governed by stochastic processes [75,76]. The results of this study showed that
the variation in total nitrogen and total phosphorus promoted more stochastic processes,
the periphytic algal community assembly was mainly affected by dispersal limitation,
and community richness increased, suggesting that the MRP provided a relatively suit-
able growth environment for periphytic algae, and a low dispersal rate increased the
community richness.

The deterministic process was the result of ecological filtering (environmental filtering
and biological filtering) [29,77]. Existing research results showed that environmental
filtering drove the community to be more similar under homogeneous environmental
conditions or more dissimilar if the environment was heterogeneous, while biological
filtration generally drove the communities to be more dissimilar [78,79]. The results of this
study showed that deterministic processes had a greater impact on nondominant species
than dominant species, and homogenous selection had a greater impact on nondominant
species than heterogeneous selection.

Environmental factors affect communities through environmental filtering [80]. Envi-
ronmental filtering exerts more selective pressure on algae and affects niches, interspecies
interactions and community assembly [81,82]. The MRP ecosystem has stronger selective
pressure than natural aquatic ecosystems, as confirmed by narrower niche widths of peri-
phytic algae than those in natural aquatic environments [83,84]. Stronger selective pressure
led to interspecies interactions of communities tending to be negative interactions rather
than positive ones [80,83]. Community assembly was also affected by stronger selective
pressure in MRP ecosystems, as confirmed by higher NTI values (Supplementary Table S6)
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in MRP ecosystems compared to NTI < 1.8 in streams and NTI < 1 in wetlands [85,86].
This result indicated that periphytic algae in environments with relative lower nutrient
availability were undergoing stronger selection pressure than those in normal aquatic
environments, and selection pressure influenced the assembly of the algal community.

Temperature was a key factor affecting periphytic algae [87–89]. Temperature could
make a direct difference to the metabolism and growth of algae [3,90] and enhance the
dissolution of mineral elements and accelerate the rate of redox reactions, which could
influence the algal community [89,91]. In the MRP, when the variation in water temperature
was less than 5 ◦C, deterministic processes dominated the community assembly, and the
existing species in the community competed for ecological resources, which manifested
as homogenous selection and heterogeneous selection [3]. When the variation in water
temperature was more than 5 ◦C, stochastic processes dominated the community assembly,
and many species could not adapt when the temperature change was drastic, and the vacant
niche was randomly filled by new species which manifested as dispersal and drift [31].
Therefore, temperature could directly and indirectly affect the physiological activities of
periphytic algae, thus mediating the balance of stochastic and deterministic assembly for
algal communities in the MRP.

Water velocity exerts selective pressures on cyanobacteria and eukaryotic algae, pri-
marily because different algae need different water velocities to complete colonization and
suitable growth [92,93]. In the MRP, when the variation in water velocity change was less
than 0.04 m/s, deterministic processes dominated the assembly, species were less affected
by current scour, and homogenous selection and heterogeneous selection had a greater
impact on community assembly [94,95]. When the variation in water velocity was more
than 0.04 m/s, stochastic processes dominated the community assembly, large amounts of
algae were stripped when the water velocity changed drastically, the vacant niche was ran-
domly filled by new species, and dispersal and drift had a greater impact on the assembly
of the algal community [31,95]. Water velocity mediated the balance of the stochastic and
deterministic assembly by affecting the attachment stability of periphytic algae.

In this study, with the increase of environmental heterogeneity, the impact of stochas-
tic process on community increased, and community structure heterogeneity, community
turnover and network connectedness all increased accordingly (Supplementary Figure S5).
There is a general view that deterministic process is weakened by environmental homoge-
nization [96–98]. We predict that with the further increase of environmental heterogeneity,
especially spatial heterogeneity, the dynamics of periphytic communities in MRP will
become more rapid and diversified, and the prediction and management of periphytic
algae will become more difficult. Death of algae during community changes was a po-
tential threat to drinking water delivery, which is not conducive to maintaining stable
water quality in an artificial channel [99,100]. Therefore, maintaining the stability of MRP’s
environment is what its managers need to do.

5. Conclusions

The MRP provided a habitat for periphytic algae similar to rivers or streams. The
dominant species were Desmodesmus intermedius, Calothrix thermalis, Calothrix parietina and
Leptolyngbya benthonica. Environmental heterogeneity in the MRP led to lower spatial het-
erogeneity and higher temporal heterogeneity of the periphytic algal community. Stochastic
processes were the major process community assembly. Deterministic processes mainly
affected the nondominant periphytic algae through the homogenous process of environ-
mental filtration in the MRP. It was identified that nutrient availability; water temperature
and water velocity were important factors affecting the assembly. With the increase of
environmental heterogeneity, the impact of stochastic process on community increased,
and community structure heterogeneity, community turnover and network connectedness
all increased accordingly.



Water 2022, 14, 914 14 of 17

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14060914/s1. Figure S1: Principal coordinate analysis (PCoA)
of periphytic algal communities. Figure S2: The values and trend of environmental parameters.
Figure S3: Co-occurrence network of the periphytic algal communities. Figure S4: Redundancy
analysis in H1 and H2. Figure S5: Environmental heterogeneity determines the action of the ecological
processes assembling the periphytic algal community. Table S1: Latitude and longitude of sampling
sites. Table S2: Environmental heterogeneity and community structure heterogeneity. Table S3:
Coefficient of variation (CV%) of each environmental parameter. Table S4: Result of PERMDISP test
and PERMANOVA test. Table S5: Alpha diversity index of periphytic algal communities. Table S6:
Mean-nearest-taxon-distance and nearest-taxon-index.

Author Contributions: Y.Z.: Conceptualization, Methodology, Software, Investigation, Visualization,
Formal analysis, Writing—Original Draft, Data curation. W.M.: Project administration. X.T.: Visual-
ization. G.S.: Software, Validation. Y.B.: Writing—Reviewing and Editing, Supervision. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Major Science and Technology Program for
Water Pollution Control and Treatment (2017ZX07108-001).

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Wetzel, R.G. Periphyton of Freshwater Ecosystems; Springer: Cham, Sweden, 1983. [CrossRef]
2. Azim, M.E. Photosynthetic Periphyton and Surfaces. In Encyclopedia of Inland Waters; Likens, G.E., Ed.; Academic Press: Oxford,

UK, 2009; pp. 184–191. [CrossRef]
3. Hansson, L.A. Factors Regulating Periphytic Algal Biomass. Limnol. Oceanogr. 1992, 37, 322–328. [CrossRef]
4. Reynolds, C.S.; Descy, J.P. The production, biomass and structure of phytoplankton in large rivers. Arch. Fuer Hydrobiol. Suppl.

1996, 113, 161–187. [CrossRef]
5. Biggs, B.J.F. Eutrophication of streams and rivers: Dissolved nutrient-chlorophyll relationships for benthic algae. J. N. Am. Benthol.

Soc. 2000, 19, 17–31. [CrossRef]
6. Rodríguez, P.; Vera, M.S.; Pizarro, H. Primary production of phytoplankton and periphyton in two humic lakes of a South

American wetland. Limnology 2012, 13, 281–287. [CrossRef]
7. Biggs, B.J.F.; Francoeur, S.N.; Huryn, A.D.; Young, R.; Arbuckle, C.J.; Townsend, C.R. Trophic cascades in streams: Effects of

nutrient enrichment on autotrophic and consumer benthic communities under two different fish predation regimes. Can. J. Fish.
Aquat. Sci. 2000, 57, 1380–1394. [CrossRef]

8. Hansson, L.A.; Johansson, L.; Persson, L. Effects of Fish Grazing on Nutrient Release and Succession of Primary Producers.
Limnol. Oceanogr. 1987, 32, 723–729. [CrossRef]

9. dos Santos, T.R.; Castilho, M.C.; Henry, R.; Ferragut, C. Relationship between epipelon, epiphyton and phytoplankton in two
limnological phases in a shallow tropical reservoir with high Nymphaea coverage. Hydrobiologia 2020, 847, 1121–1137. [CrossRef]

10. Osório, N.C.; Cunha, E.R.; Tramonte, R.P.; Mormul, R.P.; Rodrigues, L. Habitat complexity drives the turnover and nestedness
patterns in a periphytic algae community. Limnology 2019, 20, 297–307. [CrossRef]

11. da Silva, C.F.M.; Torgan, L.C.; Schneck, F. Temperature and surface runoff affect the community of periphytic diatoms and have
distinct effects on functional groups: Evidence of a mesocosms experiment. Hydrobiologia 2019, 839, 37–50. [CrossRef]

12. Medeiros, G.; Padial, A.A.; Wedig Amaral, M.W.; Ludwig, T.A.V.; Bueno, N.C. Environmental variables likely influence the
periphytic diatom community in a subtropical lotic environment. Limnologica 2020, 80, 125718. [CrossRef]

13. Zhong, X.; Xu, G.; Min, G.-S.; Kim, S.; Xu, H. Insight into tidal disturbance on colonization surveys for marine bioassessment
using periphytic ciliates based on biological trait analysis. Mar. Pollut. Bull. 2019, 149, 110584. [CrossRef]

14. Puche, E.; Rojo, C.; Ramos-Jiliberto, R.; Rodrigo, M.A. Structure and vulnerability of the multi-interaction network in macrophyte-
dominated lakes. Oikos 2019, 129, 35–48. [CrossRef]

15. Dunck, B.; Felisberto, S.A.; de Souza Nogueira, I. Effects of freshwater eutrophication on species and functional beta diversity of
periphytic algae. Hydrobiologia 2019, 837, 195–204. [CrossRef]

16. Peng, X.; Yi, K.; Lin, Q.; Zhang, L.; Zhang, Y.; Liu, B.; Wu, Z. Annual changes in periphyton communities and their diatom
indicator species, in the littoral zone of a subtropical urban lake restored by submerged plants. Ecol. Eng. 2020, 155, 105958.
[CrossRef]

17. Braus, M.J.; Graham, L.E.; Whitman, T.L. Spatiotemporal dynamics of the bacterial microbiota on lacustrine Cladophora glomerata
(Chlorophyta). J. Phycol. 2017, 53, 1255–1262. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/w14060914/s1
https://www.mdpi.com/article/10.3390/w14060914/s1
http://doi.org/10.1007/978-94-009-7293-3
http://doi.org/10.1016/B978-012370626-3.00144-7
http://doi.org/10.4319/lo.1992.37.2.0322
http://doi.org/10.1127/lr/10/1996/161
http://doi.org/10.2307/1468279
http://doi.org/10.1007/s10201-012-0373-9
http://doi.org/10.1139/f00-077
http://doi.org/10.4319/lo.1987.32.3.0723
http://doi.org/10.1007/s10750-019-04172-2
http://doi.org/10.1007/s10201-019-00578-y
http://doi.org/10.1007/s10750-019-03992-6
http://doi.org/10.1016/j.limno.2019.125718
http://doi.org/10.1016/j.marpolbul.2019.110584
http://doi.org/10.1111/oik.06694
http://doi.org/10.1007/s10750-019-03971-x
http://doi.org/10.1016/j.ecoleng.2020.105958
http://doi.org/10.1111/jpy.12573
http://www.ncbi.nlm.nih.gov/pubmed/28787765


Water 2022, 14, 914 15 of 17

18. Sandefur, H.N.; Matlock, M.D.; Costello, T.A. Seasonal productivity of a periphytic algal community for biofuel feedstock
generation and nutrient treatment. Ecol. Eng. 2011, 37, 1476–1480. [CrossRef]

19. Nemergut, D.R.; Schmidt, S.K.; Fukami, T.; O’Neill, S.P.; Bilinski, T.M.; Stanish, L.F.; Knelman, J.E.; Darcy, J.L.; Lynch, R.C.;
Wickey, P.; et al. Patterns and Processes of Microbial Community Assembly. Microbiol. Mol. Biol. Rev. 2013, 77, 342–356. [CrossRef]
[PubMed]

20. Tang, X.M.; Xie, G.J.; Shao, K.Q.; Hu, Y.; Cai, J.; Bai, C.R.; Gong, Y.; Gao, G. Contrast diversity patterns and processes of microbial
community assembly in a river-lake continuum across a catchment scale in northwestern China. Environ. Microbiome 2020, 15, 10.
[CrossRef] [PubMed]

21. Dini-Andreote, F.; Stegen, J.C.; van Elsas, J.D.; Salles, J.F. Disentangling mechanisms that mediate the balance between stochastic
and deterministic processes in microbial succession. Proc. Natl. Acad. Sci. USA 2015, 112, E1326–E1332. [CrossRef]

22. Stegen, J.C.; Lin, X.J.; Fredrickson, J.K.; Chen, X.Y.; Kennedy, D.W.; Murray, C.J.; Rockhold, M.L.; Konopka, A. Quantifying
community assembly processes and identifying features that impose them. ISME J. 2013, 7, 2069–2079. [CrossRef]

23. He, Q.; Wang, S.; Hou, W.G.; Feng, K.; Li, F.R.; Hai, W.M.; Zhang, Y.D.; Sun, Y.X.; Deng, Y. Temperature and microbial interactions
drive the deterministic assembly processes in sediments of hot springs. Sci. Total Environ. 2021, 772, 145465. [CrossRef] [PubMed]

24. Chase, J.M. Stochastic Community Assembly Causes Higher Biodiversity in More Productive Environments. Science 2010, 328,
1388–1391. [CrossRef] [PubMed]

25. Chase, J.M.; Kraft, N.J.B.; Smith, K.G.; Vellend, M.; Inouye, B.D. Using null models to disentangle variation in community
dissimilarity from variation in alpha-diversity. Ecosphere 2011, 2, 1–11. [CrossRef]

26. Stegen, J.C.; Lin, X.J.; Konopka, A.E.; Fredrickson, J.K. Stochastic and deterministic assembly processes in subsurface microbial
communities. ISME J. 2012, 6, 1653–1664. [CrossRef]

27. Lowe, W.H.; McPeek, M.A. Is dispersal neutral? Trends Ecol. Evol. 2014, 29, 444–450. [CrossRef] [PubMed]
28. Vellend, M.; Srivastava, D.S.; Anderson, K.M.; Brown, C.D.; Jankowski, J.E.; Kleynhans, E.J.; Kraft, N.J.B.; Letaw, A.D.; Macdonald,

A.A.M.; Maclean, J.E.; et al. Assessing the relative importance of neutral stochasticity in ecological communities. Oikos 2014, 123,
1420–1430. [CrossRef]

29. Chase, J.M. Community assembly: When should history matter? Oecologia 2003, 136, 489–498. [CrossRef] [PubMed]
30. Vellend, M. Conceptual Synthesis in Community Ecology. Q. Rev. Biol. 2010, 85, 183–206. [CrossRef] [PubMed]
31. Dunck, B.; Algarte, V.M.; Cianciaruso, M.V.; Rodrigues, L. Functional diversity and trait-environment relationships of periphytic

algae in subtropical floodplain lakes. Ecol. Indic. 2016, 67, 257–266. [CrossRef]
32. Xiao, W.; Huang, Y.; Mi, W.; Wu, H.; Bi, Y. Variation of Diatoms and Silicon in a Tributary of the Three Gorges Reservoir: Evidence

of Interaction. Water 2019, 11, 1369. [CrossRef]
33. Bubíková, K.; Hrivnák, R. Artificial ponds in Central Europe do not fall behind the natural ponds in terms of macrophyte diversity.

Knowl. Manag. Aquat. Ecosyst. 2018, 419, 8. [CrossRef]
34. Xu, G.B.; Long, Y.; Ma, C. A real-time, rapid emergency control model for sudden water pollution accidents in long-distance

water transfer projects. Water Sci. Tech.-Water Supply 2017, 17, 73–83. [CrossRef]
35. Zeng, Q.H.; Qin, L.H.; Li, X.Y. The potential impact of an inter-basin water transfer project on nutrients (nitrogen and phosphorous)

and chlorophyll a of the receiving water system. Sci. Total Environ. 2015, 536, 675–686. [CrossRef]
36. Sutherland, D.L.; Craggs, R.J. Utilising periphytic algae as nutrient removal systems for the treatment of diffuse nutrient pollution

in waterways. Algal Res. 2017, 25, 496–506. [CrossRef]
37. Luo, Z.; Li, S.; Hou, K.; Ji, G. Spatial and seasonal bacterioplankton community dynamics in the main channel of the Middle

Route of South-to-North Water Diversion Project. Res. Microbiol. 2019, 170, 24–34. [CrossRef] [PubMed]
38. Nong, X.; Shao, D.; Zhong, H.; Liang, J. Evaluation of water quality in the South-to-North Water Diversion Project of China using

the water quality index (WQI) method. Water Res. 2020, 178, 115781. [CrossRef]
39. Han, B.; Meng, N.; Zhang, J.; Cai, W.; Wu, T.; Kong, L.; Ouyang, Z. Assessment and Management of Pressure on Water Quality

Protection along the Middle Route of the South-to-North Water Diversion Project. Sustainability 2019, 11, 3087. [CrossRef]
40. Zhang, L.; Yin, W.; Wang, C.; Zhang, A.J.; Zhang, H.; Zhang, T.; Ju, F. Untangling Microbiota Diversity and Assembly Patterns in

the World’s Largest Water Diversion Canal. Water Res. 2021, 204, 117617. [CrossRef]
41. Huang, I.S.; Zimba, P.V. Cyanobacterial bioactive metabolites-A review of their chemistry and biology. Harmful Algae 2019, 83,

42–94. [CrossRef] [PubMed]
42. Wang, G.F.; Li, X.N.; Fang, Y.; Huang, R. Analysis on the formation condition of the algae-induced odorous black water

agglomerate. Saudi J. Biol. Sci. 2014, 21, 597–604. [CrossRef]
43. Pitois, S.; Jackson, M.H.; Wood, B.J.B. Problems associated with the presence of cyanobacteria in recreational and drinking waters.

Int. J. Environ. Health Res. 2000, 10, 203–218. [CrossRef]
44. ASTM D3731-87; Standard Practices for Measurement of Chlorophyll Content of Algae in Surface Waters. ASTM: West Con-

shohocken, PA, USA, 2012. [CrossRef]
45. APHA. Standard Methods for the Examination of Water and Wastewater, 23rd ed.; American Public Health Association: Washington

DC, USA, 2017.
46. Liu, Y.; Gong, L.; Mu, X.; Zhang, Z.; Zhou, T.; Zhang, S. Characterization and co-occurrence of microbial community in epiphytic

biofilms and surface sediments of wetlands with submersed macrophytes. Sci. Total Environ. 2020, 715, 136950. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.ecoleng.2011.04.002
http://doi.org/10.1128/MMBR.00051-12
http://www.ncbi.nlm.nih.gov/pubmed/24006468
http://doi.org/10.1186/s40793-020-00356-9
http://www.ncbi.nlm.nih.gov/pubmed/33902721
http://doi.org/10.1073/pnas.1414261112
http://doi.org/10.1038/ismej.2013.93
http://doi.org/10.1016/j.scitotenv.2021.145465
http://www.ncbi.nlm.nih.gov/pubmed/33571767
http://doi.org/10.1126/science.1187820
http://www.ncbi.nlm.nih.gov/pubmed/20508088
http://doi.org/10.1890/ES10-00117.1
http://doi.org/10.1038/ismej.2012.22
http://doi.org/10.1016/j.tree.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24962790
http://doi.org/10.1111/oik.01493
http://doi.org/10.1007/s00442-003-1311-7
http://www.ncbi.nlm.nih.gov/pubmed/12836009
http://doi.org/10.1086/652373
http://www.ncbi.nlm.nih.gov/pubmed/20565040
http://doi.org/10.1016/j.ecolind.2016.02.060
http://doi.org/10.3390/w11071369
http://doi.org/10.1051/kmae/2017055
http://doi.org/10.2166/ws.2016.098
http://doi.org/10.1016/j.scitotenv.2015.07.042
http://doi.org/10.1016/j.algal.2017.05.023
http://doi.org/10.1016/j.resmic.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30179698
http://doi.org/10.1016/j.watres.2020.115781
http://doi.org/10.3390/su11113087
http://doi.org/10.1016/j.watres.2021.117617
http://doi.org/10.1016/j.hal.2018.11.008
http://www.ncbi.nlm.nih.gov/pubmed/31097255
http://doi.org/10.1016/j.sjbs.2014.07.002
http://doi.org/10.1080/09603120050127158
http://doi.org/10.1520/D3731-87R12
http://doi.org/10.1016/j.scitotenv.2020.136950
http://www.ncbi.nlm.nih.gov/pubmed/32007899


Water 2022, 14, 914 16 of 17

47. Magoc, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011, 27,
2957–2963. [CrossRef] [PubMed]

48. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;
Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef] [PubMed]

49. Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460–2461. [CrossRef]
50. Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996–998. [CrossRef]

[PubMed]
51. Ranjard, L.; Dequiedt, S.; Prevost-Boure, N.C.; Thioulouse, J.; Saby, N.P.A.; Lelievre, M.; Maron, P.A.; Morin, F.E.R.; Bispo, A.;

Jolivet, C.; et al. Turnover of soil bacterial diversity driven by wide-scale environmental heterogeneity. Nat. Commun. 2013, 4,
1434. [CrossRef] [PubMed]

52. Huber, P.; Metz, S.; Unrein, F.; Mayora, G.; Sarmento, H.; Devercelli, M. Environmental heterogeneity determines the ecological
processes that govern bacterial metacommunity assembly in a floodplain river system. ISME J. 2020, 14, 2951–2966. [CrossRef]
[PubMed]

53. Kembel, S.W. Disentangling niche and neutral influences on community assembly: Assessing the performance of community
phylogenetic structure tests. Ecol. Lett. 2009, 12, 949–960. [CrossRef] [PubMed]

54. Webb, C.O.; Ackerly, D.D.; McPeek, M.A.; Donoghue, M.J. Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 2002, 33,
475–505. [CrossRef]

55. Tripathi, B.M.; Stegen, J.C.; Kim, M.; Dong, K.; Adams, J.M.; Lee, Y.K. Soil pH mediates the balance between stochastic and
deterministic assembly of bacteria. ISME J. 2018, 12, 1072–1083. [CrossRef] [PubMed]

56. Ning, D.L.; Yuan, M.T.; Wu, L.W.; Zhang, Y.; Guo, X.; Zhou, X.S.; Yang, Y.F.; Arkin, A.P.; Firestone, M.K.; Zhou, J.Z. A quantitative
framework reveals ecological drivers of grassland microbial community assembly in response to warming. Nat. Commun. 2020,
11, 4717. [CrossRef] [PubMed]

57. Rinkel, B.E.; Manoylov, K.M. Calothrix—An evaluation of fresh water species in United States rivers and streams, their distribution
and preliminary ecological findings. Proc. Acad. Nat. Sci. Phila. 2014, 163, 43–59. [CrossRef]

58. Berrendero Gomez, E.; Johansen, J.R.; Kastovsky, J.; Bohunicka, M.; Capkova, K. Macrochaete gen. nov (Nostocales, Cyanobacte-
ria), a taxon morphologically and molecularly distinct from Calothrix. J. Phycol. 2016, 52, 638–655. [CrossRef] [PubMed]

59. Wang, H.; Li, Y.; Li, J.; An, R.; Zhang, L.; Chen, M. Influences of hydrodynamic conditions on the biomass of benthic diatoms in a
natural stream. Ecol. Indic. 2018, 92, 51–60. [CrossRef]

60. Liu, Y.X.; Fu, J.X.; Cheng, D.D.; Lin, Q.D.; Su, P.; Wang, X.X.; Sun, H.T. The spatial pattern of periphytic algae communities and
its corresponding mechanism to environmental variables in the Weihe River Basin, China. Hydrol. Res. 2020, 51, 1036–1047.
[CrossRef]

61. Battin, T.J.; Besemer, K.; Bengtsson, M.M.; Romani, A.M.; Packmann, A.I. The ecology and biogeochemistry of stream biofilms.
Nat. Rev. Microbiol. 2016, 14, 251–363. [CrossRef] [PubMed]

62. Hu, H.; Wei, Y. The Freshwater Algae of China—Systematics, Taxonomy and Ecology; Science Press: Beijing, China, 2006.
63. Azim, M.E.; Verdegem, M.C.; van Dam, A.A.; Beveridge, M.C. Periphyton. Ecology, Exploitation and Management; CABI Publishing:

Oxford, UK, 2005.
64. Hao, B.; Wu, H.; Li, W.; Xing, W. Periphytic algae mediate interactions between neighbor and target submerged macrophytes

along a nutrient gradient. Ecol. Indic. 2020, 110, 105898. [CrossRef]
65. Yakimovich, K.M.; Engstrom, C.B.; Quarmby, L.M. Alpine Snow Algae Microbiome Diversity in the Coast Range of British

Columbia. Front. Microbiol. 2020, 11, 1721. [CrossRef] [PubMed]
66. Myrstener, M.; Rocher-Ros, G.; Burrows, R.M.; Bergstrom, A.K.; Giesler, R.; Sponseller, R.A. Persistent nitrogen limitation of

stream biofilm communities along climate gradients in the Arctic. Glob. Chang. Biol. 2018, 24, 3680–3691. [CrossRef]
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