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In aquatic ecosystems, the dynamics of ecological parameters play an
important role in community organizations. To understand the seasonal
variation in the phytoplankton community in Lake Wuchang, Anhui Province,
water samples were collected in three different hydrological periods (dry
season, normal season, and wet season) from December 2019 to August
2020. The dominance value (Y), niche width (B;), niche overlap (Oy), variance
ratio method (VR), chi-squared test (x%), and association coefficients were used
to analyze the niche and interspecific association with respect to the dominant
phytoplankton species in different hydrological periods, while the redundancy
analysis method (RDA) was used to distinguish the key driving environmental
factors for the dominant phytoplankton species. The results showed that
308 species belonging to 8 phyla were identified, of which 13 species from
4 phyla were the dominant species. From the dry season to wet season, the
dominant species changed from Bacillariophyta to Cyanophyta, while Synedra
acus was the dominant species throughout the hydrological periods. The niche
width of the dominant species varied from 1.77 to 6.65, and the niche width of
Dinobryon was the lowest, while that of Synedra acus was the highest. The
niche overlap showed temporal and spatial differences, of which 30 dominant
species pairs were greater than 0.600, indicating that they occupied the
environmental resources in a highly similar way. The interspecific association
results showed that there was a significant positive correlation between the
dominant species, especially in normal and wet seasons. Only 10 of the
48 dominant species pairs had significant associations based on the ¥? test,
and two pairs had negative associations in the wet season, which might be
related to the hydrological condition in the wet season. According to
redundancy analysis, NOz™-N, NH4"-N, PO4*-P, water depth (WD), and
water temperature (WT) were the key environmental factors affecting the
phytoplankton community variation in Lake Wuchang. This paper provides a
new perspective for the study of the early warnings regarding the cyanobacteria
bloom outbreak, and the management and protection of the water ecological
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environment in shallow lakes in the middle and lower reaches of the Yangtze

River.
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1 Introduction

The niche is allegedly the conceptual bedrock underpinning
the most prominent, and some would say most important,
theories in ecology (Wakil and Justus, 2022), since the term
“niche” was first used to investigate species distribution in the
1920s. As one of the basic mechanisms of species’ coexistence, the
niche theory plays an important role in predicting species
distribution along an environmental gradient (Chase, 2011),
which has become a mainstream ecological concept to study
the competition between different species for resources and to
compare the adaptability of different species to the environment
(Bates et al., 20205 Sales et al., 2021). The niche theory mainly
focuses on expressing the competitiveness of species in a specific
environment through the niche width and overlap with other
species to explain their richness and distribution (Ahmad et al.,
2021). The niche width can be used to measure the ability of a
species to use environmental resources in a given habitat and
plays an important role in predicting the changes of underground
microbial community diversity in a coastal pull-out gradient
(Feng et al., 2020). Populations with broad ecological niches are
usually called generalized species, which have a strong ability to
use different resources, reproduce in different habitats, have
strong ecological adaptability, and are in a strong position in
inter-species resource competition (Chaparro-Pedraza and de
Roos, 2020). It is also considered to be the ability of two different
species or populations with similar environmental adaptations to
use the same limited resources (Tilman, 2004). Interspecific
relationships, especially competition and predation, are
important driving factors in community structure changes and
have significant effects on the formation of the dominant species
community structure (Arroyo et al., 2015; Tarjuelo et al., 2017).
The study of interspecific association among different species is
helpful to understand the basic ecological characteristics of the
whole community, such as structure and function, and
community succession and evolution (Prati et al, 2021). The
niche of species in a community is closely related to interspecific
linkages, and the interspecific interactions will lead to the
formation of unique environmental niches among species
(Ciancio et al., 2021).

Recent studies on the niche have been widely used in the field of
aquatic ecosystems such as fish (Barroeta et al., 2022), crab (Zhang
et al., 2020), zooplankton (Park et al., 2021; Gao et al., 2022; Pantel
et al, 2022), and phytoplankton (da Silva et al,, 2021; Ma Y et al,
2022). Phytoplankton plays a crucial role in maintaining the
ecological balance of water in the process of energy flow, material

Frontiers in Environmental Science

02

circulation, and information transfer in the ecosystem (Varbir¢ et al.,
2020) as the basis components of the food chain in the aquatic
environment (Nagy-Laszl6 et al.,, 2020). Therefore, the combination
of community stability, interspecific association, and niche theory
can reflect the basic structural and developmental state of the
phytoplankton
which is helpful to understand the ecological habits and the
relationships of the dominant species in resource utilization, and

community comprehensively and effectively,

has guiding significance for the management and restoration of the
lake ecosystem (Chen et al., 2018). The dominant species has a
significant impact on the formation of the community structure and
community environment, and its temporal changes are mainly used
to manifest various community structures (Ma C et al,, 2022). The
reliability of the phytoplankton niche model in algal bloom
prediction has been verified by analyzing the niche width and
niche overlap of the dominant phytoplankton species in lake and
reservoir ecosystems (Shan et al., 2019; Wang et al., 2020; Cervantes-
Urieta et al,, 2021; Hofmann et al., 2021; Peng et al., 2021; Tao et al.,
2021; Kléparski et al., 2022; Ma Y et al., 2022; Machado et al., 2022).
In addition, the knowledge of the ecological requirements and
relationships of dominant species regarding resource utilization is
important for lake ecosystem management and restoration.

Lake Wuchang is a typical shallow lake (30° 14'-30° 20" N
and 116° 36'-116° 53’ E) located in Anhui Province, southeast
China. As an important part of the lakes along the Yangtze River,
it plays an important ecological role in fish breeding, runoff
regulation, climate improvement, and species protection.
According to the investigation report on China’s lakes, the
water level of Lake Wuchang has typical seasonal variation
characteristics due to the influence of climate, rainfall, and the
water level of the Yangtze River. In recent years, due to the
impact of climate change, industrial and agricultural production,
and other human activities, there were great changes in the
ecosystem of this lake (Zhao et al, 2021). During the dry
season in winter, with the water level dropped and the lake
bed exposed, a large number of wild rice grasses wither and
deposit, which will accelerate the decomposition of plants and
release nitrogen, phosphorus, and other biogenic elements into
the water body and increase water temperature. In case of
sustained high temperature, it will further increase the
eutrophication of the lake, promote the rapid propagation and
growth of some species of cyanobacteria such as Microcystis,
induce algal bloom or lake flooding, and threaten the service
function of the lake ecosystem (Kang et al., 2020).

To learn more about the change characteristics of the
dominant phytoplankton species and their key driving
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FIGURE 1
Distribution of sampling site in Lake Wuchang.

environmental factors, we studied the dominant species based on
the niche theory and our main questions are 1) what is the
difference in the niche breadth, niche overlap, and the
interspecific relationship of the dominant phytoplankton
species across the three different hydrological seasons? 2)
What affect the
abundance of the dominant species, and what is the relative

physicochemical factors significantly
contribution of these factors? And 3) can the niche theory
method often used in higher plants and large fish be applied
to phytoplankton to predict the possibility of cyanobacteria
bloom in the shallow lakes of the middle and lower reaches of

the Yangtze River?

2 Material and methods
2.1 Study area and sampling sites

Lake Wuchang is a typical shallow lake in the middle and
lower reaches of the Yangtze River (Figure 1). It belongs to the
subtropical monsoon climate zone and has typical transitional
It has an area of 87.5km’
corresponding to a volume of 4.23 x 10°m’. It is 30.0 km

zone climate characteristics.
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long and 9.5 km wide, with an average depth of 2.52 m and a
maximum depth of 5.0 m. The average annual temperature,
rainfall, and water level are 16.6°C, 1299.6 mm, and 11.99 m,
respectively. Lake Wuchang is divided into two lake regions by
the Anqing-Jiujiang highway, named Wuchang and Qingcao
lake regions, respectively. A total of eight sites were set according
to the lake’s morphological characteristics. Among those sites,
WC1 and WCS3 sites in the Wuchang lake region are close to the
lake inlets, and the LHK site in the Qingcao lake region located at
the intersection of the Xingfu River and Xinzhang River is the
lake outlet, which connects Lake Wuchang and the Yangtze
River. Samples were collected in December 2019 (dry season),
June 2020 (normal season), and August 2020 (wet season),
respectively, except for the WC2 site, which was not collected
because of the bad weather in the wet season.

2.2 Samples collection and analysis

The samples were collected according to the freshwater
(China, 2009).
Quantitative samples of phytoplankton were collected from

biological resource survey specifications

the surface water (0.5 m) using the 5-L water collector thrice
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and mixed thoroughly. After that, 1 L water was scooped into a
plastic container and immediately added to 10 ml of 1% Lugol’s
iodine solution for fixation. All samples were taken back to the
laboratory and precipitated in the dark and cooled for 48 h. After
siphoning off the supernatant and concentrating it to 30 ml,
0.1 ml of the 30 ml supernatant was taken and observed under a
microscope for the algae species identification and calculation of
abundance and biomass. For the algae identification, we referred
to the classification and ecology of freshwater algae in China by
Hu and Wei (2006).

Water quality parameters, including water temperature
(WT), pH, dissolved oxygen (DO), and conductivity (EC),
Co,
United States) portable multi-parameter water quality detector

were measured using a Hach HQ40d (Danaher,

on site; Secchi disk and SM-5 bathometers were used to measure
the transparency (SD) and water depth (WD), respectively. Total
nitrogen (TN), ammonia nitrogen (NH,4'-N), nitrate nitrogen
(NO3™-N), nitrite nitrogen (NO, -N), total phosphorus (TP),
phosphate (PO,*-P), and total suspended solids (TSS) were
determined following the Chinese national standard analysis
method (GB3838-2002) using a Hach DRB 200 digester
(Danaher, CO, United States) and a DRI1900 portable
spectrophotometer (Danaher, CO, United States).

2.3 Calculation of dominance and the
niche index

The dominant phytoplankton species were determined by
the value of dominance (Y), which was calculated by the formula
according to McNaughton (1967):

y =2, (1)
n
where Y is the value of dominance, n; is the individual number of
the ith phytoplankton species, n is the total number of the
phytoplankton species, and f; is the frequency of the ith
species. The species with Y > 0.02 represents the dominant
species, and Y > 0.1 represents the absolute dominant species
(Wu et al., 2021).
The niche width (B;) and niche overlap (O;,) were calculated
with indexes of Levins (2020) and Gu et al. (2017), respectively.

1 N _,
N Zj:lpij
N
25 (Py - Py)
N N
(Zj:lpizj : ijlplzq>

B, = 2)

Oy = 3)

where B; represents the niche width of the ith species, P;; = n;;/
N; represents the proportion of the number of individuals of
species i in the jth sampling site to the number of all individuals
of the species, factor ny; is the number of the sampling site j used
by species i, N; is the total number of species i, N is the total
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number of sampling sites, Oy represents the niche overlap value
of the dominant species i and k in the jth sampling site, Py;
represents the proportion of the number of individuals of species
k to the number of all individuals of the species in the jth
sampling site.

Using the variance ratio (VR) method to test the overall
association between species, the chi-squared (x°) test was used to
study the interspecific association after being calculated by Yates’
continuity correction formula (Ma Y et al., 2022). The formulas
are as follows:

§12= 3" Pi(1-P,)’ @)
s = LY (1 - ) (5)
ST?
»_ Nflad - be| - 0.5N]?
X = @) arob+d)(c+d 2
W =N x VR (8)

where 8T represents the variance of species in all the sampling
sites, S is the total number of all the dominant phytoplankton
species, P; = m;/N, N represents the total number of sampling
sites, and m; represents the number of sampling sites where
species i appears. ST represents the variance of occurrence
frequency of total species, T; is the dominant species number
of the jth sampling site, t is the average number of species of
sampling sites, and VR represents the overall correlation form
among the species. X’ represents the chi-value, a is the number of
sampling sites in which species A and B occurred together, b is
the number of sampling sites where species A but not B occurred,
and c is the number of sampling sites where species B but not A
occurred, and d is the number sampling points where neither
species A nor B occurred. The statistical quantity W was used to
test the significance of the deviation of the VR value from 1.

2.4 Statistical analysis and drawing

First, detrended correspondence analysis (DCA) was
performed to get the gradient length of the first axis (3.025),
which means redundancy analysis (RDA) was suitable for further
analysis (Yang et al,, 2022). Redundancy analysis (RDA) is a
linear model which has been widely used to investigate the
relationships ~ between  environmental  factors  and
phytoplankton compositions (Tian et al, 2021; Xu et al,
2021). Prior to that, environmental factors, except pH, were
converted by lg (x+1) to meet normality and homoscedasticity
conducting a Monte Carlo permutation test (p < 0.05), and the
abundance data of the dominant species were converted by
(Yan et 2020; al., 2021),
the inflation factor (VIF) was

calculated with the transformed explanatory variables to

Hellinger al., Sanchez et

variance

Subsequently,
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TABLE 1 Species number of phytoplankton in different hydrological seasons.

Phylum Dry season Normal season
Cyanophyta 14 24

Chlorophyta 55 89

Bacillariophyta 30 60

Pyrrophyta 2 5

Cryptophyta 4 6

Euglenophyta 13 27

Chrysophyta 4 4

Xanthophyta 1 1

Total 123 216

reduce the collinearity effects, which were eliminated with the
VIF over 10 (Wu et al., 2018). After that, the forward selection
method was used to filter the most important explanatory
variables for the community structure (Peng et al., 2021). The
variance decomposition function “varpart” was used to test the
contribution of different environmental explanatory variables to
the community structure, and the significance of the difference
was verified after 9,999 times replacement (Chen et al., 2022). In
addition, Excel 2016 was used to calculate the dominance (Y),
niche width (B;), niche overlap (Oy), and interspecific
association, and the x> test was performed with the “spaa” and
“vegan” packages by R v4.1.1 and ArcGisl0.5, and the R
“ggplot2” package was used for scientific mapping.

3 Results

3.1 Phytoplankton community structure
and dominant species

During the survey, we collected and identified a total species
of 308 belonging to 8 phyla (Table 1). Among them, there were
145 species of Chlorophyta, accounting for 47.1%, followed by
Bacillariophyta, Euglenophyta, and Cyanophyta, with 71 species,
35 species, and 32 species, accounting for 23.1%, 11.4%, and
10.4%, respectively. The number of phytoplankton species in the
wet season and the normal season was significantly higher than
that in dry season.

There was a total of 13 dominant species from 4 phyla during
the survey period (Table 2). There were notable differences in the
composition of the dominant species in different hydrological
periods. The Synedra aacus of Bacillariophyta was the common
dominant species that occurred in all the three hydrological
seasons, and Pseudoanabaena of cyanobacteria was the
common dominant species in dry and wet seasons, while
Microcystis and Anabaena of cyanobacteria were the common
dominant species in normal and wet seasons, and Aulacoseira
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Wet season Total hydrological Percent
period
25 32 10.40%
111 145 47.10%
34 71 23.10%
6 7 2.30%
6 8 2.60%
27 35 11.40%
6 8 2.60%
2 2 0.60%
217 308 1

was the absolute dominant species whose dominance value (Y)
was 0.363, which was significantly higher than 0.1.

The spatial-temporal variation in the relative abundance and
the biomass of the dominant species in different hydrological
seasons is shown in Figure 2 and Figure 3. The relative abundance
of the dominant species of cyanobacteria exceeded 80% at all
sampling sites except for dry season, where Bacillariophyta
accounted for 91.4% and 66.8% at LHK and QC2 sites,
respectively. The dominant species’ relative biomass of
Cyanophyta and Bacillariophyta was higher than others at
different sampling sites across the whole hydrological period,
and their relative biomass was mainly composed of Cyanophyta
and Bacillariophyta except for the QC3 site of the dry season and
WC3 site of the normal season, where the proportion of
Chrysophyta and Euglenophyta was over 75% and 60.0%,
respectively.

3.2 Niche and interspecific association
analysis

The niche width of the dominant species ranged from 1.77 to
6.65, with the lowest value for Dinobryon and the highest value
for Synedra acus. The niche width range in normal and wet
seasons was 1.99-4.59 and 3.41-4.87, respectively. Microcystis
and Anabaena of cyanobacteria showed the lowest and highest
value in the normal season, respectively, while Raphidiopsis of
cyanobacteria showed the highest value in the wet season. The
niche breadth of the common dominant species in the three
periods was greater than 3.0, indicating they had a stronger
ability to utilize environmental resources (Table 3). The niche
overlap ranges of dry, normal, and wet seasons were 0.210-0.972,
0.025-0.973, and 0.273-0.918, respectively. The maximum and
minimum niche overlap values occurred in the normal season, in
which the minimum niche overlap value of Leptolyngbya and
Microcystis was 0.025, while the maximum niche overlap value of
Leptolyngbya and Aulacoseira granulata was 0.973. There were
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TABLE 2 Occurrence frequency (f) and dominance (Y) of the dominant phytoplankton species.

Dominant species Phylum Species Dry season Normal Wet season
no. season
f Y f Y f Y
spl Cyanophyta Pseudoanabaena sp 75.00% 0.029 — — 75.00% 0.022
sp2 Microcystis sp — — 75.00% 0.026 75.00% 0.026
sp3 Anabaena sp — — 87.50% 0.073 62.50% 0.039
sp4 Raphidiopsis sp — — 75.00% 0.044
sp5 Aphanizomenon sp — — 75.00% 0.025 — —
sp6 Bacillariophyta Leptolyngbya sp — — 87.50% 0.074 — —
sp7 Cyclotella sp 87.50% 0.058 — — — —
sp8 Aulacoseira sp 87.50% 0.363 — — — —
sp9 Aulacoseira granulata — — 75.00% 0.054 — —
spl0 Aulacoseira granulata var. angustissima — — 62.50% 0.025 — —
spll Synedra acus 87.50% 0.048 87.50% 0.068 75.00% 0.14
spl2 Euglenophyta Euglena viridis — — 75.00% 0.082 — —
spl3 Chrysophyta Dinobryon sp 37.50% 0.046 — — — —
B Bacillariophyta B Chrysophyta B Cyanophyta B Euglenophyta
- Wet season Dry season
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TABLE 3 Variations in the niche width (B;) of the dominant phytoplankton species in different hydrological seasons.

Dominant species no. Dry season Normal season Wet season
spl 4.12 — 3.89
sp2 — 1.99 341
sp3 — 459 4.60
sp4 — — 4.87
sp5 — 2.13 —
sp6 — 3.96 —
sp7 6.48 — —
sp8 3.44 — —
sp9 — 391 —
spl0 — 3.73 —
spll 6.65 355 4.59
spl2 — 3.76 —
spl3 1.77 — —

Frontiers in Environmental Science 07 frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.985672

Meng et al. 10.3389/fenvs.2022.985672
N A > N N
&£ XK &K K K ) @Q»\ éz"' ész %Qu c;?\\ 1
SP1 . 0941 | 0622 0.609 SP1 . 0.600 = 0580  0.689 | 0.836
0.8 08
= .. 0.647 | 0562 | 0.500 sp2 . ‘ o806 | 0708
3 06 06 =
z K
: - Q0@ ~@ ol =0 :
S 04 0.4 g
= g
SP11 . 0.972 SP4 . 0.918 =
02 02
00 @@ 00000
0 0
& o o) M N N
£ &£ &£ &£ & & &
;
SP2 0.729 0.955 0.422 0.792 0.835 0.920
SP3 0.821 0.603 0.598 0.878 0.855 0.714 08
SP5 0.578 0.973 0.951 0.833
06 Z
SP6 0.663 | 0.661 | 0.42 =
g
=
w
SP9 0.585 8
- 04 &
=
SP10 . . 0.921 0.680
SP11 . . . 0.622 - 2
0
FIGURE 4

Variations in the niche overlap (Oy) of the dominant phytoplankton species in different hydrological seasons. The dominant species number and
their corresponding relationships in the figure were consistent with those in Table 2.

30 dominant species pairs with a value of the niche overlap over
0.600, and 5, 18, and 7 pairs in dry, normal, and wet seasons,
accounting for 50.0%, 70.0%, and 64.3% of the number of
dominant species, respectively (Figure 4).

As shown in Table 4, the variance ratio (VR) value was over
1 in the three hydrological periods, and the W value in the dry
season is lower than the upper limit of x*, while the value in
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normal and wet periods was higher, indicating that the overall
interspecific association between phytoplankton communities
but
significant in the normal and wet season (p < 0.05). The

was not significant in the dry season (p > 0.05),

interspecific association analysis among the dominant species
is shown in Figure 5. Among 48 dominant species pairs, 10 pairs

had significant interspecific association (x*> > 3.84, p < 0.05)
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TABLE 4 Overall association of the dominant phytoplankton species in different hydrological seasons.

Hydrological season Variance ratio w Df
(VR)

Dry season 1.49 5.96 4

Normal season 2.18 15.29 7

Wet season 227 15.92 4

including five pairs with positive (x> > 3.84, p < 0.05, and ad > bc)
and one pair with an extremely significant positive interspecific
association in the normal season; similarly, in the wet season, the
interspecific association with four pairs was extremely significant
(x> > 6.65, p < 0.05, and ad > bc).

3.3 Diverging factors of dominant species
succession

According to the VIF value of the explanatory variables and
the forward selection, nine environmental factors (Table 5;
Figure 6) were selected in total to explain 79.97% of the
variance, of which the first axis interpretation rate was 54.25%
(F =34.83, p = 0.001) and the second axis interpretation rate was
9.14% (F = 16.48, p = 0.001). Among the environmental factors
(Table 5), except for the DO (F = 2.193, p = 0.089) and SD (F =

Critical value of x> [x§.9sn

[0.71 and 9.49]
[2.17 and 14.07]
[0.71 and 9.49]

@Dx2 o5 491 Overall association

Positive association
Significantly positive association

Significantly positive association

2.531, p =0.099), whose effects were not significant (p > 0.05), the
effects of other environmental factors were significant (p < 0.05).
Remarkably, the effects of WD (F = 15.821 and p = 0.001) and
WT (F = 31.110 and p = 0.001) were extremely significant
(p < 0.01).

4 Discussion

4.1 Variations in the dominant species and
their driving factors

During the survey period, the dominant species exhibited the
succession patterns from diatom to Cyanophyta with the
sampling time changed from the dry season to wet season in
Lake Wuchang (Figure 2), which was consistent with the study
on the phytoplankton community structure of Lake Honghu, a
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FIGURE 5

Half matrix of association coefficients y* test among the dominant phytoplankton species in different hydrological seasons. The dominant
species number and their corresponding relationships in the figure were consistent with those in Table 2
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TABLE 5 Results of RDA of phytoplankton and explanatory factors in Lake Wuchang.
Environmental factor RDA1 RDA2 Variance F P
WT/°C 0.436 —-0.858 0.219 31.110 0.001**
WD/m -0.176 -0.935 0.111 15.821 0.001**
SD/cm —-0.228 —0.554 0.014 1.960 0.099
pH 0.006 0.734 0.018 2.531 0.042*
DO/mg-L™" —-0.066 0.612 0.015 2.193 0.089
TSS/mg-L™! —-0.090 0.313 0.017 2.443 0.050*
PO,*-P/mg-L™" 0.309 -0.183 0.018 2.613 0.036*
NH,*-N mg-L™" 0.404 -0.030 0.016 2.285 0.069*
NO; -N/mg-L™! 0.244 0.418 0.022 3.200 0.017*
Note: Explanatory variables significant at the level of 0.01** and 0.05*
pit
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FIGURE 6
RDA plot of the dominant phytoplankton species and environmental factor.

large-scale flood lake in the middle and lower reaches of the
Yangtze River (Wu et al., 2019). Structural equation modeling
analysis suggested that water temperature, dissolved oxygen, and
nutrition were the dominant factors affecting the phytoplankton
structure (Zhang et al, 2020). We can verify the internal
relationship between species and environmental factors with
the
intuitively reveal the ecological differentiation of different
species. Results show that DO, pH, and NO;™-N were the key

detruded correspondence analysis, which can also
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factors driving the succession of dominant species in the dry
season (Figure 5). It has been demonstrated that lower water
temperature and higher dissolved oxygen are more beneficial to
the growth of diatoms (Behrenfeld et al., 2021), which lead to
Cyclotella, Aulacoseira, and Synedra acus becoming the
dominant species in the dry season, especially for Synedra
acus with the dominance of 0.363. From the dry season to the
normal season, as a result of the temperature and rainfall
gradually increasing, the nitrogen and phosphorus nutrients of
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TABLE 6 Variations in environmental factors in different hydrological seasons.

Environmental factor Dry season
WD/m 11 +05°
SD/cm 55.8 + 9.9
WT/'C 9.23 + 0.62°
pH 845 + 0.39°
DO/(mg/L) 1047 + 1.22°
TSS/(mg/L) 104 + 3.9°

PO,*-P/(mg/L) 0.034 + 0.013"
NH,"-N/(mg/L)

NO;™-N/(mg/L)

0.095 + 0.007"
0.40 + 0.11°

Normal season Wet season
2.8 +0.5° 5.0 £ 0.5

61.4 +232° 92.1 + 15.2°
2430 + 0.73 29.94 + 0.39°
8.10 + 0.49° 7.77 £ 0.22°
7.58 + 3.04° 522 + 1.95¢
8.5+ 32" 8.0+ 1.7°

0.119 + 0.058* 0.089 + 0.010*

0.534 + 0.029* 0.057 + 0.004"

0.43 +0.18° 0.20 + 0.10°

Note: Different lowercase letters in the same row represent significant difference (p < 0.05), and the same lowercase letters in the same row represent no significant difference.

the lake area continuously increased with water runoff (Zhao
et al, 2021). In addition, the increase in temperature promoted
the growth and reproduction of some algae of cyanobacteria that
need higher water temperature (Li et al., 2018), which led to
Aphanizomenon and Leptolyngbya becoming the dominant
species in the normal season. This is why NH,*-N, NO;-N,
and PO,>-P were the key factors driving the changes in the
dominant species in the normal season (Figure 5). Compared
with  other
characterized by high temperature and rainfall in summer,

hydrological ~periods, they were generally
resulting in significantly higher water temperature and water
depth (Table 6), which gradually became the key environmental
factors affecting the phytoplankton community during the wet
season. WD was closely related to the change in the water level,
which has been proven to be a key environmental factor affecting
the phytoplankton functional groups in Lake Poyang (Liu et al,
2019). In addition, climate (Yang et al., 2020), human activities
(Antell et al., 2021), competition and predation among different
biological communities, and other factors that affect the
phytoplankton community structure and function should not
be ignored (Forster et al., 2021).

4.2 Niche characteristics of the dominant
species

The niche width represents the ability of aquatic life to use and
adapt to the environmental resources of the aquatic ecosystem (Lorz
et al, 2022). Therefore, these species with significant differences in
the niche breadth are usually defined as widespread or generalized
The two
of phytoplankton (widespread and

specie, and conversely as specialized species.
aforementioned  groups
specialized species) are important indicator species of the
community structure and water environment quality in the
aquatic ecosystem (Kong et al, 2019). In this study, it was found
that the niche width of Dinobryon was the lowest at 1.77, indicating

that it was the specialized species during our survey of Lake
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Wouchang, which was further confirmed by the analysis results of
dominance and occurrence frequency (Table 2). The species was
dominant only in the dry season with a dominance of 0.046 and
distributed in the three sampling sites of the lower lake with the least
occurrence frequency of 37.5%. In a complex ecological

environment, the competitive relationship between species
fluctuates with environmental changes, resulting in the niche
changes in the phytoplankton community in different periods
(Britten and Sibert, 2020). The significantly higher dissolved
oxygen (1047 + 1.22 mg/L) and lower water temperature (9.23 +
0.62 °C) provided convenience for the growth of Dinobryon sp,
which was better adapted to high dissolved oxygen and low water
temperature (Logares et al., 2018); that is the reason why Dinobryon
sp. proved to be the dominant species only in the dry season.
Compared with the other dominant species, the niche width of
Synedra acus varied from 3.55 to 6.65 (Table 2), indicating that
Synedra acus had a stronger ability to compete for environmental
resources and could be considered a widespread species in Lake
Wouchang. In the wet season, an unbalanced nutrient supply arose
with the increasing water temperature, which caused phytoplankton
species to exhibit specific survival strategies, such as investment in
growth, adaptation, tolerance of species to environmental stresses,
solidification, and resource specialization (Breton et al.,, 2022), which
led to cyanobacteria becoming the most common dominant species
in the wet season. Moreover, Cyclotella and Aulacoseira were the
dominant species only in the dry season, although both of them had
higher niche widths (6.48 and 3.44, respectively), which might be due
to their better adaptability to winter environmental conditions and
less common resource use, so they were more likely to become the
dominant species in a single habitat. Similar to the study on the niche
of the dominant phytoplankton species in Lake Wuliangsuhai, Inner
Mongolia, the dominant species from diatoms had a higher relative
abundance and occupied a larger number of sampling sites and more
resources in winter (Li et al., 2017).

When the niche overlap value of two dominant species is
greater than 0.6, it indicates that they have significant similarities
in resource use (Wathne et al., 2000). During the survey in Lake
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Wuchang, there were 30 dominant species pairs whose niche
overlap value was greater than 0.6 (Table 4), indicating that these
dominant species possessed or used environmental resources
(such as dissolved oxygen, nutrients, and habitat space) with
significant similarities (Wei et al., 2020). In the communities, the
complex ecological relationship caused the niche of each species
to share the basic niches of other species (Xiao et al., 2019). It was
generally believed that the species with more similar classification
status or living habits and having more similar ways of using
environmental resources would face competition in the same
habitat, which leads to a significant niche overlap in
phytoplankton communities (Wen et al., 2021). However, we
found that despite Leptolyngbya and Microcystis belonging to the
same phylum meaning the relatively close classification status,
their niche overlap value was only 0.025. Meanwhile, the niche
width of Leptolyngbya (3.96) was much larger than that of
another (1.99). We hypothesize that this was the result of the
former’s stronger competitiveness for environmental resources,
which limited the latter’s access to resources, especially when the
environmental resources they jointly need were limited.
Interestingly, Microcystis and Aphanizomenon were similar in
the niche width value (1.99 and 2.13, respectively), indicating that
they shared similar habitats (Bates et al., 2020); their niche
overlap was as high as 0.955, which should be related to the
fact that the way they used resources was complementary rather
than complete; and they tended to coexist stably even though
they shared similar habitat resources (Qiu et al, 2018). In
addition, the niche overlap value of the dominant species pair
may vary greatly under different habitats or resource states, even
if they are composed of the same dominant species. For example,
the dominant species pair consisted of Microcystis and Anabaena
whose niche overlap values were significantly different in the
normal season (0.280) and the wet season (0.706). Similar
phenomena were found in the study of the dominant
phytoplankton species niche in Lake Changhu, a shallow lake
located in the middle and lower reaches of the Yangtze River, the
same as Lake Wuchang. There were significant differences in the
niche overlap of the same dominant species pair of Chlorella
vulgaris and Chlorocoecum infusionum in autumn and winter,
where the former was in an advantageous competitive position in
summer, while the latter was on the contrary in winter (Wei et al,,
2020).

4.3 Interspecific association analysis of the
dominant species

The magnitude of the variance ratio value (VR) reflects the
association between different species, and the difference between
the test statistic W and the critical value of y* reflects the
significance of correlation (Nagy-Ldszl6 et al., 2020). The VR
value gradually changed from 1.49 to 2.27 across the dry to wet
season, indicating that the ecosystem structure was relatively
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mature, with a positive succession trend (Ma Y et al., 2022). A
total of 79.2% of 48 dominant species pairs were not significantly
associated (p > 0.05), which may be related to the suitable
growing season of the dominant species and the community
structure difference in the hydrological season (Wu et al., 2019).
In this study, the dominant phytoplankton species had a low
probability of sympatric occurrence in the same season, and the
interspecific association was independent of each other. In the
normal season, six dominant species pairs showed a significant
association, and most of them were the dominant species pairs of
Leptolyngbya, which was similar to the results of the Huaxi
Reservoir of the Guizhou Plateau (Ma et al,, 2021). It was

demonstrated that the structure of the phytoplankton
community was relatively stable and formed a dynamic
balance pattern in which the dominant species of

Leptolyngbya shared the same food, nutrient composition, and
space with others. There were two pairs of dominant species pairs
with negatively significant associations in the wet season,
indicating that the phytoplankton community structure
changed significantly and its stability decreased from the
normal to wet season, which might be related to the
hydrological conditions, especially the fluctuation in water
level in the lake, and heavy rainfall in summer causing drastic
changes in the water environment, which may lead to poor
stability of the phytoplankton community and easy fluctuation
(Tao et al.,, 2021). In general, the dominant species with a high
niche overlap in lake ecosystems have a higher proportion of
positive associations in contrast to river systems (Li and Ma,
2022); however, we found that there was no close correlation
between the interspecific association niche overlap of the two
dominant species pairs of Synedra acus with Cyclotella and
Pseudoanabaena with  Dinobryon, whose niche overlap
reached a significant level with values 0.941 and 0.972,
respectively, but were insignificantly associated (Oy, > 0.6) in
the wet season. At the same time, we also found that the
interspecific association between Anabaena, Microcystis, and
Raphidiopsis were significant, while the values of their niche
overlap were 0.273 and 0.363, respectively, which were lower
than 0.6 (p < 0.05). We speculated that this might be related to
the great seasonal variation in the phytoplankton community,
which also reflected the limitation of the niche theory in
explaining the interspecific association among the dominant
phytoplankton species (Wu et al., 2019).

5 Conclusion

By observing the niche breadth and niche overlap of the
dominant phytoplankton species and the habitat differences
reflected by the community structure in Lake Wuchang across
the different hydrological seasons, it was found that the
phytoplankton community structure was relatively stable and
had a trend of positive succession in Lake Wuchang during the
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whole hydrological period based on the interspecific association
analysis. NH,*-N, NO;™-N, and PO,*-P contents were the key
factors driving the changes in the plankton community structure
in Lake Wuchang, More importantly, the continuous high
temperature or rainfall in summer would lead to the rise in
water temperature and the increase in nutrients due to the
surface runoff into the lake, which will accelerate the growth
and reproduction of cyanobacteria, and may induce
intermittent cyanobacterial blooms dominated by Microcystis,
Pseudoanabaena, and Anabaena in the lake area. Therefore, we
suggest implementing the green planting project of emergent
plants in the lakeside zone and the entrance of the lake to form
a green ecological barrier that will reduce and transform the
pollutants. Moreover, it is possible to optimize the community
structure of the aquatic life by planting plants, transplanting
benthos, and proliferating filter-feeding fish such as the silver
carp and bighead carp, so as to improve the water quality and
substrate the environment of the lake. However, for dominant
species with significant interspecific association reducing and the
stability of the phytoplankton community decreasing from the
normal season to the wet season, which might be related to the
hydrological condition, especially the large fluctuation in the water
level in the wet season, further relevant studies need to be
conducted.
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