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Abstract
Background: Previous studies have found that coastal eutrophication increases the influence of homogeneous
selection on bacterial community assembly. However, whether seasonal changes affect the dominance of homogenous selection in bacterial community assembly in eutrophic bays remains unclear. Sansha Bay is an enclosed bay
with ongoing eutrophication, located in the southeast coast of China. We investigated the bacterial community
composition at two depths of the enclosed bay across seasons and the seasonal variation in community assembly
processes.
Results: Diversity analyses revealed that the bacterial community composition among seasons differed significantly.
By contrast, there was little difference in the community composition between the two depths. The temperature
was the key environmental factor influencing the community composition. The null model indicated that the relative importance of homogeneous selection decreased in the following order: spring > winter > autumn > summer.
Homogeneous selection did not always dominate the community assembly among seasons in the eutrophic bay. The
effects of pure spatial variables on the community assembly were prominent in autumn and winter.
Conclusions: Our results showed the seasonal influence of eutrophication on bacterial community diversity. The
seasonal variation in composition and structure of bacterial communities eclipsed the vertical variability. Eutrophication could enhance the importance of homogeneous selection in the assembly processes, but the seasonal environmental differences interfered with the steady-state maintained by ongoing eutrophication and changed the community assembly processes. Homogeneous selection was not always important in bacterial community in the eutrophic
enclosed bay. The bacterial community was the most complex in summer, because the composition differed from
other seasons, and the assembly process was the most intricate. These findings have contributed to understanding
bacterial community composition and assembly processes in eutrophic coastal ecosystems.
Keywords: Homogeneous selection, Subtropical enclosed bay, Assembly processes, Bacteria community
Background
Revealing the diversity and formation process of the
microbial community is a key topic in microbial ecology
(Bunse and Pinhassi 2017; Martiny et al. 2006; Nemergut
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et al. 2013). Compared with the microbial community
diversity, which has been described as common indicators (Help et al. 1998; Hughes et al. 2001), the quantification of community assembly is more difficult and
complex. Early classic ecological theories based on observations of plants and animal communities focused on the
relative contribution of deterministic processes (driven
by environmental conditions) and stochastic processes
(e.g., birth, death, colonization, extinction, and speciation) in community assembly (Chave 2004; Leibold et al.
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2004; Wang et al. 2013). With the development of the
theories, a suitable conceptual framework for explaining the process of microbial community assembly takes
shape gradually (Hanson et al. 2012; Nemergut et al.
2013). The community assembly is divided into four general processes, including selection, dispersal, drift, and
speciation in this conceptual framework (Vellend 2010),
which apply to all taxonomic scales (resolution and
breadth) and contain both the deterministic and stochastic processes (Hanson et al. 2012; Nemergut et al. 2013;
Zhou and Ning 2017). An operational mode called the
null model is built based on this conceptual framework
and it quantifies the community assembly process into
five parts (Stegen et al. 2013). Variable selection means
the decrease of community similarity due to the selection
of different environmental conditions. Homogeneous
selection implies the increase of community similarity
through the selection, which is caused by similar environmental conditions. Homogenizing dispersal means
that high dispersal rate between pairs of communities is
the primary cause of similar community structure. Dispersal limitation means that low dispersal rate is the primary cause of dissimilar community structures, where
drift (stochastic changes in species abundance) becomes
more important to community composition because of
low turnover rates and weak selection. “Undominated”
means that neither selection nor dispersal is the dominant process driving community compositional turnover (Stegen et al. 2013, 2015; Zhou and Ning 2017). The
relative importance of speciation is overlooked, because
it has little influence within local communities (Leibold
et al. 2004; Stegen et al. 2013).
Sansha Bay is a subtropical enclosed bay located in
the southeast coast of Fujian Province, China. The bay
has the sole narrow outlet connected to the East China
Sea and provides suitable environmental conditions for
aquaculture. Large-scale aquaculture has been emerging
in the twenty-first century. Various aquaculture industries have been distributed in Sansha Bay, including the
large yellow croaker (Pseudosciaena crocea), macroalgae, abalone, etc. The aquaculture area was expanding
year by year and it increased 1.6 times from 2010 to 2018
(Chen et al. 2019; Ji et al. 2021). The continuous intensive aquaculture causes long-term eutrophication in this
bay, including excessive nitrogen and phosphorus concentrations (Sun et al. 2015; Wang et al. 2020a; Xie et al.
2020). Pollution from coastal industries and urbanization
also aggravate eutrophication. Therefore, the local bacterial community is not only affected by season and spatial
variation, but also by anthropogenic activities and their
results (e.g., eutrophication).
Previous investigations have identified that deterministic processes become important in marine bacterial
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communities as eutrophication intensifies (Dai et al.
2017; Li et al. 2020). Homogenous selection has contributed a lot to the assembly of aquatic microbial communities in eutrophic environments (Li et al. 2019;
Nyirabuhoro et al. 2020; Wu et al. 2021). It is found that
the marine bacterial community composition and assembly processes show distinct seasonal changes under
oligotrophic and mesotrophic conditions, without significant spatial variations (Gilbert et al. 2012; Pinhassi
et al. 2006; Wang et al. 2020b; Ward et al. 2017). In this
work we studied the bacterial communities from the surface and bottom layers of Sansha Bay across seasons. We
hypothesized that (i) Seasonal variation played a dominant role in bacterial community composition instead
of vertical depth variation; (ii) Homogeneous selection
always dominated community assembly processes during
ongoing eutrophication, and the assembly didn’t reflect
the seasonal variation clearly.

Materials and methods
Study area and sampling

Samples were collected at 15 stations in Sansha Bay,
Fujian Province (119.5°–120.0° E, 26.5°–26.8° N; Fig. 1)
from four cruises (winter: January 2019; spring: April
2019; summer: July 2019; autumn: October 2019). We
collected water samples from the surface (0.5 m) and the
bottom (2–55.5 m) at each station. A total of 120 water
samples were collected. Water samples were prefiltered
through a 200-μm-pore mesh and then filtered onto a
0.22-μm-pore polycarbonate membrane (47 mm diameter; Millipore; USA). These membranes were stored at
– 80 ℃ immediately after being transported into the laboratory until DNA extraction (Mo et al. 2018). Salinity,

Fig. 1 Location of the 15 sampling stations in Sansha Bay of China.
Water samples were collected from both surface and bottom layers
in four cruises (winter: January 2019; spring: April 2019; summer: July
2019; autumn: October 2019)
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water temperature, and depth were measured in situ
with the Conductivity–Temperature–Depth (CTD) oceanic profilers (AML Base X, Canada). Total phosphorus
(TP), phosphate phosphorus 
(PO43−–P), active silicon
(DSi), total nitrogen (TN), dissolved inorganic nitrogen
(DIN), nitrate nitrogen (NO3−–N), ammonium nitrogen
(NH4+–N), chlorophyll-a (Chl-a), and pH were measured according to the standard methods (Office of the
State Oceanic Administration 2006). The eutrophication
level was classified by the N/P ratio method (Guo et al.
1998; Niu et al. 2021).
DNA extraction, PCR and sequencing

We extracted total genomic DNA using the FastDNA
spin kit (MP Biomedicals, USA). The hypervariable V3–
V4 regions of the 16S rRNA gene were amplified by PCR
primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and
806R (5′-GGACTACNVGGGT WTCTAAT-3′). The PCR
reaction was set as followed: initial denaturation at 94 ℃
for 5 min, followed by 30 cycles of denaturation at 94 ℃
for 30 s, annealing at 57 ℃ for 30 s and extension at 72 ℃
for 15 s, and a final extension at 72 ℃ for 10 min. The
triplicate PCR products for each sample were mixed in
equal quantities and electrophoresed. The target bands
were recovered and purified using the GeneJET gel
purification kit (Thermo Scientific, USA). The concentration of purified DNA samples was measured using a
Qubit 2.0 fluorescence quantifier (Thermo Fisher Scientific, Waltham, USA), and the same amount of DNA was
mixed for each sample to build the database. The library
was paired-end for sequencing on the Illumina HiSeq
platform (Illumina Inc., San Diego, USA).
Sequence analysis

Paired-end V3–V4 regions of 16S rRNA gene sequencing
were processed using VSEARCH (v1.9.1) (Rognes et al.
2016). Pairs of reads were merged by FLASH (Magoč
and Salzberg 2011). The unoise3 algorithm was used to
denoise and remove the chimeras, then operational taxonomic units (OTUs) were identified at a 97% sequence
similarity level (Edgar 2010). The taxonomic assignment
was performed using the SILVA 132 database. All eukaryotic, chloroplast, archaeal, mitochondrial, unassigned
OTUs and single sequence OTUs were removed before
the downstream analyses. Each sample was randomly
subsampled based on MOTHUR (v.1.44.3) (Schloss et al.
2009). After normalization each sample contained 39,206
sequences and there were 18,847 OTUs in total.
Diversity analyses

The alpha diversity indexes, including Shannon, Simpson,
OTU richness, abundance-based coverage estimators
(ACE), Chao1 and Pielou’s evenness, were performed in R
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(v4.0.4) environment using the “vegan” package. Simpson
index measures the probability that two individuals, consecutively taking from a community, are classified into
same types. Shannon index quantifies the uncertainty
in predicting the species identity of an individual that is
taken at random from the data set. The greater the value
of the above two indexes, the higher the diversity. OTU
richness is the count of the number of OTUs present in
an area. Chao1 and ACE indexes are theoretical estimators of richness based on observations. Pielou’s evenness
index refers to the evenness of a community (Thukral
2017). Principal coordinate analysis (PCoA) based on
Bray–Curtis dissimilarity was used to investigate the
compositional variation of the bacterial community. The
contribution of different factors to community composition was tested by permutational multivariate analysis
of variance (PERMANOVA) using the “ape” package (R
Core Team 2021). Statistical tests were performed using
SPSS v20.0 (IBM Corp., USA).
The null model

We analyzed phylogenetic signals in bacterial communities and found that phylogenetic turnover analysis can
infer underlying ecological processes (Additional file 1:
Fig. S1). Then we quantified the community assembly
process using the null model. First, the beta nearest taxon
index (βNTI) was calculated. When βNTI was < − 2 or
> + 2, the community turnover would be dominated
by homogeneous selection and heterogeneous selection, respectively. When |βNTI| was < 2, other ecological processes would affect community turnover. Second,
the Bray–Curtis dissimilarity based Raup–Crick metric
(RCbray) was calculated. When 
RCbray was < − 0.95 or
> + 0.95, the community turnover would be dominated
by homogenizing dispersal and dispersal limitation,
respectively. When |RCbray| was < 0.95, it indicated the
undominated fraction (Stegen et al. 2013). We used the
Mantel test to indicate the relationship between βNTI
and pairwise differences in environmental factors among
samples.
Relationships between bacterial community and shaping
factors

The environmental parameters were log (1 + x) transformed except pH. Because the value of detrended correspondence analysis (DCA) was less than 3, redundancy
analysis (RDA) was used (Lepš and Šmilauer 2003). We
removed the variance inflation factor (VIF) greater
than 20, because these environmental parameters were
severely affected by multicollinearity, and then analyzed
these filtered VIFs using the forward selection (p < 0.05)
(Blanchet et al. 2008). Variation partitioning analysis
(VPA) was performed to quantify the relative importance
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of spatial variables and environmental variables in assembly. The environmental variables were selected according
to the previous steps. The spatial variables were calculated using principal coordinates of neighbor matrices
(PCNM) procedures and then were selected by the forward selection (p < 0.05) (Griffith and Peres-Neto 2006).
We calculated the Levins niche breadth and the average
niche breadths of all OTUs in a given habitat (i.e., each
station was considered a “habitat”) to represent the niche
breadth at the community level (Levins 2020).
Co‑occurrence network construction

We removed OTUs that present in less than one-third of
the samples and less than 100 sequences. Co-occurrence
networks in different seasons were constructed based on
Spearman’s rank correlation. Only statistically significant
(p < 0.01) correlations were incorporated in the networks.
Network visualization was generated with Gephi version
0.9.2. The topological parameters of both real and Erdös–
Réyni random networks were compared, which were calculated in the “igraph” R package (R Core Team 2021).
Because of continuous high nitrogen concentration in the
environment, we focused on nitrogen-related bacteria.
The nitrogen-sensitive/nitrogen-tolerant bacterial OTUs
in networks were defined as the bacterial OTUs having
significant positive/negative Spearman’s rank correlation
(p < 0.01) with TN, N
 H4+–N, NO3−–N or DIN.

Results
Environmental factors

Environmental conditions showed temporal variations
rather than spatial ones. The important environmental
parameters from two depths in the same season were
almost identical (Additional file 1: Fig. S2). The Chl-a
concentrations were higher in spring and summer than in
autumn and winter (Additional file 1: Fig. S2, Table S1).
In autumn and winter, the mean concentrations of phosphate and nitrogen reached eutrophication levels. In

spring and summer, the mean concentrations were at
P-limited potential eutrophication levels because of phytoplankton growth (Additional file 1: Fig. S2, Tables S1
and S2).
Alpha and beta diversity

The rarefaction curves demonstrated that the bacterial
community richness for the total and seasonal samples
was close to saturation (Additional file 1: Fig. S3). Alpha
diversity indexes showed a significant seasonal difference
(p < 0.05). By contrast, there was no significant difference in alpha diversity indexes for the surface and bottom
water samples in spring, autumn, and winter (p > 0.05,
Table 1). The community richness and evenness indexes
were the highest in summer (Additional file 1: Fig. S4).
PCoA showed a good clustering effect of different
seasons. However, the separation between two depths
was difficult to distinguish (Fig. 2). PERMANOVA
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PCoA2 (20.45%)
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Fig. 2 Principal coordinate analysis (PCoA) based on Bray–Curtis
dissimilarity. The bacterial community showed good separation
among different seasons, and separation between depths could be
ignored

Table 1 Hypothesis testing of alpha diversity indexes
p values

Mann–Whitney U test

Kruskal–Wallis test

Spring

Summer

Autumn

Winter

Surface

Bottom

OTU richness

0.098

0.003**

0.202

0.389

0.131

0.001**

ACE

0.067

0.000***

0.106

0.343

0.011*

0.000***

Chao1

0.089

0.000***

0.061

0.233

0.008**

0.000***

Simpson index

0.935

0.161

0.267

0.539

0.000**

0.000***

Pielou’s evenness

0.486

0.098

0.683

0.567

0.000**

0.001**

Shannon index

0.285

0.045*

0.461

0.412

0.027*

0.006**

The Mann–Whitney U test was applied to test the difference between the indexes of surface and bottom water samples in the same season. The Kruskal–Wallis test
was applied to test the difference among seasons at the same depth
***

p < 0.001, **p < 0.01, *p < 0.05
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demonstrated that the season (R2 = 0.719, p < 0.001)
explained the most variation of community composition, compared with the depth (R2 = 0.012, p < 0.001)
and interaction of these two factors (R2 = 0.017,
p < 0.01). Based on the above results, we focused on
bacterial community variation across seasons instead of
vertical depth. The taxonomy of composition in summer was quite different from those in other seasons,
and the composition in autumn and winter was more
similar (Additional file 1: Fig. S5a, b).

100

Variable selection
Homogeneous selection

50

Dispersal limitation
Homogenizing dispersal
Undominated

25

Spring Summer Autumn Winter

Fig. 3 Community assembly processes of the bacterial community
in different seasons. The assembly processes across seasons
tended to homogenize the bacterial community. The proportion
of homogenous selection was the highest in spring and decreased
in the following order: spring > winter > autumn > summer.
The assembly process in summer was most complex. Homogenizing
dispersal dominated in autumn and winter. Dispersal limitation had
little impact in all seasons

0.4

A

1.35

RDA2 (9.95%)

0.2

DSi

Temp

Depth

0.0

Sal
−0.2
−0.4

Mantel test and RDA results showed that water temperature was always significantly correlated with community variation in different seasons (p < 0.05) (Additional
file 1: Table S3, Fig. 4a). The niche breadths of bacterial
community (Bcom) had a significant difference among
different seasons (p < 0.05). The values of Bcom in different seasons from high to low were: winter, autumn,
spring, summer (Fig. 4b). VPA indicated that drivers
of community variation were different among seasons.
Pure spatial variables dominated community assembly
in autumn and winter. Pure environmental variables
dominated community assembly in spring and summer
(Fig. 5). We further explored the relationship between
environmental factors and βNTI in summer. The depth
had a strong relationship with βNTI (p < 0.001, r = 0.44)
(Additional file 1: Fig. S6), while other factors were not
(p < 0.001).

Spring
Summer
Autumn
Winter
−0.6

−0.4

TP

PO43--P

−0.2

0.0

Niche breadth (Bcom)

Proportion (%)

Both the stochastic and deterministic processes
increased the similarity of bacterial communities in
spring, autumn, and winter. However, the assembly
process in summer was more complex. The community
homogeneity dominates in three seasons. Homogeneous selection was the primary driver of community
assembly in spring. In autumn and winter, the community was mainly driven by homogenizing dispersal.
In summer, the proportions of homogenizing dispersal
and variable selection were close. Dispersal limitation
had a slight effect on community assembly processes in
all seasons (Fig. 3).
Shaping factors and assembly mechanisms

75

0

Bacterial community assembly

B

ab
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a

1.30
1.25
1.20
1.15

0.2

RDA1 (30.22%)

0.4

0.6

Spring
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Winter

Fig. 4 A Redundancy analysis (RDA) indicating relationships between environmental factors and seasonal dynamics of bacterial community. Only
significant environmental factors are plotted (p < 0.05). Temp: temperature; TP: total phosphorus; Sal: salinity; DSi: active silicon; P
 O43−–P: phosphate
phosphorus. B Boxplots illustrating the average niche breadths of all OTUs at the community level (Bcom) in different seasons. Horizontal black lines
show the median values. The values of Bcom have a significant difference among different seasons (Kruskal–Wallis test, p < 0.05). Letters refer to
pairwise comparison results after the Kruskal–Wallis test and the absence of the same letter means a significant difference between the two niche
breadths (p < 0.05)
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Spring

Summer

***
Env
0.208

0

***
Spatial
0.066

***
Env
0.225

Residuals = 0.743
Autumn

0.080

**
Spatial
0.060

Residuals = 0.635
Winter

***
Env
0.114

0.047

.

***
Spatial
0.117

Env
0.014

Residuals = 0.723

0.082

***
Spatial
0.083

Residuals = 0.821

Fig. 5 Variation partitioning analysis (VPA) quantifying the relative important of spatial variables and environmental variables in bacterial
community assembly. Values include pure variables explained, shared explained, and unexplained percentage. Values < 0 are shown as 0. Env:
environmental variables; Spatial: spatial variables. ***p < 0.001, **p < 0.01, ·p < 0.1

Co‑occurrence networks

The network topological properties among different
seasons were different and the summer network had
the most degrees and edges (Additional file 1: Table S4,
Fig. 6). The real networks showed scale-free and smallworld properties compared with their corresponding
random networks (Additional file 1: Table S4, Fig. S7).
The proportion of nodes related to nitrogen was more
than 1/3 in the networks (Additional file 1: Fig. S8). This
reflected the advantage of nitrogen-related bacteria in
network construction under the environmental selection
of high nitrogen concentration. The ratios of degrees and
weights for nitrogen-sensitive bacteria to nitrogen-tolerant bacteria were highest in the summer network (Fig. 7).
The importance of nitrogen-sensitive bacteria increased
in the community interaction in summer.

Discussion
The vertical variability of community composition
and structure is not significant

Seasonal environmental changes have been found to
have a greater effect than biogeography on marine bacterial communities (Pinhassi et al. 2006; Ward et al.
2017; Wu et al. 2017). There was no significant vertical
variability on community composition and structure,
except for summer (Fig. 2, Table 1). In this work, the vertical distance between the surface and bottom sampling

Spring

Summer

Autumn

Winter

Nitrogen-sensitive

Nitrogen-tolerant

Nitrogen-unrelated

Fig. 6 Co-occurrence networks in different seasons. The color
indicates the relationship between bacterial OTUs and nitrogen
nutrients

locations ranged mostly from 6 to 30 m (Additional file 1:
Table S1). The short distance made the vertical transport
of bacteria by mixing processes easier. The physical and
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0.57

0.20
0.10
0.00

Spring
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Fig. 7 A Proportions of degree for nitrogen-tolerant/nitrogen-sensitive bacteria in different seasons. B Proportions of weight for nitrogen-tolerant/
nitrogen-sensitive bacteria in different seasons. Ratios of degree/weight for nitrogen-sensitive bacteria to nitrogen-tolerant bacteria are indicated at
the top of the bar

chemical conditions at the surface and bottom in small
spatial scales are more similar by mixing (Bunse and Pinhassi 2017; Fortunato et al. 2012; Salmaso et al. 2018). It
could explain that the seasonal variation in community
composition and structure eclipses the vertical variability.
The temperature was the key environmental factor
that influenced the community composition (Fig. 4a,
Additional file 1: Table S3). The growth and metabolic
processes in bacteria were related to the temperature
and marine bacteria displayed distinct ecological preferences based on the temperature (Yung et al. 2015). At
the phylotype level, some specific taxa showed a correlation between distribution and temperature, indicating
that taxa with distinct temperature preferences underlie
apparent clustering (Wang et al. 2019). When the bacterial metabolism was not limited by inorganic nutrients,
responses of aquatic bacterial communities to temperature variations were stronger (Berggren et al. 2010).
Homogeneous selection does not dominate the assembly
across seasons

Changes in microbial community composition are influenced by historical environmental conditions (Evans and
Wallenstein 2012; Fierer et al. 2003). Repeated and predictable environmental conditions cause homogeneous
selection (Aguilar and Sommaruga 2020). Community
characteristics show similarities by ongoing eutrophication acting as an environmental filter, which preserves
species with fitting biological traits (Louca et al. 2016;
Stegen et al. 2012; Zeglin 2015). A study in semi-enclosed
bays found that moderate eutrophication induced selectivity and stability of bacterioplankton communities,
thereby strengthening community structure and enhancing deterministic processes (Dai et al. 2017). In a study
focusing on bacterial communities in coastal areas influenced by surface runoff, hydrocarbonoclastic bacteria
played a central role and homogeneous selection was

the dominant ecological process (Wu et al. 2021). This
advantage of homogenous selection was interpreted as
the selection of appropriate genomic architecture and
metabolic strategies in a eutrophic environment (Grzymski and Dussaq 2012; Lauro et al. 2009; Louca et al. 2016).
In Sansha Bay, homogeneous selection did not dominate the assembly across seasons, although ongoing
eutrophication made an important contribution to
homogenizing the bacterial community. Our study suggested that the proportion of different ecological processes in community assembly was affected by seasonally
changing habitats. The relative importance of homogeneous selection decreased in the following order:
spring > winter > autumn > summer. The proportion of
homogenous selection reached the highest in spring
(77.93%), then suddenly dropped in summer (18.62%)
(Fig. 3). The relative importance of environmental filtering depends on the stabilized duration of the primary
selection condition (eutrophication) in community
assembly (Berga et al. 2012; Gibbons et al. 2016; Santillan et al. 2019; Shade et al. 2011). When the environment
changes, the escalatory effect of other disturbances will
disrupt this steady state (Langenheder and Lindström
2019). The differences of seasonal physicochemical properties and artificial aquaculture activities in Sansha Bay
interfered with the steady state maintained by long-term
eutrophication conditions and changed the bacterial
community assembly process. The effects of disturbance
were most obvious in summer, because changes in environmental conditions were most complex. There is an
association between the specific bacteria and nutrient
levels, and some bacterial communities have served as
in situ environmental indicators to reflect environmental
disturbances (Fodelianakis et al. 2014; Olsen et al. 2017;
Xiong et al. 2015). When other environmental disturbances weakened the intense stress of eutrophication, the
specific bacteria changed accordingly and affected the
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interspecific interactions they participated in (Dai et al.
2017; Langenheder and Lindström 2019; Xiong et al.
2015). We found that the importance of nitrogen-sensitive bacteria in the summer network suddenly increased
(Fig. 7). One possibility was that environmental disturbances made more nitrogen-sensitive bacteria participate in community construction even in a high nitrogen
environment. As the environment stabilizes in autumn
and winter, nitrogen-tolerant bacteria re-dominated the
communities.

bacterial community from the mesotrophic water was
more dispersed compared with that of the oligotrophic
one (Aguilar and Sommaruga 2020). It is possible for
marine bacteria to overcome physical barriers easily and
disperse passively through living vectors, hydrological
changes (e.g., ocean currents and tides) and other ways
(Grossart et al. 2010; Lindström and Langenheder 2012;
Müller et al. 2014).

Homogenizing dispersal dominates the assembly
in autumn and winter

There were significant differences in bacterial community
composition at different depths in summer. The community assembly process and network were the most complex. The limited physical mixing between the surface
and bottom water explained this phenomenon. In Sansha
Bay, the water was vertically stratified near the surface
(1.5–10 m) in summer (Wang et al. 2018). The depth was
the key factor mediating the balance between deterministic and stochastic assembly processes (Additional file 1:
Fig. S6). Different selective pressures from heterogeneous environments (surface and bottom water) acted on
microbial communities, which produced great composition differences and enhanced the relative importance
of variable selection. It has been reported that bacterial
communities between May and September became progressively less similar because of water stratification
(Shade et al. 2007).
Explanation of pure environmental variables to community assembly was highest in summer (Fig. 5). Compared with other seasons, the community variation was
significantly correlated with more environmental factors
(e.g., different types of nutrients) in summer (Additional
file 1: Table S3). The complex changes of the community were caused by various environmental factors. Previous studies have found that narrow niches are most
vulnerable to environmental factors (Pandit et al. 2009;
Qiao et al. 2016). The bacterial communities in summer
had the narrowest niche breadths among four seasons
(Fig. 4b). The subtle environmental changes among different stations reflected more in community heterogeneity. The relative importance of niche segregation
enhanced and the community structure was more variable in summer (Ren et al. 2019).
The environmental disturbance caused by aquaculture
activities could be an indirect factor. In Sansha Bay, different species of macroalgae are alternatively cultured
within 1 year in the same area (Ji et al. 2021). Given
that the chlorophyll-a concentration was high in summer, phytoplankton–bacteria interactions could play
an important role. Bacteria are stimulated by secreted
allelopathic substances of phytoplankton. The diversity
of phytoplankton and the special metabolism of different

It is generally accepted that deterministic and stochastic
processes jointly influence bacterial community assembly, but there are still uncertainties about their relative
importance (Aguilar and Sommaruga 2020; Heino et al.
2015; Nemergut et al. 2013; Zhou and Ning 2017). Deterministic processes usually play a more important role
than stochastic processes in eutrophic aquatic ecosystems
(Dai et al. 2017; Jiao et al. 2021; Li et al. 2020; Wu et al.
2021). However, this study showed that homogenizing
dispersal was the most important assembly mechanism
in autumn and winter (Fig. 3). VPA showed that the pure
spatial variables explained more on community variation in autumn and winter, while the pure environmental
variables explained less in these two seasons (Fig. 5). In a
frequently disturbed environment, microbial inhabitants
may have evolved to endure such dynamics and be less
responsive to deterministic factors (Dai et al. 2017; Langenheder et al. 2012; Santillan et al. 2019). Homogenizing
dispersal occurs in communities with small and inhabiting relatively stable environments (Fodelianakis et al.
2019; König et al. 2018). Thus, the bacterial community
that experienced complex environmental disturbances in
summer gained relatively high resistance. In addition, it
allowed the stochastic assembly process advantageous in
autumn and winter when the environment was more stable. In addition to the above reasons, we found that communities in autumn and winter had wider niche breadths
than other seasons (Fig. 4b). The bacteria need to survive
the conditions encountered during dispersal to a new
location and wider niche breadths increase the probability of successful colonization (Comte et al. 2014; Martiny
et al. 2006). In a recent study, the construction processes
of archaea communities with wider niche breadths were
more influenced by homogenizing dispersal compared
with bacterial communities (Wang et al. 2020b).
Dispersal limitation had little impact on community
assembly in all seasons (Fig. 3). Because our studying
region was small (< 20 km), the small scale amplified
the homogenizing dispersal effect (Fodelianakis et al.
2019; Fuhrman et al. 2015). It has been shown that the

The composition and assembly of bacterial community
in summer are most complex
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bacteria determine the type of interactions between
them (Cirri and Pohnert 2019; Ramanan et al. 2016;
Seymour et al. 2017). Recruitment of specific bacterial taxa by interactions is an important process shaping
communities.

Conclusions
We analyzed the variation of bacterial community
composition and assembly processes in the eutrophic
enclosed bay. Our results support that the temperature
plays a key role in the seasonal variation of community
composition. We also find that long-term eutrophication
is not sufficient to overwhelm the influence of seasonal
variation in community assembly processes. Though
eutrophication increases the importance of homogeneous selection, its proportion suddenly drops in summer
due to seasonally changing habitats. The most complex
community assembly in summer could be driven by
the stratification, the changes in the community niche
breadth, and the interaction between the bacteria and
phytoplankton. In general, homogeneous selection does
not dominate the assembly processes among seasons.
The seasonal differences interfered with the steady state
maintained by ongoing eutrophication and changed the
community assembly processes. Our results can help a
better understanding of community seasonal patterns in
the eutrophic enclosed bay.
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