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Abstract: The bacterial community in sediment is sensitive to artificial disturbance, and they respond
differently to human disturbance, such as changing the nutrient cycling and energy flow in marine
ecosystems. However, little is known about the dynamics and distribution of bacterial community
structures in marine sediments and potential biogeochemical functions during the long-time succes-
sion in marine ranching. In the present study, we compared the dynamics of the bacterial composition
and potential biogeochemical functions of sediment to ten years (TR) and one-year new artificial reef
(NR) areas using metagenomic next-generation sequencing technology. Results revealed that NR
reduces the Pielou’s evenness and Shannon index. Similarly, nonmetric multidimensional scaling
showed that the beta diversity of sediment bacterial communities in NR significantly differed between
TR and non-artificial reef areas. Previously, TR biomarkers were frequently associated with organic
matter decomposing and assimilating in the organically enriched sediments (i.e., Acinetobacter). The
soluble reactive phosphate (SRP) and total phosphorus (TP) concentrations were thought to be the
primary driving forces in shaping the microbial community in sediment. Pseudomonas, Lactobacillus,
and Ralstonia have a significant positive correlation with SRP, TP, nitrate, and TN, but a negative
association with pH, Salinity, Hg, and depth. NR was found to have more negative correlation nodes,
indicating that taxa face more competition or predation press. Vibrio served as the module-hubs in the
network in all areas. In addition, chemoheterotrophy, aerobic chemoheterotrophy, and fermentation
were the three most prominent functions of the three areas, accounting for 59.96% of the relative
abundance of the functional annotation. Different bacteria in sediments may change the amount of
biogeochemical cycle in the marine ranching ecosystem. These findings can increase our understand-
ing of the succession of the microecosystem for the marine ranching sedimentary environment by
revealing how artificial reefs affect the indigenous sediment bacterial community and their responses
to environmental variation.

Keywords: marine ranching; artificial reef; community structure; keystone taxa; FAPROTAX

1. Introduction

China has been practicing marine ranching since the late 1970s, primarily through
constructing artificial reefs (ARs) and stock enhancement [1]. In 1979, China installed
26 experimental small individual ARs along the coast of Guangxi [2]. By 2016, the total
amount of funds used for marine ranching construction in China had reached 5.58 billion
yuan, more than 200 marine ranches had been built, and more than 60 million cubic meters
of ARs had been installed [3,4]. The primary goal of marine ranching construction is to
increase marine fishery resources [1]. Marine ranching may provide a viable solution for
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reducing wastewater and overfishing as well as achieving aquaculture sustainability [5].
By 2021, 153 national-level nearshore marine ranching areas had been approved for devel-
opment. The Ministry of Agriculture and Rural Affairs invested more than 2.9 billion yuan
between 2016 and 2021 to support 153 artificial reef construction projects, totaling more
than 50 million m3 of reefs.

Concrete is a widely used material for ARS construction worldwide because of its
stability, ease of shaping into various structures and sizes, and high biological fixation
rate [6]. Tons of concrete reefs on the sea floor changed the flow field of the sea floor [7].
The complex flow field near ARS not only provides a suitable activity area for various
marine organisms but also promotes the exchange of various nutrients and enhances the
ecological effect of ARS. The transport and exchange of sediment nutrients can be promoted
by upwelling [8]. Long-term exposure to seawater caused chemical and mineralogical
alteration in some concrete regions. Calcium hydroxide ions, iron, and silicate in ARS were
transported to the external environment [9,10].

Microbial communities in sediments play an important role in organic remineraliza-
tion, helping to maintain biogeochemical cycles, release nutrients, and emit greenhouse
gases [11,12]. As primary producers, these prokaryotes form an indispensable foundation
of the food web of the ARS ecosystem, supporting a diverse range of benthic life, from
microbial consumers to animals like zooplanktons, clams, mussels, and shrimps [13]. Bac-
terial communities can exhibit spatial or temporal patterns and are influenced by different
environmental parameters and human activities [14,15], such as artificial reef construction
in marine ranching [16]. In recent decades, a long-standing research focus has been on mi-
crobial communities’ distribution patterns in marine sediments [17]. Sediments microbial
communities are sensitive to environmental changes, and bacterial communities respond
differently to disturbance [16,18].

The Beibu Gulf is located in the south of the Guangxi province. It is a traditional
and economically significant subtropical fishery area [19]. Due to the discharge of urban
and industrial wastewater and overfishing, the marine environment has deteriorated, and
fishery resources have been depleted [20]. The local government started building reef-
throwing marine ranching ten years ago and recently began building national-level marine
ranching [21]. However, the studies related to the bacterial community of sediment in
response to ARS are still insufficient [16,22]. Thus, the present study aimed to address how
ARS of different ages (1) shape the bacterial composition in the surrounding sediment and
(2) determine whether bacteria function in response to environmental features to provide
context for their potential as drivers of bacterial biodiversity in sediment.

2. Materials and Methods
2.1. Study Area and Samples Collection

The present study was conducted at the southern sea area of Yingtan in the Beibu Gulf
in March 2022. The water depth in this area is approximately 11–20 m. We took samples
from a ten-year artificial reef area (TR), a one-year new artificial reef area (NR), and a control
area (CR) without reefs. The ARs are concrete cubes with 4 m side lengths. Overlying water
and sediment samples were collected from 12 sites (Figure 1). Sampling sites were near
the artificial reefs. Samples were collected at 250–300 m intervals along the center of each
area. At each site, triplicate superficial sediments (0–10 cm mud samples) were collected
on the sediment surface at 12 sites using a manual Van Veen dredge [12,23]. The sediment
samples were sieved with a 2 mm mesh to remove stones and plant roots before being
sealed in sterile plastic bags [24]. The sieved sediment samples were flash-frozen and kept
on boards in liquid nitrogen before being stored at −80 ◦C in the laboratory [25]. Overlying
water samples were collected with Van Dorn bottles washed with 10% HCl and stored in
triplicate flasks at −4 ◦C in a cooler [12].
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Figure 1. Locations of sampling sites in the marine ranching of the Beibu Gulf, China. TR: Ten-year
artificial reef area; NR: one-year new artificial reef area; CR: control area (CR) without reefs.

2.2. Physical and Chemical Parameters

For environmental factor analyses, overlying water temperature (T), pH, salinity, and
dissolved oxygen (DO) were determined in situ using a portable water quality analyzer
(6600EDS, YSI, Los Gatos, CA, USA). A Secchi disk was used to measure water transparency
in Secchi depth [16]. Within 24 h of sampling, ammonium (NH4

+), nitrate (NO3
−), nitrite

(NO2
−), total nitrogen (TN), chemical oxygen demand (CODcr), chlorophyll a (chl a), total

phosphorus (TP), and concentration of soluble reactive phosphate (SRP) were determined
using a spectrophotometer (cary100, varian, Palo Alto, CA, USA) according to the Marine
Monitoring Code Standard GB 17378–2007.

The total organic carbon (TOC) in sediment was determined using the potassium
dichromate volumetric method. Heavy metals (Cu, Pb, Zn, As, Hg and Cd) in sediment
were assessed by atomic absorption spectrophotometry (Z-2010, Hitachi, Tokyo, Japan) [26].
As and Hg were determined by atomic fluorescence photometer (AFS-8520, Haiguang,
Beijing, China). The pH of the sediment was measured using a pH meter (PHS-25CW, Bante,
Shanghai, China) at 1/5 (w/v) of sediment to solution ratio in deionized water [27]. All
sediment samples were collected, preserved, transported, and detected as per the National
Specification for Marine Monitoring (GB 17378–2007) [16].

2.3. DNA Extraction and PCR Amplification

Total genomic DNA from sediment samples was extracted using a modified CTAB
method [12]. DNA concentration and purity were assessed on 1% agarose gels. DNA
was diluted to 1 ng/µL using sterile water according to the concentration. The V4 vari-
able region of 16S rDNA genes of distinct regions was amplified using a specific primer
(515FmodF−806RmodR) with the barcode, as previously described [28]. All PCR reactions
used 15 µL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 2 µM of
forward and reverse primers, and about 10 ng template DNA. Thermal cycling consisted of
3 min of initial denaturation at 94 ◦C, followed by 30 cycles of denaturation at 94 ◦C for
30 s, annealing at 53 ◦C for 40 s, and elongation at 72 ◦C for 40 s [29]. To ensure successful
amplification, mix the same volume of 1XTAE buffer with PCR products and perform elec-
trophoresis on 2% agarose gel for detection. PCR products were mixed in equal ratios. The
mixture of PCR products was then purified using the Qiagen Gel Extraction Kit (Qiagen,
Hilden, Germany).
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2.4. Illumina NovaSeq Sequencing

The sequencing libraries were generated using TruSeq® DNA PCR−Free Sample
Preparation Kit (Illumina, San Diego, CA, USA) following the manufacturer’s instruction,
and index codes were added. The Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham,
MA, USA) was used to evaluate the library quality. Finally, the library was sequenced on
an Illumina NovaSeq 6000 platform, yielding 250 bp paired-end reads.

2.5. Bioinformatics Analysis

The analysis was performed using the “Atacama soil microbiome tutorial” from Qi-
ime2docs and customized program scripts (https://docs.qiime2.org/2022.2/, accessed on
1 June 2022). A program called Qiime tools import was used to import raw data FASTQ
files into the format that could be used by QIIME2. Amplicon sequence variant feature
tables (ASVs) are generated by quality filtering and trimming demultiplexed sequences, de-
noising, and merging them. After that, the QIIME2 dada2 plugin was used to identify and
remove the chimeric sequences [30]. The QIIME2 feature-classifier plugin was then used to
align ASV sequences to a pre-trained Greengenes Database 13.8 100% database (trimmed to
the V4 region bound by the 515FmodF/806RmodR primer pair) to generate the taxonomy
table [25,31,32]. The QIIME2 feature-table plugin filters out any contaminating mitochon-
drial and chloroplast sequences. Appropriate methods such as analysis of community
similarities (ANOSIM), analysis of composition of microbiomes (ANCOM), Kruskal–Wallis,
and LEfSe were used to identify taxa that differed significantly from phylum to genus
across samples and sea areas [33,34]. Diversity metrics were calculated using the core-
diversity plugin within QIIME2. To estimate the bacterial diversity within sea areas, feature
level alpha diversity indices such as the Shannon diversity index and Pielou’s evenness
index were calculated. The structural variation of sediment bacterial communities across
samples was investigated using beta diversity distance measurements, including Bray
Curtis, and was then visualized through nonmetric multidimensional scaling (NMDS) [35].
Redundancy analysis (RDA) was used to assess the association of sediment bacterial genera
characteristics in relation to environmental factors based on relative abundances of bacterial
species at genus taxa levels using the R package “vegan” [36]. The network plot was used to
display the associations among taxa in co-occurrence net analysis, which was performed by
calculating Spearman’s rank correlations between predominant taxa. The igraph packages
were used for the network plots. In addition, functional annotation of prokaryotic taxa
(FAPROTAX) was used to predict the potential functional characteristics of sedimental
bacterial communities [14,37]. In this study, physicochemical variables and alpha diversity
indices were expressed as the mean ± standard deviation over four replications. The sta-
tistical analysis was performed using the Statistical Package for the Social Sciences (SPSS)
version 23. [38]. All sequencing data are stored in the PRJNA880993 biological project.

3. Results
3.1. Changes in Physicochemical Characteristics of Overlying Water and Sediment

Table S1 represents the 22 environmental factors collected at the 12 sampling sites
in the three sea areas. The Kruskal–Wallis test was used to compare the geochemical
characteristics of overlying water and sediment in different areas. Dunn’s multiple posthoc
tests were used to compare areas pairwise (Table S2). Overly water pH was significantly
higher in NR areas than in CR (Dunn’s test, p = 0.046) and TR (p = 0.041). However,
dissolved nutrient concentrations of NO3

−, TN, SRP, and TP were significantly higher in
CR than in NR (p = 0.044, 0.035, 0.004, and 0.004, respectively).

The physicochemical characteristics of the sediment samples varied significantly
between sampling sites. The pH of the sediments in CR was significantly higher than in TR
(p = 0.050). However, the concentration of As in sediments for CR was significantly lower
than for TR (p = 0.024) (Table S2). In addition, the Cu content of the sediments in NR was
significantly higher than that of TR (p = 0.044), although Cu contents were all lower than
the class I levels of the sediment environment quality standard (GB 18668–2002).

https://docs.qiime2.org/2022.2/


Sustainability 2022, 14, 14728 5 of 18

3.2. Sediment Bacterial Community Composition

Illumina Miseq sequencing of bacterial 16S rRNA gene was performed on each sed-
iment sample. A total of 650,977 high-quality reads were identified across all samples,
ranging from 48,128 to 62,576 reads per sample. The rarefaction plots were shown as a
supplement to show the sequencing depth is sufficient (Figure S1). The 16S rRNA se-
quences obtained from sediment samples were grouped into 11,517 ASVs, belonging to
71 different phyla. Proteobacteria were the dominant phyla in all three sea areas (Figure S2),
accounting for 61.58% relative abundance on average, followed by Crenarchaeota (5.07%),
Desulfobacterota (4.90%), Firmicutes (4.30%), and Bacteroidota (3.78%) that accounted for
80% of the phyla. Gammaproteobacteria and Alphaproteobacteria were the predominant
types of Proteobacteria identified, accounting for 60% of all the classes.

The largest number of ASVs (5126) were detected in the CR, and the least number (4513)
was found in the NR. The CR and TR sites shared the largest number of ASVs (448), while
the CR and NR areas shared the least (303). The Venn analysis identified 879 ASVs (7.63% of
the total ASVs) that were common among the three areas (Figure 2). The ternary plots
showed the that the distribution of each genus in the three sea areas is uneven (Figure S3).
NR and TR have some “special” genera, which are located in the corresponding tip area of
the ternary graph. However, most of the genera in the sediments are located in the middle
of the ternary block, primarily Proteobateria, including a variety of ubiquitous genera,
which exist in all samples.
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Figure 2. Venn diagram of the ASVs in all three areas. See Figure 1 for site abbreviations.

Sediment bacterial alpha diversity, measured by species Shannon index and Pielou’s
evenness, varied significantly across research areas. The Shannon index of NR was sig-
nificantly lower than that of CR (p = 0.029) and TR (p = 0.029). Meanwhile, the Pielou’s
evenness of NR was significantly lower than that of CR (Wilcoxon test, p = 0.029) and
TR (p = 0.029). However, the Kruskal–Wallis results revealed no statistically significant
difference between CR and TR (Figure 3).

The LEfSe analysis was used to identify sediment bacteria that differed significantly
across three areas. In the present study, we applied a strict LDA score criterion (logarithmic
LDA scores over 4.0) to the analysis. The findings revealed that six taxa were significantly
enriched in 10 years of artificial reef sediment samples, including Alphaproteobacteria
(class level), Rickettsiales (order level), Moraxellaceae (family level), Acinetobacter (genus
level), Rickettsiales (family level), and Candidatus Midichloria (genus level). Meanwhile,
three taxa were significantly enriched in NR sediments, including Francisella (genus level),
Francisellales (family level), and Francisellales (order level). Finally, five taxa were signifi-
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cantly enriched in CR sediment, including Coxiellaceae (family level), Coxiella (genus level),
Coxiellales (order level), Lactobacillales (order level), and Bacilli (class level) (Figure 4).

Sustainability 2022, 14, x FOR PEER REVIEW  6  of  19 
 

 

Figure 3. Alpha diversity analysis of the ASVs. (a) Shannon index, (b) Pielou’s evenness index. Up‐

per and lower quartile values are shown in boxes; solid horizontal lines show median values, while 

the maximum and minimum values are shown in upper and lower whiskers, respectively. See Fig‐

ure 1 for site abbreviations. * p < 0.05. 

The LEfSe analysis was used to identify sediment bacteria that differed significantly 

across three areas. In the present study, we applied a strict LDA score criterion (logarith‐

mic LDA scores over 4.0) to the analysis. The findings revealed that six taxa were signifi‐

cantly enriched in 10 years of artificial reef sediment samples, including Alphaproteobac‐

teria  (class  level), Rickettsiales  (order  level), Moraxellaceae  (family  level), Acinetobacter 

(genus  level),  Rickettsiales  (family  level),  and  Candidatus Midichloria  (genus  level). 

Meanwhile, three taxa were significantly enriched in NR sediments, including Francisella 

(genus  level), Francisellales  (family  level), and Francisellales  (order  level). Finally,  five 

taxa were significantly enriched  in CR sediment,  including Coxiellaceae  (family  level), 

Coxiella  (genus  level), Coxiellales  (order  level), Lactobacillales  (order  level), and Bacilli 

(class level) (Figure 4). 

 

Figure 4. LEfSe analysis distinguishes between artificial reef and non‐reef bacterial taxa. The dia‐

gram shows taxa (genus level) with logarithmic LDA scores over 4.0. Nonmetric multidimensional 

scaling (NMDS) was used to analyze the community composition variations. The results showed 

Figure 3. Alpha diversity analysis of the ASVs. (a) Shannon index, (b) Pielou’s evenness index.
Upper and lower quartile values are shown in boxes; solid horizontal lines show median values,
while the maximum and minimum values are shown in upper and lower whiskers, respectively. See
Figure 1 for site abbreviations. * p < 0.05.
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(NMDS) was used to analyze the community composition variations. The results showed that NR
samples were significantly separated from the other two clusters (ANOSIM, p = 0.003; stress = 0.10),
whereas the distribution of TR and CR samples showed no significant difference (Figure 5).

3.3. Relationships between Sediment Microbial Communities and Environmental Factors

We can explain the relationship between environmental factors and sediment microbes
using redundancy analysis (RDA) by demonstrating the effects of different factors on
sediment microbial communities (Figure 6). Based on the model, the top two axes for
the sediment bacteria at the genera level could explain 36.07% of the total variance. In
the sediment, the concentration of SRP (R2 = 0.59, p = 0.032) and TP (R2 = 0.55, p = 0.037)
were significantly correlated with sediment bacteria community. Finally, we generated a
Pearson correlation-based heatmap to illustrate the environmental parameters in clusters
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and correlate them with the sediment microbial communities (Figure S4). The resulting
heatmap showed the top 30 genera relevant to the environment. The 30 prominent genera
are clustered into two main branches. The first branch, Pseudomonas, Lactobacillus, and
Ralstonia, had a significant positive correlation with SRP, TP, NO3

−, and TN but a negative
association with pH, salinity, Hg, and depth. In contrast, the Candidatus Nitrosopumilus,
Thalassotalea, Photobacterium, Vibrio, and OM182 clade significantly correlated with SRP, TP,
NO3

−, and TN, but had a positive correlation with pH, salinity, Hg, and depth.
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3.4. Bacterial Relationships within the Sediment Microbial Communities

A correlation network analysis was performed on the co-occurrence of the top 30 abun-
dance microbial genera (Spearman correlation coefficient > 0.4) to find associations between
bacteria in the sediment microbial communities (Figure 7). The significant correlations
among bacteria found in the sediment samples from three sea areas revealed distinct pat-
terns. The genera that were significantly correlated (p < 0.05) with other genera and had a
relative abundance of > 1% were selected as keystone taxa [16]. There were 38 significant
positive correlation nodes in NR and 52 significant negative correlation nodes. In contrast,
the correlation network contained nine phyla. Potential keystone taxa in the NR sediment
network include five genera affiliated with two phyla such as Vibrio, Francisella, Acineto-
bacter, Rickettsia, and NB1-j. Furthermore, Vibrio and Francisella served as network module
hubs, and members from phylum Proteobacteria served as module hubs and connectors.
TR had 44 significant positive correlation nodes and 40 negative correlation nodes. The
correlation network contained 12 phyla. Four genera affiliated with three phyla, including
Vibrio, Woeseia, Lactobacillus, and Subgroup-22, were identified as potential keystone taxa
in the TR sediment network. Moreover, Vibrio served as the module hubs in the network,
and members from phylum Proteobacteria served as module hubs and connectors.

CR had more significant positive correlation nodes than NR and TR, with 64 significant
positive and 22 negative correlation nodes. The correlation network contained 11 phyla.
Nine genera affiliated with three phyla, including Pseudomonas, Vibrio, Coxiella, Francisella,
Candidatus Nitrosopumilus, NB1-j, Candidatus Midichloria, Sva0081 sediment group, and
Acinetobacter were identified as potential keystone taxa in CR sediment network. In addition,
Pseudomonas, Vibrio, and Coxiella served as the module hubs in the network, and members
from the phylum Proteobacteria served as the module hubs and connectors.

3.5. Sediment Microbial Functional Annotation

The FAPROTAX model predicted 59 functions for the ASVs in the sediment samples.
Chemoheterotrophy was the predominant function (14.45% of total relative abundance)
across all samples, followed by aerobic chemoheterotrophy and fermentation. When
compared to TR sites, NR sites had a significantly lower relative abundance of ASVs
associated with cellulolysis (Kruskal–Wallis, p = 0.019) and intracellular parasites (p = 0.008).
CR sites had a significantly higher representation of groups involved in dark hydrogen
oxidationnitrification than TR (p = 0.049) and NR sites (p = 0.009). However, the CR sites
were significantly lower than NR (p = 0.011), associated with fermentation (Table S3).

The relationship between the FAPROTAX function and environmental factors was
depicted using a heatmap showing Spearman’s rank correlation and p-value (Figure 8).
The top 30 significant FAPROTAX function correlations are clustered into two branches.
One branch was primarily positive to the NO2

−, TN, SRP, TP, and TOC but negative to the
depth and salinity. In contrast, the other branch was primarily negative to the NO2

−, TN,
SRP, TP, and TOC but positive to the depth and salinity. Thiosulfate respiration was the
most significant (p < 0.05) influenced by the five environmental factors (BST, CODcr, NO2

−,
SRP, and TP).

Following that, four environmental factors significantly (p < 0.05) affected methano-
genesis by reduction of methyl compounds with H2, fermentation, aromatic compound
degradation, and nitrate reduction. On the other hand, ten sediment bacteria community
functions were significantly (p < 0.05) correlated with SRP and TP concentration. Fur-
thermore, depth and pH had a significant (p < 0.05) effect on the six sediment bacteria
community functions.
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4. Discussion

The loss of fishery habitat is one of the important ecological threats faced by the South
China Sea [39,40]. China has built large-scale marine ranching to restore the habitat of
important fishery waters [2,41]. The previously reported primarily focuses on the impact
of marine ranching on fishery resources [42–44]. However, there have been few studies
on the long-term changes of microecological communities in the sediments of marine
pasture habitats. The present study analyzed the microecological changes of sediments
in the artificial reef area and the reef-free control area for ten years and one year and
found that the reef throwing behavior was significantly correlated with the local colony
characteristics of sediments. The changes in these microbial communities may impact the
local environmental characteristics, affecting the ecosystem cycle of local fishery habitats.

4.1. Changes in Physicochemical Characteristics of Overlying Water and Sediment

The finding that the pH of overlying water in NR areas was significantly higher than in
CR and TR areas may be due to the decomposition of calcium silicate hydrate and calcium
hydroxide and decarbonation of CaCO3 in the new concrete ARs [45]. This result was
consistent with data obtained from the high pH surface region of the new artificial reef [46].
However, the findings of the present study show lower pH of the sediments in TR sites. The
overlying water column represents a short-term impact, while the long-term is represented
by sediment [16].

The marine biology stocks in the areas around ARs can generally be restored or strength-
ened after their deployment due to the improved productivity in the region and the accumu-
lation of fish attracted from adjacent areas [47]. The long-term biological deposition causes an
increase in humic acid and sulfide in sediments, affecting the sediments’ pH [48–51]. Com-
pared to water samples, this emphasizes the sediment samples’ accumulation properties
and relative stability [52]. Heavy metals are another hot research topic that can easily
lead to accumulation. They are persistent, bioaccumulative, and difficult to decompose.
The amplification and enrichment of the food chain may cause irreversible damage to the
ecological balance and human health [53]. A micro-food loop has been proposed to affirm
the importance of marine bacteria in marine ecosystems. Bacteria play an important role in
the biological cycle of heavy metals. They are highly efficient microorganisms capable of
converting heavy metals into low or nontoxic forms. Several studies are currently being con-
ducted on the bacteria related to heavy metals in marine sediment structures [54]. Biochar
can significantly improve heavy metals adsorption capacity. Biochar can fix heavy metals
through direct electrostatic attraction, complexation, ion exchange, and precipitation [55].
However, this finding has not previously been described. Although the TOC ranges in
the three survey sites were similar, the As of the sediments in CR was significantly lower
than in TR. One possible explanation is that ARs contain iron sulphide minerals. It can
incorporate trace amounts of arsenic in its structure [56].

Arsenic may release into the environment over time. This is consistent with previous
findings, which revealed an excellent linear relationship between Fe/Mn and arsenic
content [55,57]. Furthermore, the present study’s findings show that the Cu of the sediments
in NR was significantly higher than TR. The new ARs induce more Fe, CO3

2− and OH−.
Cu is easily chemisorbed on or incorporated into a variety of minerals such as chalcopyrite
(CuFeS2), covellite (CuS), and malachite Cu2CO3(OH)2. They remain stable in an alkaline
environment [56]. This finding is consistent with the previously described high pH in
NR sites.

4.2. Sediment Bacterial Community Composition

The present study investigated the abundance and diversity of microbial communities
in marine ranching sediments over time, providing a new perspective on the impact of
marine pastures on coastal sedimentary habitats. Proteobacteria and Gammaproteobacteria
were the most abundant phyla and classes in this study. The finding is consistent with that of
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Zhuang [58], who determined microbial community structure in Eastern Guangdong shore
sediment. However, the following phyla differed from those previously described [58,59].

It is worth noting that Pielou’s evenness and Shannon index of NR were significantly
lower than those of CR and TR (p < 0.05). Compared with TR or CR sediments, the NR
area exhibits a distinct pattern of bacterial diversity. The findings of the present study
suggest that the newly formed ARs may have influenced the indigenous sediment microbial
community structure. The results are consistent with previous studies [6,16,51]. However,
as time passes, the impact of the reef on the microbial community structure of sediments
will diminish. Finally, there was no statistically significant difference in the CR area. Not
only the alpha diversity presented the above differences, but also the beta diversity results
showed similar trends between the study areas through the NMDS. This could result from
long-term microbial communities’ succession in the TR area [6].

The biomarkers were considered part of the core microorganisms [60]. The LEfSe
analysis revealed that Alphaproteobacteria (class level), Moraxellaceae (family level)),
Acinetobacter, Rickettsiales (order level), and Candidatus Midichloria (genus level) of phy-
lum Proteobacteria enriched TR sediment. The wide distribution of Alphaproteobacteria
in sediment environments has been well documented [52]. Previous studies have high-
lighted the importance of Alphaproteobacteria. They are important in decomposing and
assimilating organic matter in organically enriched sediments [61]. The increase of Al-
phaproteobacteria could be attributed to the addition of organic matter in TR sediment [62].
Moraxellaceae was closely related to seawater salinity, making it a potential indicator of
seawater invasion [63]. Similarly, Acinetobacter occupies an important position in sedi-
ment because it is ubiquitous. The multifunctional metabolic characteristics enable it to
catabolize various natural compounds. It actively participates in the nutrient cycle of
the sediment ecosystem [64]. Candidatus Midichloria and Rickettsiales are ecologically
widespread intracellular symbionts found in the sediment. They were infected with aquatic
protozoa [65,66].

In comparison to the TR, NR biomarkers were simple. Francisella are new bacteria with
high virulence that can kill a large number of tilapia. These bacteria also affect many other
fishes, including hybrid striped bass and various ornamental fishes [67]. The finding is
also consistent with previous observations, which revealed a high abundance of Francisella
in sediments and water [68,69]. Ulteriorly, these findings also support previous research
indicating that Lactobacillales could be used as potential biomarkers in the Nile water [52].
Interestingly, some of the biomarkers are taxa known for their pathogenic potential, such
as Coxiella, Lactobacillales, and Bacilli [70].

Although we cannot generalize about all species belonging to a particular genus,
they have been associated with certain diseases [71]. On the other hand, Bacilli and
Lactobacillales of phylum Firmicutes were widely distributed in the sediment and intestinal
content. These organisms were typically anaerobic and chemoorganotrophic [72]. They
could be identified as potential biomarkers in the CR sediment.

4.3. Relationships between Sediment Microbial Communities and Environmental Factors

RDA correlates microbiota distribution variability to environmental variables. The
SRP and TP concentration was thought to be the main driving force in shaping the microbial
community in the sediment. These results seem to be consistent with previous research
that found that sediment chemical components (i.e., nitrogen and phosphorus concentra-
tions) regulate and form the diversity of bacterial communities [73,74]. The sedimentation
environment has shaped different microorganisms, and microorganisms have influenced
their habitat environment [12]. Furthermore, the Pearson correlation-based results indicate
that Pseudomonas, Lactobacillus, and Ralstonia had a significant positive correlation with
SRP, TP, NO3

−, and TN, but a negative association with pH, salinity, Hg, and depth. These
results are in line with previous studies. Pseudomonas has been isolated from both aquatic
and terrestrial ecosystems worldwide. It usually has ecologically important characteristics,
including the potential of denitrification and the ability to degrade xenobiotics [75]. It is
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worth noting that Pseudomonas and Ralstonia have a high capacity for removing Pb and
Hg from marine sediment [76,77]. The relative abundance of Pseudomonas and Ralstonia
was significantly higher in CR. Consequently, the CR was better suited to their survival.
The present study suggests that this area of sediment microbial communities may be sub-
jected to heavy metal stress. However, the Photobacterium, Vibrio, and Thalassotalea had a
significant negative correlation with SRP, TP, NO3

−, and TN, but a positive association
with pH, salinity, Hg, and depth. Photobacterium, Vibrio, and Thalassotalea commonly occur
in seawater and cooperate with marine animals. Some are highly specific bioluminescent
mutualisms with marine fish and squid [78,79]. These genera were found to have a higher
relative abundance in NR. These findings indicated that these bacteria are preferentially
inhabited in NR in abiotic conditions (lower SRP, TP, NO3

− and TN, but higher pH and
salinity) and biotic conditions (developing fishery resources).

4.4. Bacterial Relationships within the Sediment Microbial Communities

The correlation network analysis revealed the structure and interactions of the mi-
crobial communities in sediment. In the present study, we analyzed the co-occurrence
patterns of bacterial communities in the old and new marine ranching at genus levels.
We identified the keystone taxa using topological parameters of network analysis. The
significant differences in the structures of the correlation networks between areas were
explored, indicating that marine ranching significantly impacted the correlation networks
of the microorganisms in the sediment [80]. According to the current correlation network
results in CR, this is consistent with the fact that microbes from the same domain frequently
had significant and predominantly positive correlations with each other [81]. This could
imply that mature and stable microbial communities exist in CR. Surprisingly, NR was
found to have more negative correlation nodes, indicating that taxa face more competition
or predation pressure [82]. However, as time passes, the negative relationship between
micro-ecosystem deposition has weakened in TR. These results suggested that after being
subjected to disturbance and succession [83], the sediment bacteria community gradually
adapted to the existing conditions and reached a relatively stable state.

Compared to other taxa in the network, keystone taxa play an important role in main-
taining the network structure of the sediment bacteria community [81]. Some keystones
can act as transporters, regulators, and module hubs in bacterial communities, which are
critical to the overall stability of the entire microbial network structure [84]. Surprisingly,
Vibrio served as the module-hubs in the network in all areas. These findings indicate
that marine ranching constructions had little influence. Vibrio is a typical heterogeneous
bacterium widely distributed in marine ecosystems and is usually associated with a high
nutritional environment. They are thought to be a potential indicator of eutrophication. In
addition, previous studies have shown that Vibrio has a variety of metabolic capabilities,
including nitrogen fixation, phosphate compound intake, organic matter utilization, and
remineralization [19].

Moreover, some pathogenic bacteria from this genus may infect humans and aquacul-
ture [85]. Another possible explanation for the enrichment of Vibrio was the high-density
mariculture of coastal waters [86]. Our findings align with previous research indicating
that Vibrio may be dominant in high disturbance areas [38]. Collectively, the current results
suggest such keystone taxa should be given more attention.

4.5. Sediment Microbial Functional Annotation

FAPROTAX was used to evaluate the potential functional differences between marine
ranching stages and the control area. The present study showed that chemoheterotrophy,
aerobic chemoheterotrophy, and fermentation were the top three main functions of the
three areas that account for 59.96% relative abundance of the functional annotation. These
results are consistent with findings from other marine microcosms [87–89]. However, when
we focused on more specific functions, we found that the dominant functions involved
in biogeochemical cycling differed depending on the sediment microbial ecosystem. It
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was found that only the fermentation of the three primary functions differed significantly
among areas. Fermentation was significantly higher in NR sites compared to CR. This
disparity could be attributed to extra organic matter deposition by the increased biomass in
NR [90]. On the other hand, the cellulolysis and intracellular parasite function were higher
in TR than in NR. This result could be explained by the fact that TR’s macroalgae and reef
creature biomass were higher [91].

As environmental factors influence bacterial communities, the potential functions
are consistent with the changes in environmental factors, particularly energy sources, the
phosphorus cycle, and inorganic nitrogen [87]. In the current study, the heatmap between
FAPROTAX function and environmental factors also revealed that NO2

−, TN, SRP, TP, TOC,
depth, and salinity were the key driving factors of the potential biogeochemical functions
in the sediment. The key driving factors are consistent with previous research on the rela-
tionships between sediment microbial communities and environmental factors. Therefore,
the impact of different bacteria in sediments could alter the amount of biogeochemical cycle
in the marine ranching ecosystem [92]. In the marine ranching ecosystem, sedimentary
colonies may play an important role in nutrient and carbon cycling, interacting with other
organisms [81]. In addition, ARs affect the water flow field and accelerate the change
of mineral composition of sediments that may support the electrical coupling of more
complex microbial redox reactions, contributing to biogeochemical cycling and maintaining
ecological stability [47,93,94].

5. Conclusions

Overall, the present study provided a more in-depth understanding of sediment micro-
bial communities in marine ranching. Artificial reefs significantly impact these geochemical
parameters (i.e., NO3

−, TN, SRP, TP, and pH). Meanwhile, nutrient concentrations and
pH are the primary factors influencing the compositions and structure of the bacterial
community in the sediments of an artificial reef. The new artificial reefs reduced sediment
alpha diversity. The significant net correlations among bacteria identified in sediment
samples from three sea areas showed different patterns. The distribution of potential
biogeochemical functions concerning carbon and nutrient cycles in bacterial communities
was strongly influenced by sediment environmental conditions, especially NO2

−, TN, SRP,
TP, TOC, depth, and salinity. This may impact the trophic transfer of energy in marine
ranching food webs. These findings provided new perspectives for investigating the effects
of artificial reef disturbances on sediment microbes and facilitated sedimental environment
monitoring based on microbial community composition.
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