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Introduction: The aquaculture in intertidal mudflat ponds on the coast of the

East China Sea typically coexists with oceanic seaweed cultivation in the nearby

open water area, forming an interconnected aquatic ecosystem. This study

aimed to understand the impact of the seaweed cultivation on the water

quality and microbial communities in their neighboring intertidal mudflat ponds.

Methods: A unique recirculating culture system was established, integrating

seaweed farming in marine areas with aquaculture ponds on mudflats, and

incorporating an effluent treatment process for added efficiency. Water

samples were collected from three sites, including open water areas with or

without seaweed (Pyropia haitanensis) cultivation, the aquaculture mudflat

ponds, and effluent water ponds, with control sites for comparison. The

dynamic diversity patterns and structure of microbial communities were

determined by 16S and 18S rRNA sequencing, and the environmental factors

were measured.

Results: In the offshore aquaculture area, the cultivation of P. haitanensis

increased the dissolved oxygen and pH, decreased inorganic nutrients,

reduced the alpha diversity of bacteria, established the dominance of

Proteobacteria, but did not influence the composition of microeukaryotes.

These changes in the seawater subsequently affected the dynamics in the

corresponding aquaculture ponds, where the water quality was improved, the

microbial diversity was enhanced, and the abundance of functional bacteria such

as Microbacteriaceae was increased. According to the co-occurrence network

analysis, the cultivation of P. haitanensis potentially improved the stability of the

microbial communities in both the offshore aquaculture area and the onshore

aquaculture ponds and allowed them to resist stress better. In addition, after the
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effluent from the aquaculture ponds was purified in the treatment ponds with

mangroves and oysters, the water quality improved and the abundances of

Dinophyceae and Bacillariophyta decreased.

Discussion: This study highlights the positive effects of P. haitanensis cultivation

on water quality and microbial stability in adjacent aquaculture ponds.
KEYWORDS

intertidal mudflat aquaculture, Pyropia haitanensis, seaweed cultivation, microbial
communities, water quality
Introduction

In China, coastal mudflat areas are an important land resource

whose utilization has accelerated in recent years. Regions with

extensive tidal mudflats, most prominently in the provinces of

Jiangsu, Zhejiang and Guangdong, now have many aquaculture

dyke ponds, which are excavated in saline-alkali land and used to

produce fish, shrimp, and crab (Long et al., 2016). The intensive

farming of animals such as shrimp, crab, and fish in the aquaculture

ponds poses environmental challenges, as the nutrient in the

effluent discharged from the ponds can exacerbate eutrophication.

In addition, the ponds typically host microbial species at high

densities, including pathogenic bacteria. These ponds typically

draw water from the neighboring open water area, and their

effluent is discharged back to the sea, thus forming a cycle. As a

result, the discharged effluent water may impose a burden on the

marine environment (Hou et al., 2023). Meanwhile, seawater, as a

key water source for aquaculture, directly determines the quality of

aquaculture water, which in turn significantly affects the growth of

farmed animals. In some regions of China, intertidal seaweed is

cultivated in nearby coastal waters, which could potentially improve

water quality in pond systems by reducing nutrient pollution and

promoting ecosystem health.

Macroalgae play pivotal and defining roles in coastal

ecosystems. Macroalgae can remove nitrogen and phosphorus

from coastal waters and achieve carbon storage (Buschmann

et al., 2017; Duarte et al., 2022; Seghetta et al., 2016; Xiao et al.,

2017; Yang et al., 2015). The cultivation of seaweed offers

substantial environmental benefits as it can help to mitigate ocean

eutrophication (Alleway, 2023), and it may also enhance the

seawater oxygen concentration and reduce seawater acidification

(Xiao et al., 2021). Seaweed is also employed in aquaculture to

improve water quality. Efforts have been made to develop integrated

multi-trophic aquaculture systems with the capacity for highly

efficient bioremediation, aiming to mitigate eutrophication in

aquaculture. In these systems, seaweed is cultured on the surface

of the cultivation area in the coastal water and animals (e.g., fish and

bivalves) are farmed in the middle or lower layers, thus creating co-

culture environments where the seaweed and animals share the

same space. These systems have been operated in open-water
02
environments (Chopin et al., 2012; Reid et al., 2020) as well as in

land-based aquaculture ponds (Ashkenazi et al., 2019; Kang et al.,

2021) and have proven effective in reducing nutrients and

pollutants (Xiao et al., 2017; Yang et al., 2015). Nevertheless, this

pattern diverges from the intertidal seaweed farming integrated

with aquaculture ponds on nearby coastal mudflats.

China is a leading country in seaweed cultivation, and its total

output of cultivated seaweed in 2022 is 2,713,900 tons (China

Fishery Bureau, 2023). Porphyra sensu lato make up one of the

largest groups of red algae in the world, extensively cultivated in the

provinces of Jiangsu, Zhejiang, and Fujian, and the harvest of

Porphyra in 2022 alone is approximately 218,658 tons (China

Fishery Bureau, 2023). In the context of eutrophication abatement

via large-scale seaweed cultivation, Porphyra is an excellent choice

due to its high productivity and its higher capability (63%–170%

higher than other seaweeds) to rapidly assimilate nitrogen and

phosphorus (Chopin and Yarish, 1999; Neori et al., 2004). Porphyra

cultivation is predominantly carried out in the intertidal zone, and

in certain regions, this seaweed farming in offshore aquaculture

areas is integrated with the aquaculture of fish, shrimp, and crab in

adjacent mudflat ponds (Liu et al., 2023). However, the

environmental impacts of this practice have not been thoroughly

investigated to date, raising an intriguing question: Can water from

seaweed cultivation indirectly enhance the quality of aquaculture

water in adjacent mudflat ponds? If so, through what mechanisms

can this positive effect be achieved?

Microorganisms participate in the decomposition of organic

matters and the recycling of dissolved nutrients, and thus play

crucial ecological roles in coastal and freshwater ecosystems. Recent

studies on the epiphytic and endophytic microbial communities

associated with various seaweeds, including green algae, red algae,

and brown algae, have revealed that seaweeds can influence or

regulate microbial dynamics within their cultivation areas (Xie

et al., 2017). For instance, Wang et al. (2020) observed differences

in the microbial communities of seawater in the presence of P.

haitanensis cultivation compared to its absence. The cultivation of P.

haitanensis led to an increase in the abundance of Rhodobacteraceae

while decreasing the presence of Cyanobacteria. The taxonomically

diverse microbial communities associated with seaweed are vital to

their hosts and contribute to the overall health of the marine
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environment. Therefore, it is likely that seaweed cultivation may

indirectly affect microbial communities in aquaculture ponds when

these ponds draw water from areas utilized for seaweed farming.

The current study, carried out at the Zhejiang province in

China, examined aquaculture ponds at coastal mudflats situated in

the vicinity of intertidal seaweed farming, where the open water area

provided the aquaculture water for the ponds and received their

discharge. High-throughput sequencing based on 16S and 18S

rRNA genes was employed to assess the diversity and structure of

the microbial communities. The analysis focused on the seawater

with or without P. haitanensis cultivation, the water from ponds

with different sources of aquaculture water, and the water in the

treatment ponds before discharge. The environmental factors of

these water bodies were closely monitored. This study deepens our

understanding of the differences in microbial communities between

marine and farmed areas with and without algal cultivation and

reveals the complex linkages between seaweed farming and

microbial communities and environmental factors, providing

valuable scientific evidence for optimizing farming models and

enhancing ecosystem management.
Materials and methods

Study area

The study was conducted on December 15, 2022, at two sites in

Xiangshan County, Ningbo City, Zhejiang Province, China.
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There was extensive aquaculture of P. haitanensis throughout the

Hongweitang Bay (29.095°N, 121.910°E). The Heping Bay (29.168°

N, 121.958°E) served as the control (Figure 1).

At Hongweitang Bay, samples were collected from three groups,

i.e., the P. haitanensis cultivation area (PCA), the experimental

aquaculture ponds (EAP), and the effluent treatment ponds (ETP).

The PCA was representative of the Hongweitang Bay and featured

extensive cultivation of P. haitanensis. The EAP consisted of open

aquaculture ponds situated along the coastline of the PCA and

received natural seawater pumped from a sedimentation pond that

was connected to the PCA through a tidal gate. The ponds of EAP

were utilized for the polyculture of crabs (mainly Portunus

trituberculatus), shrimps (primarily Exopalaemon carinicauda),

and bivalves (mainly Sinonovacula constrzcta and Meretrix

meretrix) in a semi-intensive system. The effluents from these

ponds were channeled to the ETP for storage and treatment. The

ponds of ETP were cultured with Ostrea gigas and featured

extensive plantings of mangroves (primarily Rhizophora mangle).

At Heping Bay, samples were collected from two groups, i.e., the

control sea area (CSA), which was a natural open water area without

seaweed cultivation, and the control aquaculture ponds (CAP), which

consisted of the aquaculture ponds in the neighboring mudflat. The

CAP received the supply of aquaculture water from the CSA (Figure 1).

Both CAP and EAP had identical aquaculture species and breeding

density, and their daily management practices were the same.

The water in the ponds of EAP and CAP was refreshed every 15

days. The water in the ponds of ETP was discharged into the sea

after treatment for 15 days.
FIGURE 1

Distribution map of sampling sites and a schematic representation of the aquaculture system. (A) The locations of Hongweitang Bay and Heping Bay.
(B) The satellite images of the survey areas consisting of the five groups. Here, PCA represents the Pyropia haitanensis cultivation area, EAP
represents the experimental aquaculture ponds, and ETP represents the effluent treatment ponds, while CSA and CAP represent the control offshore
aquaculture area and the control aquaculture ponds, respectively. (C) Schematic representation of the water circulation at Hongweitang Bay (The
seawater flows from PCA to EAP, then to ETP, and back to PCA).
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Sample collection and water chemistry

For each of the five groups (PCA, EAP, ETP, CSA, and CAP),

water samples were collected at eight randomly chosen sampling

spots. For EAP and CAP, water was collected on the seventh day

after the introduction of fresh seawater. For ETP, all eight sampling

spots were near the gate through which the treated water was

discharged. At each spot, surface water samples were harvested at

0.5 m depth using a 5 L water collector. About 1 L of the collected

water was promptly passed through a 100 mmnylon filter and then a

0.2 mm polycarbonate membrane (Millipore, USA). The membrane

was frozen using liquid nitrogen and stored at −80°C until DNA

extraction. The remaining water was used for the analysis of water

chemistry in the lab, including total nitrogen (TN), phosphate

(PO3-4-P), nitrite (NO-2-N), nitrate (NO-3-N), and ammonium

(NH4
+-N), according to the standard methods stipulated by

GAQSIQ (2007) (AQSIQ, 2007). Total carbon (TC) and total

organic carbon (TOC) were quantified using a vario TOC select

analyzer (Elementar, Germany). Water temperature, conductivity,

dissolved oxygen (DO), and pH were measured on site using a

HACH HQ4300 portable multimeter (HACH, USA).
DNA extraction and high-
throughput sequencing

The total DNA was extracted from the membranes using the

OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA,

USA) following the manufacturer’s instructions. The universal

primers 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-

GGACTACHVGGGTWTCTAAT-3 ’) were used for the

amplification of the V3-V4 regions of the bacterial 16S rRNA, and

the primers TAReuk454F (5′-CCAGCASCYGCGGTAATTCC-3′)
and TAReukR (5′-ACTTTCGTTCTTGATYRA-3′) were used for

the amplification of the V4 region of the eukaryotic 18S rRNA genes.

The reaction mixture of the PCR amplification included the

buffer (5×) containing 1.25 U Fast pfu DNA Polymerase and 250

mM dNTPs (5 mL), the primer (10 mM, 1 mL), the DNA Template (1

mL), and ddH2O (14.75 mL). A standard protocol was applied as

follows: initial denaturation, 98°C for 5 min; 25 cycles of

denaturation (98°C for 30 s), annealing (53°C for 30 s), and

extension (72°C for 45 s); final extension, 72°C for 5 min. All

amplifications were run in triplicate. The PCR amplicons were

purified using the Vazyme VAHTS DNA Clean Beads (Vazyme,

Nanjing, China) and quantified using the Quant-iT PicoGreen

dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Sequencing

was executed by Shanghai Personal Biotechnology Co., Ltd

(Shanghai, China) on the Illumina MiSeq platform using MiSeq

Reagent Kit v3.
Processing of sequencing data

The analyses of microbiome bioinformatics were conducted

using QIIME2 2019.4 (Bolyen et al., 2019) with minor

modifications. The demux plugin was used for the demultiplexing
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of the raw sequencing data, and the primers were removed using the

cutadapt plugin (Martin, 2011). The amplicon sequence variants

(ASVs) were generated from paired-end sequences using DADA2

in QIIME2, which sequentially filtered out low-quality reads,

denoised and spliced the data, and eliminated chimeric sequences.

The ‘qiime dada2 denoise paired’ option was employed (Callahan

et al., 2016). The taxonomic annotation of each ASV in the bacteria

and the microeukaryotes was assigned according to the SILVA

database (http://www.arb-silva.de). The raw sequencing data were

deposited in the NCBI Sequence Read Archive under the accession

number PRJNA1045075 and PRJNA1045086. The ASV abundance

table after draw levelling was used for all subsequent analyses.
Statistical analysis

The physical and chemical parameters of the water samples

were analyzed by one-way ANOVA using SPSS 26.0 (n = 8). The

Duncan test was used for multiple comparisons. The sequencing

data were primarily analyzed using QIIME2 and the relevant

packages in R (v. 4.3.2). The alpha diversity indexes (Chao1,

Shannon, and Simpson) of the ASVs were computed using the

ASV table in QIIME2 and presented as boxplots. Venn diagrams

were drawn to visualize the unique and shared microorganic taxa at

the family level. The structural variations of the microbial

communities across samples were examined by the beta diversity

analysis based on the Bray–Curtis dissimilarity (Bray and Curtis,

1957) and visualized by principal coordinate analysis (PCoA). The

relative abundance of microbial communities was the average of 8

parallel samples. The ten most abundant phyla were selected to

examine the shifts in the community composition. A t-test was

employed to analyze the differences in the abundance of the top

ten families.

The Pearson correlation analysis was further utilized to assess

the relationship between the dominant (with the relative abundance

in the top 15) bacteria/microeukaryotes and the environmental

parameters. Canonical correlation analysis (CCA) was employed to

determine the association between the microbial communities and

the environmental factors. The function envfit in the R package

vegan was used to evaluate the association of microbial community

variation and each environmental variable in CCA. The heatmap

package in R (v. 4.3.1) was used to create the Pearson

correlation heatmaps.

To explore the associations among multiple species, the co-

occurrence network analysis was conducted based on the Spearman

correlation, and the result was visualized using the Gephi software

(Barberán et al., 2014). The genera with a relative abundance of less

than 0.05% in at least five samples were filtered out, which

streamlined the network analysis and facilitated the identification

of the key taxa. A valid co-occurrence event was defined as a robust

correlation when the absolute value of the Spearman’s correlation

coefficient (|r|) exceeded 0.8 and the statistical significance satisfied

P < 0.01. To minimize the risk of false positive results, the P values

underwent adjustment through multiple testing correction based on

the Benjamini–Hochberg method (Benjamini and Hochberg, 1995).

All correlation analyses were conducted in R v. 4.0.3 using the vegan
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and igraph packages (Csardi and Nepusz, 2006). The topology of

the constructed networks was characterized by calculating the

average degree, density, average clustering coefficient, average

path distance, and modularity (Newman, 2006).
Results

Alpha diversity of the
microbial communities

After the removal of low-quality sequences, 1,771,106 bacterial

sequences and 3,051,651 microeukaryotic sequences were obtained,

which gave 47,277 ASVs for bacteria and 15,419 ASVs for

microeukaryotes. According to the alpha diversity analysis of the

16S rRNA (Figure 2), the bacteria from CAP had the lowest Chao1,

Shannon, and Simpson indexes. The Shannon and Simpson indexes

of the bacteria were higher at EAP than at CAP (P < 0.001), but

lower at PCA than at CSA (P < 0.001). The Simpson indices of the

bacteria was significantly higher at EAP than at PCA (P < 0.01).
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According to the alpha diversity analysis of the 18S rRNA

(Figure 2), no significant difference was identified in the Chao1,

Shannon, and Simpson indexes of the microeukaryotes between the

two open water areas (PCA and CSA, P > 0.05). The indexes of the

microeukaryotes were always higher at the open water area than at

the respective aquaculture ponds (i.e., PCA vs EAP, CSA vs CAP).

The effluent treatment reduced the diversity and abundance for

both bacteria and microeukaryotes (i.e., ETP vs EAP).
Composition of the microbial communities

According to PCoA, there were notable differences in the

bacterial community composition among PCA, EAP, ETP, CSA,

and CAP (Figure 3A). A total of 63 bacterial phyla were identified

across the five groups, and Figure 3B gives the histogram of the

relative abundances of the top 10 phyla. The predominant bacteria

were Proteobacteria (53.81%), Actinobacteria (31.86%),

Cyanobacteria (3.01%), Firmicutes (2.58%), and Acidobacteria

(1.95%). The relative abundance of Proteobacteria was the highest
FIGURE 2

Alpha diversity of bacterial and microeukaryotic communities in the water samples. *P < 0.05, **P < 0.01, ***P < 0.001.
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in PCA, which was 17.30% higher than in CSA (P < 0.01).

Proteobacteria had lower relative abundances in EAP and ETP

than in PCA, CSA, and CAP. Actinobacteria had significantly

higher relative abundances in CAP, EAP, and ETP than in PCA

and CSA (P < 0.001). Firmicutes had higher relative abundance in

PCA than in CSA. Cyanobacteria had the highest average relative

abundance in EAP (8.85%). At the family level (Supplementary

Figure 1), the dominant bacteria were Moraxellaceae (24.09%),

Microbacteriaceae (19.44%), Rhodobacteraceae (17.11%), PeM15

(4.74%), and Ilumatobacteraceae (2.29%).

In PCoA, the microeukaryotic communities of PCA and CSA

clustered together, and both were close to EAP. Across the five groups,

a total of 61 eukaryotic phyla were identified from the water samples.

The dominant phyla included Chlorophyta (34.78%), Ciliophora

(19.91%), Dinophyceae (15.07%), Cercozoa (6.75%), and

Bacillariophyta (4.43%). The relative abundance of Chlorophyta was

highest in ETP (89.22%), followed by EAP (54.51%), and lower in CSA,

CAP, and PCA. Dinophyceae and Bacillariophyta had higher relative

abundance in CSA (25.39%, 4.73%), PCA (23.45%, 8.15%), and EAP

(24.30%, 8.97%) than in CAP (0.37%, 0.01%) and ETP (1.83%, 0.29%).

Interestingly, Ciliophora had an exceedingly high relative abundance in

CAP (85.38%) but lower relative abundance in all other groups. At the

family level (Supplementary Figure 1), Chlorellaceae (19.85%) and

Strombidiidae (16.90%) were the dominant taxa.

Figure 4A presents the contrast in the microbial community

compositions between different groups, where the top 10 families of
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the bacteria and the microeukaryotes were examined for each pair

(PCA/CSA, EAP/CAP, and EAP/ETP). Regarding bacteria, PCA

had significantly higher relative abundances of Moraxellaceae,

Rhodobacteraceae, Microbacteriaceae, and Planococcaceae

compared to CSA (P < 0.01), while exhibiting significantly lower

relative abundances of Dadabacteriales, Microtrichaceae, and

Woeseiaceae (P < 0.01). Compared to CAP, EAP had significantly

higher relative abundance of Microbacteriaceae (P < 0.001) and

significantly lower relative abundance ofMoraxellaceae (P < 0.001).

Compared to EAP, ETP had significantly higher relative

abundances of Rhodobacteraceae, PeM15, and Chloroplast (P <

0.001). Regarding microeukaryotes, PCA had significantly higher

relative abundance of Pyramimonas (P < 0.05) and is otherwise

similar to CSA. Compared to CAP, EAP had significantly higher

relative abundances of Chlorellaceae and Dinophyceae (P < 0.05),

but significantly lower relative abundance of Strombidiidae (P <

0.001). Compared to EAP, ETP had significantly higher relative

abundance of Chlorellaceae (P < 0.001), but significantly lower

relative abundance of Dinophyceae (P < 0.05).

Figure 4B illustrates the shared and unique families of the bacteria

and the microeukaryotes of the five groups. A total of 39 bacterial

families and 130 eukaryotic families were identified in PCA but not in

CSA (Supplementary Table 1). Five bacterial families, i.e.,

Sphingobacteriales, Enterobacteriaceae , Corynebacteriales,

Euzebyaceae, and Rhodospirillales, were present in both PCA and

EAP, but not in CSA or CAP.
FIGURE 3

The structure and composition of microbial communities across different regions. (A) Distribution patterns of the bacterial and microeukaryotic
communities in the water samples from PCoA based on the Bray–Curtis distance matrix. (B) Relative abundances of the dominant bacterial and
microeukaryotic phyla.
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Co-occurrence networks

For each group, the co-occurrence network was constructed based

on Spearman’s rank correlation coefficients to illustrate the relationships

among the microbial communities (Figure 5; Supplementary Table 2).

The edges and nodes in the network reflect the complexity of microbial

interactions. Compared to the PCA network, the CSA network had

more nodes and edges but lower clustering coefficient, graph density,

average path length, and modularity. The PCA network also had a

higher proportion of negative correlations (27.84%) than the CSA

network (22.27%). Compared to the CAP and ETP networks, the

EAP network had more nodes and edges, as well as higher clustering

coefficient, graph density, average path length, and network diameter.

However, the EAP network had a lower modularity than the ETP

network. The proportion of negative correlations ranked as ETP

(37.07%) > EAP (33.76%) > CAP (27.75%).
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Water quality

Figure 6 summarizes the water quality indicators of the five

groups. The temperature ranged from 9.2 to 13.7°C across the five

groups, and the offshore aquaculture areas (CSA and PCA) were

warmer than the ponds (CAP, EAP, ETP) (P < 0.01). The pH

ranged from 7.99 to 8.31, and the highest pH was at PCA (8.29 ±

0.01). The open water areas had higher pH than the corresponding

ponds (CSA vs CAP, PCA vs EAP and ETP) (P < 0.05), and EAP

had higher pH than CAP (P < 0.05). The DO concentration varied

significantly among the groups, down to a minimum of 10.29 ± 0.05

mg·L-1 at CAP and up to a maximum of 11.43 ± 0.12 mg·L-1 at ETP.

EAP had a significantly higher DO concentration (11.38 ± 0.11

mg·L-1) than CAP (10.29 ± 0.05 mg·L-1) (P < 0.05), and PCA had a

significantly higher DO concentration (10.83 ± 0.06 mg·L-1) than

CSA (10.37 ± 0.07 mg·L-1) (P < 0.05). The open water areas (CSA
FIGURE 4

The microbial community differences at the level of families. (A) Differences in the dominant microbial families between groups. *P < 0.05, **P <
0.01, ***P < 0.001. (B) Shared microbial families among water samples from different groups.
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and PCA) had significantly lower conductivity than the ponds

(CAP, EAP, and ETP) (P < 0.05), but there was no significant

difference in the conductivity between the offshore aquaculture

areas or between the ponds (P > 0.05).

The concentrations of nutrients, including NH+ 4-N, NO-3-N,

NO-2-N, PO3-4-P, TN, TC, and TOC, varied significantly among the

five groups, but all followed the general pattern of CSA > PCA and

CAP > EAP > ETP. The ponds typically had higher nutrient

concentrations than the open water areas. For instance, the NO-2-N

levels of PCA and CSA were 214.5 and 204.8 times lower than those of

EAP and CAP (P < 0.01), and the NH+ 4-N levels of PCA and CSA

were 13.7 and 13.4 times lower than those of EAP and CAP (P < 0.01),

respectively. Compared to CSA, PCA had significantly lower TN and

TC (P < 0.05). For the ponds, the contents of all nutrients fell in the

order of CAP > EAP > ETP (P < 0.05). The ETP removed 61.60% and

85.90% of the NO-3-N and NO-2-N from EAP, respectively.
Influence of environment factors on
microbial communities

The environmental variables associated with the changes in the

microbial communities were identified by CCA and envfit test

(Figure 7; Supplementary Table 3). It was found that the bacterial

communities were correlated strongly with temperature, conductivity,

pH, PO3-4-P and NH+ 4-N (r > 0.5, P < 0.001), while the

microeukaryotic communities were correlated strongly with all

examined parameters (r > 0.6, P < 0.001). In comparison to the
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bacterial communities, the association between the microeukaryotic

communities and environmental factors was stronger. In the Pearson

correlation analysis, it was found that, for samples sourced frommarine

environments, variations in bacterial phyla exhibited positive

correlations with TC, TN, NH+ 4-N, and NO-2-N, except for

Bacteroidetes, Proteobacteria and Firmicutes, which were positively

correlated with temperature, DO, and pH, but negatively with other

factors. While the correlations between the microeukaryotic

communities and environmental factors were relatively weak. In the

case of pond samples, environmental factors, excluding temperature

and conductivity, demonstrated significant correlations with certain

bacterial phyla. In particular, the phyla Chloroflexi, Dadabacteria,

Acidobacteria, Gemmatimonadetes, and Proteobacteria were

positively correlated with TOC, TC, TN, NH+ 4-N, NO-3-N and

NO-2-N (P < 0.01). On the other hand, the microeukaryotic phyla

Ascomycota, Ciliophora, and Fungi displayed positive correlations with

environmental factors excluding DO, pH, conductivity, and

temperature (P < 0.001). In contrast, Chlorophyta and Dinophyceae

showed an opposing trend.
Discussion

Effects of P. haitanensis cultivation on
water quality

The pH is a key indicator of water quality, and it is governed by

the amount of carbon dioxide (Howland et al., 2000). The seaweed
FIGURE 5

Co-occurrence networks of microbial communities constructed based on Spearman’s rank correlation coefficients. The edges and nodes in the
network reflect the complexity of microbial interactions. Each connection signifies a robust (Spearman’s |q| > 0.8) and statistically significant (FDR-
adjusted P < 0.01) correlation. The size of each node is proportional to the number of degrees. Networks containing both bacterial and
microeukaryotic taxa, with red dots representing bacteria and green dots representing microeukaryotes.
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can consume carbon dioxide via photosynthesis, which promotes

the decomposition of HCO3
− in the water and increases the pH

value. Indeed, the cultivation of P. haitanensis significantly

increased the pH of the water in the offshore aquaculture area

(PCA vs CSA). The water of EAP came from PCA, and the pH was

significantly higher at EAP than at CAP, although EAP had lower

pH than PCA due to the respiration of aquatic animals and the

decomposition of organic matters.

The DO level is an indicator of aquatic growth conditions and

pollution status (Zang et al., 2011). The DO at PCA was higher than

those at CSA, largely due to the photosynthetic oxygen production

by P. haitanensis, which served as a major oxygen input. These

results align with previous studies that reported higher DO levels in

regions with seaweed cultivation compared to regions without

(Huang et al., 2017; Liu et al., 2019; Xie et al., 2017; Yang et al.,

2015). Similarly, EAP exhibited higher DO levels than CAP, as the

water source significantly impacted water quality in the aquaculture

ponds, even when farming the same animals at the same density.

The higher DO levels in ETP compared to EAP could be attributed

to the photosynthetic oxygen production by mangroves in ETP.

In terms of nutrients, the various N and P indices were

consistently lower in PCA compared to CSA, with PCA showing

reductions of 25.4% in TC and 29.6% in TN relative to CSA. Recent

studies have indicated that mariculture of seaweeds (e.g., P.
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haitanensis, Gracilaria lemaneiformis, and Saccharina japonica)

can improve water quality by removing NO-3-N and PO3-4-P

and increasing DO (Xiao et al., 2021; Xu et al., 2022). Both EAP and

CAP had higher nutrient concentrations (NH+ 4-N, NO-3-N, NO-

2-N, PO3-4-P) than their corresponding seawater sources (PCA

and CSA), possibly due to the aquaculture processes in the ponds,

which produce substantial amounts of nutrients that contribute to

eutrophication. However, nutrient enrichment was significantly

lower in EAP compared to CAP, suggesting that the source of

aquaculture water affected the quality of pond water. Various

factors may facilitate the removal of nutrients generated in

aquaculture ponds, thereby indirectly enhancing water quality.
Effects of P. haitanensis cultivation on
microbial communities

Microorganisms are mediators that link organisms with

ecosystems (Bahram and Netherway, 2022), and microbial

communities are shaped by strong selective forces arising from

their environments (Reis et al., 2009; Yakimov et al., 2006). Many

research works have examined the responses of microbial

communities to environmental alterations and the potential

bioremediation of contaminated environments in mariculture areas.
FIGURE 6

The water chemistry of different groups. The letters on the bars denote statistically significant differences (P < 0.05). DO, dissolved oxygen; TN, total
nitrogen; NO-3-N, nitrate; NO-2-N, nitrite; NH4

+-N, ammonium; PO3-4-P, phosphate; TC, total carbon; TOC, total organic carbon.
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In this work, we explored the impact of oceanic seaweed cultivation

on the microbial communities in land-based aquaculture ponds and

their potential roles in water quality improvement.

The bacterial communities in PCA and CSA were discerned

unambiguously by PCoA, and their Shannon and Simpson indexes

were lower at PCA than at CSA. The lower diversity of the bacterial

communities at PCA may be due to the impacts of the seaweed

cultivation on the environmental factors. Large algae release substantial

amounts of organic matters during their growth (Croft et al., 2005),

which can be absorbed and utilized by the surrounding epiphytic

bacteria, potentially inhibiting and shaping specific microbial
Frontiers in Marine Science 10
communities. The dominant bacterial phylum in the five groups was

Proteobacteria, followed by Actinobacteria, Cyanobacteria, and

Firmicutes. Research has shown that Proteobacteria, Cyanobacteria,

and Firmicutes are generally the most abundant bacterial communities

associated with seaweeds (Ahmed et al., 2021; Selvarajan et al., 2019),

while Actinobacteria are dominant on the surface of the brown alga

Laminaria digitata (Singh and Reddy, 2014). The carbon-rich

constituents in the cell wall of macroalgae (e.g., agar in P.

haitanensis) may facilitate bacterial proliferation, as the algal

polysaccharides are potential sources of carbon and energy for

marine bacteria (Goecke et al., 2010; Hehemann et al., 2012).
FIGURE 7

The relationship between environmental factors and microbial communities. (A) Canonical correlation analysis of the distribution of microbial
communities in relation to environmental variables. (B) Heatmap of the Spearman correlation between environmental factors and the dominant
microbial phyla (r > 0 indicates a positive correlation and r < 0 indicates a negative correlation). *P < 0.05, **P < 0.01, ***P < 0.001.
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Specific enzymatic activities have been detected in marine bacteria

capable of degrading the cell wall of macroalgae (Egan et al., 2013). For

example, Proteobacteria are known to digest galactan sulfates in the cell

wall of red algae (Miranda et al., 2013), and marine Rhodobacteraceae,

which were also highly abundant in PCA, generally function in the

desulfonation of fucoidan (Dogs et al., 2017). These factors may explain

why PCA exhibited decreased bacterial diversity compared to CSA,

despite showing no significant changes in bacterial relative abundance.

In this context, we observed a robust correlation between the

bacterial community and factors such as temperature, pH, PO3-4-P,

as well as NH+ 4-N (Figure 7). Previous research has indicated that

the variability of the bacterial communities related to Neopyropia

yezoensis and seawater is predominantly shaped by nitrate (NO3
−),

ammonium (NH4
+), and temperature (Ahmed et al., 2021). In this

study, Proteobacteria in seawater showed a positive correlation with

pH and a negative correlation with TN, NH+ 4-N, and NO-2-N.

Proteobacteria typically play a role in processes such as sulfate

reduction, sulfur oxidation, and nitrate assimilation. The oxidation

of sulfides and the conversion of organic carbon in the seawater can

foster anaerobic conditions to trigger denitrification processes that

convert NO3
− to N2, NO, NO2, and NH4

+. Moreover, PCA had

more Moraxellaceae than CSA. Moraxellaceae, which belong to

Pseudomonadales and are used as a health indicator, have been

suggested by Deng et al. (2021) to play a role in removing nitrogen

and phosphorus by denitrification and phosphate solubilization.

This may explain why PCA had lower TN concentration and the

highest pH, suggesting that the seaweed not only absorb nitrogen

directly but also reduce nitrogen concentration by regulating

microbial communities.

Contrary to the findings of Wang et al. (2020) in Fujian, our

study revealed that the cultivation of P. haitanensis had no significant

impact on the relative abundance and diversity of microeukaryotes in

seawater, regardless of the presence or absence of P. haitanensis.

However, the relative abundance of Dinophyceae and Bacillariophyta

appeared to increase in the open water areas (PCA and CSA) and at

EAP. One possible explanation for this observation is that Typhoon

Muifa, which occurred in September 2022, may have triggered a

microalgal bloom in the region where this study was conducted, as

typhoons that occur in summer are known to sometimes cause red

tides in coastal bays (Zhang et al., 2024).

The microbial communities in the aquaculture ponds were

influenced by the introduction of seawater sourced from the seaweed

cultivation area. Following the introduction of seawater into the ponds

for seven days, notable changes were observed in various water quality

parameters, including nutrients and pH. These alterations indicated a

decline in water quality during the aquaculture process, which

subsequently affected the composition of microorganisms. The

Chao1 and Simpson indices for both bacteria and microeukaryotes

showed significant differences between EAP and PCA, with distinct

clustering evident in PCoA. At the phylum level, the water from the

ponds had significantly higher relative abundance of Actinobacteria

and Cyanobacteria compared to the samples from the sea. These phyla,

along with Cyanobacteria, are commonly dominant in shrimp, crab,

and fish aquaculture ponds (Shen et al., 2020). Both Actinobacteria and

Cyanobacteria are known to have positive correlations with nutrient

levels and negative correlations with pH (Zhang et al., 2022). The high
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relative abundance of Cyanobacteria may serve as an indicator of

increased nutrient availability (Thacker and Paul, 2001). Aquaculture

ponds typically exhibit low pH and high nutrient concentrations due to

the metabolic waste produced during aquaculture (Dauda et al., 2019).

Consequently, both Actinobacteria and Cyanobacteria thrived in the

ponds more effectively than in the open sea, leading to their higher

relative abundance in this environment.

CAP had a strikingly high relative abundance of Ciliophora. This

group showed a significant positive correlation with nutrient levels and

a significant negative correlation with pH and DO. Notably, CAP had

the highest nutrient levels and the lowest pH and DO among the five

groups. While there was no significant difference in the Chao1 index

for bacteria or microeukaryotes between EAP and CAP, the Shannon

and Simpson indices were consistently higher in EAP (P < 0.001). At

the phylum level, Actinobacteria and Cyanobacteria exhibited relatively

high relative abundance in the EAP. Correlation analysis of pond

samples indicated a negative correlation between these phyla and

nutrients in the samples of pond. Wang et al. (2021) also found that

Actinobacteria have significant negative correlations with TN, and

both Cyanobacteria and Actinobacteria are negatively correlated with

TOC. At the family level, EAP had a relatively high relative

abundance of Microbacteriaceae, the bacteria known for their

ability to degrade waste in soil (Jacques et al., 2007, 2008). The

bacterial families identified in both EAP and PCA but not in

CAP or CSA included Sphingobacteriales, Enterobacteriaceae,

Corynebacteriales, Euzebyaceae, and Rhodospirillales. These bacteria

in EAP originated from the seawater exposed to seaweed cultivation

and remained present in the ponds after aquaculture for seven days.

Sphingobacteriales are predominantly marine-associated and can

hydrolyze and utilize complex carbon sources. The members of

Sphingobacteriales play a crucial role in breaking down complex

organic compounds in various environments, a function that has

been demonstrated in the activated sludge process in wastewater

treatment (Dennis et al., 2013; Shen et al., 2017). Certain members

of Corynebacteriales (Boada et al., 2021; Nahar, 2020) and

Rhodospirillales (Grevesse et al., 2022; Sosa et al., 2019) share similar

functions, potentially participating in the decomposition of organic

matters and contributing to nutrient cycling in aquatic environments,

and they are promising bacteria in wastewater treatment processes. In

an aquaculture setting, some members of Rhodospirillales are

photosynthetic bacteria capable of converting carbon dioxide into

organic compounds (Prabu and Santhiya, 2016), and this ability may

contribute to the primary production and influence the overall nutrient

dynamics in aquaculture systems. In addition, certain members of

Rhodospirillales may establish symbiotic relationships with specific

aquatic species, which affects the overall health and balance of the

aquaculture environment (Degli Esposti et al., 2019).
Effects of P. haitanensis cultivation on the
stability of the microorganic ecosystem

The co-occurrence networks reflect the potential interactions

within the microbiome (Jiao et al., 2021). The average degree of

edges and nodes indicates the extent of connection and the

closeness between microbial interactions, and the modularity
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shows the resistance of the system to environmental coercion

(Trivedi et al., 2020). The cultivation of P. haitanensis had a

positive effect on the complexity of the microbial network, as

PCA and EAP had a more complex network than CSA and CAP,

respectively. A short average path length of a network is related to

the rapid response of the ecosystem to disturbance (Watts and

Strogatz, 1998), and negative correlations are essential to increasing

the stability of the microbial communities (Deng et al., 2022).

Indeed, PCA and EAP had shorter average path length, higher

modularity, and a greater number of negative links than CSA and

CAP, respectively. Thus, our results reflected the relative stability of

the PCA microbial system and suggested that the cultivation of P.

haitanensis improved the resilience of the ecosystem. The

introduction of seawater from PCA into EAP as aquaculture

water also helped to stabilize the microbial ecosystem. In

addition, the network parameters of ETP were better than those

of EAP. Hence, the oysters and mangrove improved the ecosystem

of microbial communities in ETP.
Conclusions

Large-scale oceanic seaweed cultivation often coexists with

intertidal mudflat pond aquaculture along the coast of the East

China Sea, and they form an interconnected system. This work

assessed the impact of intertidal P. haitanensis cultivation on the

adjacent mudflat aquaculture ponds. Seaweed cultivation directly

improved the water quality and the microbial communities in the

open water area, and indirectly improved the ecosystem in the

aquaculture ponds that received the water supply from the sea.

The ponds next to seaweed farming had higher microbial diversity

and preserved functional bacteria. With mangroves and oysters, the

treatment ponds could effectively purify the effluent from the

aquaculture ponds. The findings provide empirical evidence of

the positive effects of P. haitanensis cultivation on the microbial

community in seawater, and they contribute to the knowledge of the

indirect impacts of seaweed cultivation on the aquaculture in

mudflat ponds.
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