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Abstract

Subterranean estuaries, i.e., the mixing zone between terrestrial groundwater and recirculated seawater, host a
wide range of microbiota. Here, field campaigns were conducted at the mouth of the subterranean estuary at the
Sanggou Bay (Shandong Province, China) over four consecutive seasons at a seepage face (0-20 cm depth). The
diversity of benthic microbiome was characterized via 16S rRNA gene sequencing and metagenomics, combined
with physic-chemical parameters, e.g., organic carbon, total nitrogen and sulfate contents in sediments. During
spring, the dominant species were assigned to the phylum Proteobacteria. Important opportunistic species was
assigned to Acidobacteria, Actinobacteria and Bacteroidetes. The key components were identified to be species of
the genera Pseudoalteromonas, Colwellia and Sphingobium, indicating the involvement of sediment microbiota in
the degradation of sedimentary organic carbon, particularly that of pelagic origin, e.g., phytoplankton detritus and
bivalve pseudo-feces. During spring, the microbial community was statistically similar along the depth profiles
and among the three sampled stations. Similar spatial distributions were obtained in the remaining seasons. By
contrast, the dominant species assemblages varied significantly among seasons, with key genera being
Thioprofundum and Nitrosopumilus during summer and autumn and Thioprofundum and Ilumatobacter during
winter. Network analysis revealed a seasonal shift in benthic nitrogen and sulfur metabolism associated with
these variations in microbial community composition. Overall, our findings suggested that macro elements
derived from pelagic inputs, particularly detrital phytoplankton, shaped the microbial community compositions
at the seepage face, resulting in significant seasonal variations, while the influence of terrestrial materials
transported by groundwater on the sediment microbiota at the seepage face found to be minor.
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1 Introduction

Submarine groundwater discharge (SGD), i.e., the outflow
from permeable coastal sediments or karst conducts into the re-
ceiving oceans, is a commonly overlooked pathway for transport-
ing terrestrial nutrients into coastal seawater (Moore, 2010; San-
tos et al., 2021). Recent estimates based on radioactive tracers
suggested that this transport pathway represented the largest
source of terrestrial solutes to the global ocean (Cho et al., 2018).
However, accurate estimating of solute fluxes through this path-
way is challenging owing to the inherent uncertainties associ-
ated with our limited understanding of the environmental capa-
city of subterranean estuaries (STEs) in modulating SGD-driven
nutrient fluxes. As the mixing zone between terrestrial ground-
water and seawater, STEs are recognized as important conduct-
ors that host a wide range of biogeochemical reactions, signific-

antly altering the porewater macro element (C, N, S and P) con-
centrations and chemical species prior to discharge (Jiang et al.,
2021b; Rocha et al., 2021). However, the reaction capability of
STEs on solutes is highly variable, primarily due to the co-occur-
rence of different biogeochemical reactions with conflicting ef-
fects on target solutes, such as nitrification and denitrification/
biological assimilation (Rocha et al., 2022; Jiang et al., 2023). To
achieve a precise quantification of chemical element loading in-
to the coast from SGD, several research projects funded by gov-
ernments have focused on investigating the spatial and temporal
variations of solute concentrations in STEs and aiming to explore
the dynamic linkage between environmental variables, such as
temperature, salinity, organic carbon supply, and solute concen-
tration changes (Reckhardt et al., 2015; Linkhorst et al., 2017;
Calvo-Martin et al., 2021; Jiang et al., 2023).
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Benthic reactions in modulating solute transport through
SGD to the coast have been associated with highly diverse micro-
biota (Jiang et al., 2020; Ruiz-Gonzélez et al., 2022). Nevertheless,
compared to research on solute distribution and reactivity with-
in STEs, our knowledge on the responsible microbiota is signific-
antly limited (Archana et al., 2021). Till 2021, only 12 research
publications describing distribution and diversity of microorgan-
isms were identified, covering sporadic sites in China, US and
Europe (Archana et al., 2021). More importantly, the spatial dis-
tribution and seasonal variation of STE microbiota, along with
their elemental drivers, and benthic microbial function, remain
largely underexplored. The lack of comprehensive understand-
ing of the tight linkage between biogeochemical reactions and
benthic microbiota in STEs hampers the exploration of the solute
modulation capability in STEs, especially in different seasons,
and therefore precise estimation of nutrient fluxes associated
with SGD.

In the present study, field surveys were conducted during four
consecutive seasons in the Sanggou Bay, Shandong Province,
China to unveil the compositions, spatial and temporal distribu-
tions, as well as environmental drivers of the microbial com-
munity of this STE. The specific objectives of this study were:
(1) to characterize spatial and temporal variations of the benthic
microbiota at the SGD seepage face; (2) to evaluate the links
between benthic microbial communities and metabolism; (3) to
identify the pelagic and terrestrial drivers, particularly element
supply, of the distribution of benthic microbial diversity. Based
on these investigations, we aim to provide insights into the mi-
crobial dynamics within the STE and its interactions with the sur-
rounding environment.

2 Materials and methods

2.1 Study sites and sample collection

The Sanggou Bay (location outlined in Fig. S1; temperate
monsoon climate) is as a significant aquaculture hub for the cul-
tivation of kelp (Laminaria laminaria), Pacific oyster (Crassostrea
gigas), and scallops (Chlamys farreri). The bay water frequently
exhibits high phytoplankton biomass, with diatoms being the
dominant species (Yuan et al., 2014). The Guhe River presents
the highest discharge rate of all, ranging from 1.7x108 m3/a to
2.3x108 m3/a (Wang et al., 2014). Apart from the Guhe River,
SGD, fed from the adjacent coastal aquifers, is also important for
the transport of terrestrial solutes (Jiang et al., 2023), particularly
from the highly permeable sediments of the inner boundary of
the bay (Jiang et al., 2020). During ebbing tides, a significant
amount of low-salinity groundwater seeps from the beach into
the bay water (Jiang et al., 2020). The annual precipitation is
around 820 mm.

Four seasonal field surveys (spring, April 2018; summer, July
2018; autumn, October 2018; winter, February 2019) were con-
ducted at the seepage face of the inner boundary of the Sanggou
Bay (37°08"25"N, 122°29'07 "E). Seepage face is the outer regime of
STE, receiving great quantity of pelagic compounds compared
with terrestrial materials (Jiang et al., 2023). During each
sampling campaign, three sampling stations were chosen at the
upper, middle, and lower intertidal flat in the seepage face, as de-
picted in Fig. 1. Sediment samples were collected from each sta-
tion of the seepage face using polymethyl methacrylate sediment
corers, from depths of 0-20 cm. The sediment column was rap-
idly sliced into five sections (1-4 cm, 5-8 cm, 9-12 cm, 13-16 cm,
and 17-20 cm depth) and stored in sterilized bags at -20°C prior
to laboratory analyses. The first centimeter was discarded to re-

Wu Yueming et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 147-157

chemical o
leakage T T TTTTTTTTooToC high tide mark
W i
{ (S} 130
©
terrestrial
groundwater

Fig. 1. Sketch of subterranean estuary (STE) and seepage face in
coastal zones. This figure highlights the three sampling sites (up-
per, middle and lower tidal stations) and major organic matter
(OM) sources for STE. This figure was modified from Jiang et al.
(2021a).

move the accumulation of shell debris and plastic pieces.

2.2 Laboratory analyses

After collection, sediment subsamples were dried at 50°C in
an oven until constant weight was achieved. Subsequently, algae
and bivalve debris were removed from the sediment subsamples.
Sediment grain size was determined using a Coulter LS 100Q in-
strument (Coulter Company, USA), and particles larger than
63 pm were identified as the sandy fraction (Wu et al., 2019).
Total organic carbon (TOC) was quantified using a CHNOS Ele-
mental Analyzer (Vario EL III, Germany), after exposure of the
sample to 2 mol/L hydrochloric acid flumes overnight to remove
inorganic carbon. Total nitrogen (TN) and total sulfur (TS) in the
sediment were quantified using a CHNS Cube (Wei et al., 2022).
Reactive phosphorus (RP) content in the sediment was extracted
using a 0.5 mol/L potassium sulfate solution and quantified in a
flow injection system (SAN plus, SKALAR Analytical B.V., The
Netherlands). Additionally, the colored dissolved organic matter
(CDOM) content in the extracted solution was analyzed using a
spectrophotometer (TU-1901, PERSEE, China). CDOM contents
in the tested water samples were estimated based on the absorp-
tion coefficient at 355 nm wavelength (a355) (Zhang et al., 2021).

The microbial DNA was extracted from the fresh wet sedi-
ments using DNeasy PowerSoil kit (Qiagen, Germany) for micro-
bial community analysis. Except samples from spring (only top
and bottom layers in each boundary), all sediment samples from
the remaining seasons were included in the microbial analysis.
The 16S rRNA amplicon was applied to reveal microbial struc-
ture in the sediment according to previous study (Liang et al.,
2019), and the raw data was deposited in the Sequence Read
Archive (SRA) database. In order to give insight into the microbi-
al metabolism of the nutrients, the metagenomic sequencing
strategy following Liang et al. (2021) was applied for both sum-
mer and autumn sediment samples. In particular, microbial DNA
extracted from these STE sediments were subject to high-
throughput sequencing, and the obtained reads were assembled
and analyzed (Wei et al., 2020). The genes from the assembled
contigs were annotated with NCBI-NR, KEGG, and STRING-COG
databases. The KEGG and COG functional categories were calcu-
lated based on the quantity of EGTs assigned to the specific KO or
COG. The metagenomic sequences were submitted to the SRA
database.

2.3 Mathematic analyses for microbial information
The obtained microbial data (fastq files) were demultiplexed
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using the atlas-utils demultiplex subcommand in Biostack suits
(version 0.0.1, https://github.com/jameslz/biostack-suits/re-
leases) with the barcode sequences. The pair-end reads were
merged using the USEARCH fastq_mergepairs command (Edgar
and Flyvbjerg, 2015) and subsequently trimmed. Operational
taxonomic units (OTUs) were clustered at a 97% identity level us-
ing USEARCH UPARSE. The UPARSE pipeline analysis (Edgar,
2013) was used to discard chimeric sequences. The phylogenetic
affiliation of 16S rRNA gene sequences was determined using the
USEARCH SINTAX algorithm with the RDP training set (Cole et al.,
2014; Edgar, 2016). OTUs annotated as mitochondrial or chloro-
plast rRNA gene fragments were excluded.

Microbial diversity indices, such as Shannon and Simpson, of
sediment samples were analyzed using the USEARCH alpha_div
(Edgar, 2010). Principal co-ordinates analysis (PCoA) and re-
dundancy analysis (RDA) were performed using the Canoco 5
software to identify the microbial community structure and its re-
lationship with substrate availability. Cluster analysis, Anosim
test, and Pearson correlation were conducted in the R environ-
ment. Network analyses were invoked to explore microbial co-
occurrence. The program Gephi 0.9.2 was used for visualization.
OTUs from four seasons with a relative abundance larger than
0.01% were included. The standard for key OTU in the co-occur-
ring relationship analysis was Spearman’s p > 0.8 and p < 0.001,
for both positive and negative correlations (Jiao et al., 2016). The
keystone taxa in the network (strong interactions with other
OTUs) were identified following Banerjee et al. (2018).

3 Results

3.1 Sediment physical and chemical properties

During spring, the average grain size of the sampled sedi-
ment ranged from 184 pm to 226 pm, showing a dominant pro-
portion of sandy particles (>89%) in the sampled seepage face
(Table S1). A minor variation in grain size was observed along the
20 cm depth seepage face and among seasons. TOC content in
the sediment ranged from 76 pmol/g to 112 pmol/g during
spring, with a peak at 15-20 cm depth (Fig. 2). Together with high
TOC concentrations, CDOM (a355), TN and TS were also peak-
ing at 15-20 cm depth during spring. During summer, the TOC
concentration significantly decreased, dropping to the minimum
of 62.5 umol/g (Fig. 2). Concurrently, the concentration of re-
maining elements declined. During autumn and winter, TOC,
TN, and TS concentrations increased, but remained lower than
those obtained in the spring. The spatial and vertical variability of
reactive phosphorus (RP) was minor among stations and differ-
ent seasons.

3.2 Sediment microbiota

During spring, the OTUs identified in the sediment samples
ranged from 1 288 to 1 411 (Table S2). In the summer, the quant-
ity of sediment OTUs increased significantly, reaching 4 802. This
increase in sediment OTUs during the summer season corres-
ponded with higher values in the diversity indices, e.g., Shannon
index (8.89 to 9.51) and Dominance index (0.988 to 0.994), as
shown in Table S2. During the autumn and winter, the quantity
of sediment OTUs varied from 934 to 6 060, respectively (Table
S2), with the lowest value observed in the surface sediment dur-
ing the winter despite TOC peaked in surface sediments in
winter. The Shannon index ranged from 8.29 to 9.42 and 8.03 to
9.58 during these two seasons, while the Dominance index var-
ied from 0.988 to 0.996. Among the sediment microbiota, the
dominant phylum during all four seasons was Proteobacteria
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(Fig. 3a). Other notable phyla included Acidobacteria, Actinobac-
teria, and Bacteroidetes. At the genus level, the dominant genus
was Pseudoalteromonas, while Gp10, Gp22, Bacillus, and Ilu-
matobacter were also enriched in the seepage face, as shown in
Fig. 3b. Variations in relative abundance during the four seasons
were observed, and different groups were identified via cluster
analysis (Fig. 3) and PCoA (Fig. 4a). Compared to the signific-
antly seasonal differences (p < 0.01; Fig. 4b), insignificant differ-
ences in microbial diversity were observed among the upper,
middle, and lower intertidal stations at the OTU level (Fig. 4c).

3.3 Relationships between macro elements and microbiota

The present analysis aimed to investigate the relationship
between sediment microbiota at the genus level and elemental
substrates (TOC, TN, TS, and RP) in STE sediments across the
sampled four seasons. RDA analysis (Fig. 4d) was implemented
to outline this relationship. The findings revealed that TOC con-
tent significantly influenced the distribution of microbiota at the
genus level (p < 0.01), particularly during the spring due to TOC
enrichment (Fig. 2). Pearson correlation analysis (Fig. 5) re-
vealed significant correlations between TOC and a wide range of
benthic microbiota at the genus level. Additionally, TN and TS
contents were identified as significant influencing factors on the
microbial distribution, including the genera Marinobacter, Ster-
oidobacter, and Ruegeria. The strong connection between macro
elements and benthic microbiota highlights the active metabol-
ism occurring in the sampled STE. Among all these functions, en-
zymes associated with carbon metabolism accounted for >5% rel-
ative abundance (Fig. 6), indicating the importance of carbon in
the benthic transformations. The biosynthetic pathways for
amino acids and purine, related with nitrogen and phosphorus,
respectively, were emerged as key functions during summer and
autumn.

3.4 Network analyses and keystone OTUs

In spring, a total of 36 OTUs of sediment microorganisms with
arelative abundance greater than 0.01% were observed in the
network. This resulted in a weak correlation between clusters
(Fig. 7a), as evidenced by the low values of edges and degree-
centralization (Table 1). In contrast, during the summer season, a
substantial increase in the quantity of microbial OTUs was ob-
served, which significantly enhanced the connection between
benthic microorganisms. This was reflected in the significant in-
crease in average-degree and degree-centralization (Table 1), in-
dicating a strong connection in the benthic metabolism. The key-
stone taxa identified during this season were Proteobacteria,
Thaumarchaeota, and Actinobacteria (Fig. 7b), which were
mainly responsible for organic matter degradation and nitrifica-
tion (Table S3). During autumn, the correlation among sediment
microorganisms remained strong, although the quantity of OTUs
in the network decreased. The degree-centralization and cluster-
ing coefficient decreased (Table 1). Benthic metabolism was con-
centrated within a few keystone taxa of Proteobacteria, Acidobac-
teriota, and Actinobacteria. During winter, the network tended to
be loosely again and the quantity of keystone OTUs significantly
dropped (Fig. 7d).

4 Discussion

4.1 Sediment microbiota in STEs

STE plays a crucial role in regulating the solute composition
of porewater and supports a diverse range of benthic microbiota
with various metabolic functions (Fig. 6). However, our under-
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organic matter (CDOM), total nitrogen (TN), total sulfur (TS) and

reactive phosphorus (RP) in the sediments (20 cm depth) of three tidal stations. CDOM concentrations in the tested water samples
were estimated based on the absorption coefficient at 355 nm (Zhang et al., 2021).

standing of microbiota in STE environments is limited compared
to estuaries and coastal oceans, on both publication quantities
and site coverage. In this study, the dominant phylum observed
in the Sanggou Bay was Proteobacteria, which is consistent with
other STEs such as the Shengsi Island, China (Chen et al., 2020),
the Gloucester Beach, USA (Hong et al., 2019) and the Awur Bay,
Indonesia (Adyasari et al., 2019; Table 2). The proportion of Pro-
teobacteria in these environments ranged from 35% to 50%, in-
dicating their high adaptability to marine environments (high sa-
linity and low-level soluble substrates). However, the relative
abundance of opportunistic microorganisms varied significantly
among global sites (Table 2). At the genus level, the variability of
sediment microbiota was more pronounced across different sites
globally. In the Sanggou Bay, the key genera were Pseudoal-
teromonas, Colwellia, and Sphingobium, which were not ob-
served in other STEs located in the temperate zone. This sug-

gests that microbiota in STE environments is sensitive to ambi-
ent environments, despite similarities in chemical settings such
as pelagic organic matter deposition, periodical enrichment of
nutrient-enriched groundwater, and high salinity (>30 in all sea-
sons; Jiang et al., 2020). Apart from water temperature influences
(from ca. 4°C to 26°C from winter to summer; Jiang et al., 2020),
this sensitivity indicates that benthic microbiota may exhibit se-
lectivity towards specific environmental parameters within a
range, such as the organic carbon composition (sugar and amino
acids) and TOC : TN content ratio in the sediment.

4.2 Spatial variability and relationship with macro elements

In comparison to the significant differences in microbial di-
versity observed among distinct STE sites (Table 2), the spatial
variability of microbiota along the vertical profile in the seepage
face of Sanggou Bay STE was limited. Specifically, at the phylum
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Fig. 3. Biodiversity of benthic microorganism in the sampled seepage face at both phylum (top 10) and genus level (top 30). The
darkness of the color indicates the relative abundance of each phylum or genus. Both figures separate microorganisms into four
seasons, while microorganisms in different tidal boundaries (U: upper; M: middle; L: lower) are clearly mixed in the cluster analyses.

level, Proteobacteria was the dominant group and its relative
abundance varied by less than 3% among layers with different
depths (Fig. 3a). Furthermore, the key genera were found to be
identical along the sediment profile (Fig. 3b). The sediment mi-
crobiota at the genus level from different depths was attributed to
the same cluster during each season, as evidenced by the Bray-
Curtis distance analysis (Fig. S1) and PCoA analysis (Fig. 4a).
Therefore, depth in the seepage face (0-20 cm) was not a key
factor in the distribution of benthic microbiota in the sampled
seepage face. This hypothesis was further supported by RDA at
the genus level (Fig. 4a). These results contrast with the spatial
distribution of microbiota observed in the Ria de Vigo, Spain

(Calvo-Martin et al., 2022) and the Gloucester Point, USA (Hong
etal., 2019), where significant differences were observed along
the vertical profile. The similarity in biodiversity observed in our
site is likely due to the homogeneity of environmental factors in
the sampled seepage face, which is shallow in depth. As the out-
er regime of STE, the seepage face is highly influenced by tidal
setup and wave pumping effects (Fig. 1), which deliver substan-
tial pelagic materials to the highly permeable sediments and im-
prove the mixing between these elements and sandy particles
(Calvo-Martin et al., 2021). Consequently, the microbiota at-
tached to the particle surface tends to be evenly distributed along
the vertical profile.
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The sediment parameters, particularly the organic carbon
content, varied among different tidal boundaries (Fig. 2). The
higher boundary of the seepage face, which frequently serves as
the entry point of seawater (Robinson et al., 2007), received a sig-
nificant amount of pelagic organic matter (Waska et al., 2021).
Consequently, TOC and TN contents in the higher intertidal sta-
tions were more enriched compared to the median and lower
stations, which could promote the growth of organic carbon de-
gradation-related microorganisms, such as OTU-249 and OTU-
211 (Table S3). In comparison, only slight differences in the relat-
ive abundance of microorganisms were observed among bound-
aries in the sampled seepage face at the phylum level (Fig. 3a),
likely due to the versatile metabolic pathways. The diversity vari-
ation was pronounced at the genus level, particularly for Pseudoal-
teromonas and Colwellia, species that preferring organic carbon
enrichment. Nevertheless, according to the Anosim test, the dif-
ference in microbial community composition among boundaries
was still insignificant (Fig. 4c). This distribution pattern of sedi-
ment microorganisms appears to contradict the substrate prefer-
ence of microorganisms. As a region regularly flushed by seawa-
ter, porewater intensively transports microorganisms and their
spores (spore-forming bacteria mainly to be Bacillus and

Clostridium) among different boundaries (Lee et al., 2017). This
hydraulic cycling facilitates the transport of microbial species,
thereby enhancing the homogeneity of biodiversity. Additionally,
the microorganisms obtained from the seepage face may also rely
on the dissolved fraction of organic carbon and nutrients. In vari-
ous in situ observations, the addition of labile organic matter,
such as glucose and amino acids, to coastal sediments signific-
antly enhanced microbial diversity (Jessen et al., 2017) and activ-
ity (Jiang et al., 2016). Compared with sediment fractions, dis-
solved solute contents in porewater can be freely transported un-
der the effect of tidal pumping and utilized by the microbiota
among different boundaries. Taken together, the weak spatial
variability among boundaries in the studied seepage face was ob-
served.

4.3 Seasonal variability and drivers

Compared to the insignificance observed among boundaries,
a significant variation was detected among four seasons using the
Anoism test (Fig. 4b). Furthermore, in the PCoA (Fig. 4a) and
RDA (Fig. 4d), benthic microorganisms were distinctly separated
into four clusters, indicating a strong seasonality. In estuaries or
subterranean estuaries, the benthic microbial diversity, even at
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the phylum level, frequently varied drastically among different
months. For example, in the Rajang Estuary, Malaysia, the dom-
inant phyla during August included Proteobacteria, Firmicutes,
Bacteroidetes and Deinococcus-Thermus, while the relative
abundance of Deinococcus-Thermus in freshwater endmember
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markedly decreased in September compared with the records
found in March and August (Sia et al., 2019). Similar variations in
the relative abundance of Bacteroidetes between seasons were
also observed in the Mandovi Estuary, India (Fernandes et al.,
2022). In the Ria de Vigo STE (Spain), the dominant phylum
changed from Proteobacteria to Nanoarchaeaeota between
March and July (Calvo-Martin et al., 2022). In the Sanggou Bay
STE, the dominant phylum remained Proteobacteria during all
four seasons, while its relative abundance significantly varied
among seasons (Fig. 3a). At the genus level, the seasonal change
tended to be more drastic. The dominant genus significantly var-
ied between spring and the other three seasons (Fig. 3b). For
such seasonality, temperature would be the key factor modulat-
ing the microbial diversity since the preferential temperature
range varied among microbiota species. For instance, the labile
organic carbon degradation-related microorganisms in the Um-
brella Creek, USA, preferred the ambient temperature from 22°C
to 34°C (Weston and Joye, 2005). In the Sanggou Bay, the porewa-
ter temperature was constant in the seepage face during each
season, varying from 27.6°C in summer to 4.2°C during winter (Ji-
ang et al., 2020). Such large changes could lead to the change of
the growth rate of different sediment microbiota. At the OTU
level (Table S3), several keystone taxa obtained from the network
analyses, such as Tetrasphaera australiensis (OTU-249) and Pela-
gibius litoralis (OTU-160), were identified as temperature-sensit-
ive (Liu et al., 2022; Choi et al., 2009), which likely led to the sea-
sonal variations observed in the relative abundance. However,
seawater and environmental temperatures between spring and
autumn in our sampling site were similar, around 20°C (Jiang et
al., 2020). Additionally, the porewater exchange rate and salinity
in different boundaries were also similar between these two sea-
sons (Jiang et al., 2023), while the microbiota diversity was
markedly different from phylum to OTU level between these two
seasons, revealing the significance from the substrate supply on
shaping the microbial community structure.

As aforementioned, oceanic compounds, including macroal-
gae and plankton debris, are crucial sources of material for seep-
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Fig. 7. Network analyses for benthic microorganisms among four seasons. The number on each cycle indicates the operational
taxonomic unit (OTU) number and color indicates the different phyla. The size of each cycle is positively correlated with the quantity

of connection with other OTUs.

Table 1. Statistical parameters obtained from the network analyses

OTU nodes Edges Average-degree Degree-centralization Clustering coefficient
Spring 36 28 1.56 0.04 1.00
Summer 216 7563 70.0 0.37 0.68
Autumn 210 2831 26.9 0.14 0.64
Winter 237 1360 11.5 0.15 0.56

Note: OTU: operational taxonomic unit.

age faces (Jiang et al., 2020). The concentrations of TOC, TN and
TS in the seepage face during autumn only accounted for 40% to
60% of the records during spring, compared to the substrate con-
centration variations in different depths and boundaries. Fur-
thermore, substrate variability from different seasons has a long-
term impact on benthic microbiota in coastal sediments (Wei et
al., 2022), covering several spring-neap tidal cycles, which signi-
ficantly shapes the community structure. During spring, the bay
water was enriched with pelagic organic matter due to the phyto-
plankton bloom, evidenced by high levels of particulate organic
carbon (POC) and chlorophyll a in coastal water during high
tides (Jiang et al., 2020). Additionally, kelp harvest was frequently
conducted during late spring (Zeng et al., 2015), and degradation
of kelp debris added carbon matter content in the bay water, es-
pecially labile organic matter such as amino acids and oligosac-

charides (Clark et al., 2016). In response to this scenario, hetero-
trophic microorganisms, such as Sphingobium, Pseudoalteromo-
nas, and Colwellia, were significantly enriched in the seepage
face. However, during spring, the benthic metabolism was
loosely connected via few OTUs (Fig. 7a), indicating the absence
of keystone OTUs. This weak connection for benthic microorgan-
isms was also observed in an incubation experiment using soils
from the Huanghe River delta, where organic matter in soils was
significantly enhanced via adding reed straw (Yu et al., 2022).
This distribution pattern revealed that the benthic microbiota
tended to be independent and freely metabolizing during spring
by selecting suitable substrates from the rich substrate “pool”. In
contrast, during autumn, the carbon supply from oceanic sources
substantially shrank and decrease TOC content in sediments
(Fig. 2). The benthic microbiota in the seepage face showed a
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Table 2. A global comparison of microbial compositions in subterranean estuaries or sandy sediments in coastal zones
Si Phylum Key OTU Refi
ite Dominant Opportunistic phyla ey s elerence
Sanggou Bay, China Proteobacteria Acidobacteria, Actinobacteria, Bacteroidetes Pseudoalteromonas, Colwellia, this study
Sphingobium
Shengsi Island, China Proteobacteria Bacteroidetes, Acidobacteria, Nitrospirae Acidovorax, Novosphingobium Chen etal.
(2020)
Gloucester Beach,  Proteobacteria Chloroflexi, Bacteroidetes, Crenarchaeota Thaumarchaeota, Hongetal.
USA Gammaproteobacteria, Chloroplast (2019)
Awur Bay, Indonesia Proteobacteria Actinobacteria, Bacteroidetes — Adyasari et al.
(2019)
Baltic Sea Proteobacteria Actinobacteria, Acidobacteria, Fibrobacteres Acidiferrobacter, JTB255, Marincella Klier et al.
(2018)
Alresford creek, UK  Proteobacteria Sphingobacteria, Verrucomicrobia, Tenacibaculum, Rhodopirellula  Bohérquez et al.
Bacteroidetes (2017)
Oregon, USA — Bacteroidetes, Proteobacteria, Firmicutes Gramella, Anaerospora, Gillisa Boehm et al.
(2014)
Laizhou Bay, China  Proteobacteria Chloroflexi, Acidobacteria, Bacteroidetes Anaerolinea, JTB255, Caldilinea Wang et al.
(2014)

Note: The dominant phylum in Boehm et al. (2014) could not be identified in the present results. OTUs: operational taxonomic units.

- represents no data.

rapid response to such changes. The microbial network was con-
centrated around key OTUs, and a significant quantity of strong
correlations was obtained, indicating that the benthic metabol-
ism during autumn displayed coordination (positive linkage) and
competition (negative linkage) between species (cf. low carbon
sediment in the Changjiang River Estuary; Wei et al., 2022).
Moreover, at the genus level, a significant decrease in a wide
range of heterotrophic microorganisms, such as Phenylobacteri-
um, Colwellia, Gillisia, and Acinetobacter, was obtained. In con-
trast, the relative abundance of autotrophic species, such as Ni-
trosopumilus and Thioprofundum, increased (Fig. 3b), indicating
that the species with the function of nitrogen and sulfur oxida-
tion also became key players to sustain the benthic metabolism
function.

In the summer season, characterized by high temperatures
and abundant pelagic organic matter, a distinct pattern was ob-
served in comparison to both spring and autumn. A significant
quantity of microbial OTUs was obtained (Table S2), and the
number of keystone taxa in the metabolism network markedly in-
creased. Proteobacteria, Actinobacteria, and Thaumarchaeota
played a crucial role in biogeochemical transformations (Fig. 7b),
primarily through organic matter degradation (identified as car-
bon metabolism in Fig. 6). In addition, the metabolism related
with N and P was also active. During summer, the connection
between these species and ambient microorganisms was signific-
antly enhanced, resulting in the densest network (Fig. 7b). Phyto-
plankton concentrations remained high during summer, while
dinoflagellates biomass in bay water increased (Yuan et al.,
2014). Compared to diatoms, dinoflagellates included several
species that produced biological toxins (Liu et al., 2023), making
their degradation in benthic environments more complex. High
temperatures accelerated the growth of benthic microbiota and
enhanced competition in heterotrophic degradation, leading to
clustering in the metabolism network and fitting into different
niches. The strong competition in organic matter degradation
also benefited autotrophic microorganisms in acquiring nitrogen
and sulfur compounds. As a response, the relative abundance of
autotrophic microorganisms, especially nitrifiers, peaked in sum-
mer and acted as keystone taxa in the OTU network (Table S3).
During winter, the low temperature depressed the growth and
activity of benthic microorganisms, leading to the accumulation
of organic matter in sandy sediments via slowing degradation
rate. The microbial network tended to be loosely connected, and

the number of keystone OTUs sharply decreased.

5 Conclusions

This study investigated the microbiota within the sediment in
the Sanggou Bay STE across four seasons, as benthic microorgan-
isms acted as a modulator for solutes in porewater and attached
materials on sediment particles. Proteobacteria was found to be
the dominant phylum throughout all seasons, while opportunist-
ic phyla Actinobacteria, Acidobacteria, Bacteroidetes, and Thau-
marchaeota varied. Heterotrophic microbiota constituted the
majority of these microorganisms, indicating that the degrada-
tion of pelagic organic matter served as the primary energy
source for benthic metabolism. Notably, the substrate condition,
rather than environmental temperature was found to signific-
antly shape the benthic microbial network in the sampled seep-
age face, especially via the comparison between spring and au-
tumn. During spring and winter, benthic substrate supply, partic-
ularly organic matter, surpassed the quantity of benthic microor-
ganisms, resulting in loosely connection with independent meta-
bolism. In contrast, during summer and autumn, the benthic
metabolism network was concentrated into one or two clusters
with tight correlations among keystone taxa. This pattern may in-
dicate an enhanced utilization of pelagic organic matter via co-
degradation and direct competition during substrate shortage
and microbial enrichment. Furthermore, the relative deficiency
of organic matter promoted the growth of autotrophic microor-
ganisms involved in the oxidation of nitrogen and sulfur com-
pounds. In summary, the balance between substrate supply,
primarily pelagic compounds, and microbial biomass was cru-
cial in shaping the benthic microbial network.
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