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ARTICLE INFO ABSTRACT

Associate Editor Elizabeth Minor Concentrations of particulate organic carbon (POC) and total hydrolyzable amino sugars (THAS) were measured
along a transect of the dynamic South Yellow Sea (SYS) to investigate the bioreactivity and bacterial reworking
of particulate organic matter (POM). Results showed that POM bioavailability was linked with primary pro-
duction, as revealed by the significant correlation between chlorophyll-a concentrations and the diagenetic in-
dicator glucosamine/galactosamine (GlcN/GalN). Production of bioavailable POM could rapidly stimulate
microbial activity, generating hot spots of heterotrophic alteration. Lower GlcN/GalN ratios (<3) observed in the
entire SYS indicate that POM underwent extensive microbial alteration. In particular, extremely low GlcN/GalN
ratios (~0.7) were found in the Yellow Sea Cold Water Mass, reflecting high bacterial alteration of POM. Esti-
mates based on the bacterial biomarker muramic acid showed that on average ~13% of POM in the SYS was of
bacterial origin. Elevated bacterial contributions were found in both nearshore and offshore areas. Strong mixing
in the nearshore and the presence of cyclonic eddies in offshore waters may increase the residence time of POM
in the water column and thus promote bacterial transformation of POM. Overall, our findings indicate that
bacterial reworking of POM varies with productivity and that the extensive bacterial transformation of the
remaining POM observed in the water column probably enhances long-term carbon sequestration.
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1. Introduction

Ocean margins account for less than 8% of the global ocean area, but
they play a disproportionately large role in primary production, organic
matter (OM) remineralization, air-sea carbon dioxide (CO-) flux, and
carbon burial (Walsh, 1991; Dagg et al., 2004; Bauer et al., 2013;
Gruber, 2015; Zhao et al., 2021). Marine OM (including dissolved and
particulate OM, DOM and POM, respectively) is a large carbon pool
comparable in magnitude to the atmospheric CO; reservoir and plays a
crucial role in the global carbon cycle (Hedges, 1992). As a transition
zone between land and ocean, marginal seas receive a large amount of
terrestrial OM input and are characterized by complex hydrodynamic

processes and high primary productivity (Gattuso et al., 1998; Chen,
2009). However, coupled with the dual effects of human activities and
climate change, OM biogeochemical processes in this area remain not
well understood.

With the increase in atmospheric CO» concentrations, the ocean’s
carbon sink potential and storage mechanisms have attracted consid-
erable attention (Borges, 2005; Cai, 2011; Dai et al., 2013). The bio-
logical carbon pump (BCP) and microbial carbon pump (MCP) are two
important carbon sequestration processes in the ocean and have been
extensively studied in the past two decades (Turner, 2002; Jiao et al.,
2010; Henson et al., 2011; Turner, 2015). The BCP starts in the sunlit
surface where phytoplankton convert atmospheric CO; into particulate
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organic carbon (POC) through photosynthesis, followed by particle
transport to the deep ocean (Eppley and Peterson, 1979; Sarmiento and
Gruber, 2002); while the MCP represents the transformation of labile
dissolved organic carbon (DOC) into refractory DOC through microbial
metabolism (Ogawa et al., 2001; Jiao et al., 2010). Bacteria play a
crucial role in both BCP and MCP and act as a bridge linking the two
carbon storage processes (Benner, 2011; Lechtenfeld et al., 2015). In
particular, bacteria attached to the surface of POM can enzymatically
decompose large molecules into smaller ones, which are then metabo-
lized and utilized by free-living bacteria, thus decreasing carbon
sequestration by the BCP and enhancing carbon sequestration by the
MCP (Weiss et al., 1991; Smith et al., 1992; Traving et al., 2015).

Unraveling the mechanisms of ocean carbon storage is challenging
due to the dual role of marine heterotrophic microbes. Decomposition of
a large amount of POM by heterotrophic bacteria in the water column
results in a very low efficiency of the BCP, such that <1% of the surface
POC is buried in the seafloor (Hugh et al., 2001). However, bacteria are
not only decomposers of OM, but also its contributors. Heterotrophic
bacteria hydrolyze and utilize a large portion of fresh plankton OM and
transform it into bacterial OM, thereby facilitating the maintenance of a
reservoir of non-living OM in the ocean (McCarthy et al., 1998; Ogawa
et al., 2001; Bourgoin and Tremblay, 2010; Lechtenfeld et al., 2015).
Previous studies have shown that bacterial detritus is a significant
component of the BCP, with ~25% of the POC estimated to be derived
from bacteria (Kaiser and Benner, 2008). However, sinking particles
characterized by solid-state 13C nuclear magnetic resonance (NMR)
spectroscopy showed only minor replacement by bacterial remnants
during their transit (Hedges et al., 2001).

Heterotrophic modification of POM and the efficiency of the BCP are
closely linked to hydrodynamics. Previous studies indicated that the
efficiency of the BCP varies remarkably over spatiotemporal scales and
is inversely related to the residence time of POM in the water column
(De La Rocha and Passow, 2007; Henson et al., 2012; Turchetto et al.,
2012; Turner, 2015). A recent study of the mesoscale eddy zone in the
North Pacific found that the existence of cyclonic eddies enhances sili-
con export rather than carbon export (Zhou et al., 2021). Sufficient re-
action time may drive the increase of the relative bacterial contribution
to POM export, but few studies have focused on this issue. In marginal
seas, various water masses and eddies converge and interact in a dy-
namic manner (Belkin et al., 2009; Chen, 2009). These complex hy-
drodynamic processes exert profound effects on POM reactivity and
composition characteristics (Bao et al., 2018; Guo et al., 2018; Chen
et al., 2021). Additionally, the input of a large amount of anthropogenic
nitrogen can change the nutrient regime and induce transformations of
phytoplankton community structure, which in turn impact POC export
(Tilman et al., 1982; Vallina et al., 2014; Moon et al., 2021). However,
the responses of bacterial transformation of POM to complex hydrody-
namic processes and human disturbances remain poorly understood.

Biomarkers provide powerful tools for insights into the trans-
formation and biological sources of OM. Among these organic mole-
cules, amino sugars are excellent representatives and are widely used to
characterize OM properties (Niggemann and Schubert, 2006; Davis
etal., 2009; Ren et al., 2019; Ren et al., 2020; Guo et al., 2021). Common
individual amino sugars include glucosamine (GlcN), galactosamine
(GalN), mannosamine (ManN) and muramic acid (MurA). The relative
abundance of GlcN and GalN has proved to be an effective diagenetic
and source indicator of OM. Previous investigations of natural OM found
wide ranging GlcN/GalN ratios indicative of different sources (0.4-20.5
in microalgae, 14.2-20.9 in copepods and 1.6-3.4 in bacteria) (Benner
and Kaiser, 2003; Kaiser and Benner, 2008). A GlcN/GalN ratio >8 in-
dicates that OM is rich in labile plankton-derived biochemicals. With the
intensification of heterotrophic alteration, the GlcN/GalN value gradu-
ally drops below 3 (Benner and Kaiser, 2003; Lehmann et al., 2020).
Muramic acid, the peptidoglycan component of bacterial cell walls, is a
specific organic compound synthesized by bacteria and can thus be used
to estimate the bacterial contribution to marine OM (Schleifer and
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Kandler, 1972; Kaiser and Benner, 2008; Bourgoin and Tremblay, 2010;
Kawasaki et al., 2011). The turnover time of peptidoglycan in seawater
is about 10-167 days (Nagata et al., 2003), indicating that MurA is more
suitable for estimating the contribution of relatively fresh bacterial OM.

In this study, suspended particle (seston) samples were collected in
the South Yellow Sea (SYS) to diagnose bulk and molecular properties of
POM. In addition, the bacterial contribution to POM was quantified
based on MurA concentrations. The overarching goal of this study is to
unravel the bioreactivity and transformation of POM in the dynamic
marginal sea.

2. Materials and Methods
2.1. Study area and sampling protocol

The SYS is a semi-enclosed marginal sea located in the western Pa-
cific Ocean and is surrounded by China and South Korea (Fig. 1). The
sampling area is strongly influenced by human activities. Large amounts
of nutrients derived from mariculture and atmospheric deposition into
the SYS are transported via rivers (e.g., the Huai River), resulting in
frequent occurrence of blooms of the macroalga Ulva prolifera (Shi et al.,
2012; Liu et al., 2013a). Additionally, the SYS is the confluence zone of
multiple currents including the Yellow Sea Coastal Current (YSCC),
Subei Coastal Current (SCC), Yellow Sea Warm Current (YSWC) and
Yellow Sea Cold Water Mass (YSCWM) (Fig. 1). The latter is the most
prominent among the many water masses, usually occurring in summer
and autumn and characterized by low temperature and high salinity
(Wang et al., 2014). Low dissolved oxygen (DO) and pH, and high
nutrient concentrations driven by mineralization are another chemical
signature of the YSCWM that exerts a pronounced impact on the SYS
ecosystem (Zhai, 2018; Guo et al., 2020). Due to the stable depositional
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Fig. 1. Study area and sampling stations in the South Yellow Sea (SYS). The
sampling region is affected by various water masses, including the Yellow Sea
Coastal Current (YSCC), Yellow Sea Warm Current (YSWC), and Subei Coastal
Current (SCC). During the cruise, the Yellow Sea Cold Water Mass (YSCWM)
was present in water depths below 50 m. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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environment in the YSCWM-affected region, muddy bottom areas are
widely developed in the central SYS (Shi et al., 2003; Dong et al., 2011).
Nutrient studies in the SYS revealed spatial linkages among terrigenous
inputs, atmospheric deposition, water mass exchange and primary
production (Qi et al., 2013; Wei et al., 2016; Liu et al., 2017; Guo et al.,
2020; Zheng and Zhai, 2021).

Sampling was conducted during a fall cruise from November 14 to
December 3, 2019 aboard the R/V Kexue 3. Vertical profile samples were
collected from discrete depths (2, 10, 20, 30, 50 m and a bottom layer 2
m above the seafloor) using a rosette sampler system with 12-L Niskin
bottles and a Seabird Conductivity-Temperature-Depth (CTD) instru-
ment. In situ temperature and salinity were obtained from the CTD
probe. Suspended POM samples were collected by vacuum filtration of
0.5-1 L of seawater onto Whatman GF/F filters (0.7 pm nominal pore
size; 25 mm diameter, precombusted at 450 °C for 5 h). The filters were
collected in duplicate and stored frozen (—20 °C) until further analysis of
POC, particulate nitrogen (PN), and particulate amino sugars. Samples
for the determination of chlorophyll a (Chl-a) were vacuum filtered
through Whatman cellulose acetate fiber filters (0.45 pm pore size; 47
mm diameter) immediately after collection and were frozen in the dark
at — 20 °C until laboratory analysis.

2.2. Chemical analysis

Measurements of DO and Chl-a concentrations followed methods of
Guo et al. (2020). The apparent oxygen utilization (AOU) was calculated
from the difference between the equilibrium saturation concentration
with the atmosphere and the measured DO concentration under the
same conditions.

Samples for POC and PN determination were fumigated with hy-
drochloric acid (HCI) to remove inorganic carbonate, oven-dried at
60 °C, and analyzed using a Flash EA IsoLink CN elemental analyzer
(Thermo Fisher Scientific, Germany).

Detailed analysis procedures for total hydrolyzable amino sugars
(THAS) followed Guo et al. (2021). Briefly, the samples (GF/F filters)
were hydrolyzed (6 M HCl, at 105 °C) for 8 h, neutralized (pH ~6.8)
with 6 M KOH, centrifuged, desalted, and analyzed using an ion chro-
matograph (Dionex ICS-5000" SP) coupled with an electrochemical
detector. Individual amino sugars were separated on a PA 20 anion-
exchange column (3 x 150 mm), preceded by a PA 20 guard column
(8 x 30 mm), both from Thermo Fisher Scientific. Two independent
runs, each with a flow rate of 0.2 mL min !, were implemented to elute
and quantify THAS (GlcN + GalN: 2 mM NaOH under a column tem-
perature of 25 °C) and MurA (2 mM NaOH + 2 mM NaNOj with a col-
umn temperature of 30 °C) (Bode et al., 2009).

The bacterial contribution to POC was estimated using MurA as a
tracer of bacterial carbon (Kaiser and Benner, 2008). The calculation
formula is as follows:

Bacterial OC (%) — —oomarkeroc g [6))
Bloma-rkerbacterialOC

where Biomarkeroc and Biomarkerpacteriasioc are the carbon-
normalized yields of MurA in marine POC and bacteria, respectively.
The Biomarkerpacterialoc concentration used in the calculation was 36.2
nmol mg C!. The determination of the Biomarkerpacteriaioc value was
based on a mixture of 93.1% Gram-negative bacteria and 6.9% Gram-
positive bacteria in the SYS (Liu et al., 2013b). Bacterial MurA yields
were obtained through pure cultures (8 Gram-negative bacteria and 1
Gram-positive bacteria), and the average MurA yields in marine Gram-
negative bacteria and Gram-positive bacteria were 26.5 nmol mg C ™
(11.0-52.5 nmol mg ¢ and 166.7 nmol mg c, respectively (Kaiser
and Benner, 2008). Since Gram-negative bacteria dominate in marine
waters and their proportion does not vary significantly in the SYS (Liu
et al., 2013b); a consistent value of Biomarkerpacteriaioc Was used for all
sites and depths in this study.
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3. Results
3.1. Hydrology and hydrochemistry

Temperature and salinity along the sampling transect were in the
ranges of 10.9 to 16.9 °C (mean: 15.7 & 1.4 °C) and 30.9 to 33.1 (mean:
31.8 + 0.5), respectively. A remarkably low temperature and high
salinity were found in the YSCWM below 50 m water depth (Fig. 2 and
Fig. S1). Concentrations of AOU varied from —21.07 to 143.78 pmol Lt
along the salinity gradient (r = 0.78, p < 0.01) and exhibited elevated
values in the YSCWM (Fig. 2 and Fig. S2).

Concentrations of Chl-a ranged from 0.06 to 2.92 pg L' in the study
region. Generally, concentrations of Chl-a decreased toward offshore
waters, but elevated values were observed in surface waters (0-30 m)
over the YSCWM (Fig. 3a). Detailed distributions of DO and nutrient
concentrations were reported by Guo et al. (2020). Vertical distributions
of DO and nutrients above 50 m water depth were similar and they
exhibited a decreasing trend toward the offshore area. However, con-
trasting patterns were present in the YSCWM. Concentrations of DO
displayed remarkably low levels in the YSCWM, while the opposite
pattern was present for nutrient concentrations. The ratios of dissolved
inorganic nitrogen (DIN) to phosphate (PO4-P) (N/P) along the transect
ranged from 9.9 to 84.9 (mean: 28.9 + 17.4) and sharply decreased
towards the offshore (Fig. 3b).

3.2. Distributions and characteristics of POM

Concentrations of POC and PN in the study area ranged from 6.8 to
34.4 pmol L1 (average: 16.0 + 8.1 pmol L™1) and from 1.0 to 5.0 pmol
L7! (mean: 2.4 + 1.2 pmol L7Y), respectively, with elevated values
observed in the YSCWM (Figs. 3¢ and 3d). Significantly positive corre-
lations were found between Chl-a and POC (Fig. S3a; r = 0.75, p < 0.01)
and PN (Fig. S3b; r = 0.68, p < 0.01) for all samples. Except for the data
in the YSCWM, POC (r = —0.90, p < 0.01) and PN (r = —0.87, p < 0.01)
showed a decreasing trend with increasing salinity.

Concentrations of THAS exhibited considerable (~38-fold) vari-
ability, ranging from 1.2 to 44.6 nmol L', From coastal to offshore
areas, THAS concentrations first increased and then decreased (Fig. 3e).
Highest THAS concentrations were found in the mid-shelf area
(120°E—121°E), but elevated THAS concentrations were also observed
at the bottom of the YSCWM. Generally, THAS concentrations increased
with increasing POC (r = 0.759, p < 0.001) and PN (r = 0.737, p <
0.001) concentrations (Fig. 4). Concentrations of MurA were generally
low (0.34-3.65 nmol L ') and showed a similar pattern to Chl-a.
Maximal concentrations of MurA occurred in the nearshore area
(Fig. 3f). Yields of amino sugars in the SYS were quite variable, with
THAS (%POC) and THAS (%PN) values of 0.5 + 0.3% and 0.6 + 0.4%,
respectively (Figs. 3g and 3h). The THAS (%POC) and THAS (%PN)
shared a similar distribution pattern, but both exhibited a non-
significant relationship with salinity (p > 0.05). In contrast, GlcN/
GalN ratios (0.52-2.49) varied significantly with salinity (r = —0.57, p
< 0.01) and decreased from the coastal zone to the offshore sites. Field
observations along the transect showed relatively high GlcN/GalN
values above the YSCWM (Fig. 3i).

4. Discussion
4.1. Diagenetic reactivity and transformation of POM

The GlcN/GalN ratio in SYS was consistently lower than 3, a value
comparable to prior reports for open oceans and estuaries (Benner and
Kaiser, 2003; Davis and Benner, 2005; Khodse and Bhosle, 2013). Dur-
ing autumn in the SYS, diatoms dominate the phytoplankton community
(~60%), followed by dinoflagellates (~26%) (Jiang et al., 2019), while
for zooplankton, the copepods and crustaceans account for 92% (Sun
et al., 2010). Considering the higher GlcN/GalN (>20) in diatoms and
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Fig. 2. Temperature, salinity versus depth, and apparent oxygen utilization (AOU) of all water samples collected along the 35°N transect in the South Yellow Sea
(SYS) during the cruise of this study. Samples inside the rectangle are located within the Yellow Sea Cold Water Mass (YSCWM). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

copepods (>14) (Benner and Kaiser, 2003), such low GlcN/GalN ratios
(<3) suggest bacterial origin and indicate that POM in the SYS has un-
dergone extensive heterotrophic alteration.

The reactivity of POM is closely linked to primary production, as
reflected by the significant relationship between Chl-a and the GleN/
GalN ratio (Fig. 5a; r = 0.62, p < 0.01). To avoid the effect of extreme
outliers (i.e., Chl-a >1 pg L) on the correlation analysis, the correla-
tion between Chl-a concentrations (<1 pg L_l) and GlcN/GalN ratios
were also analyzed. The results showed that there was still a significant
positive correlation (Fig. S4a; r = 0.58, p < 0.01), supporting the
robustness of this conclusion. In SYS coastal areas, primary productivity
is relatively high due to the large anthropogenic nutrient loads. How-
ever, offshore surface waters in the SYS are also characterized by
elevated primary productivity. These high productivity areas are typi-
cally located in the waters above the YSCWM (Jin et al., 2013). Prior
studies have shown that the YSCWM functions as a large nutrient
reservoir, storing about 30.8% and 52.1% of DIN and PO4-P, respec-
tively, in the SYS (Guo et al., 2020). Mixing induced by wind disturbance
in autumn and winter can lead to the upwelling of nutrients, which
further stimulates surface phytoplankton production. Algal blooms
produce large amounts of fresh OM, resulting in elevated POM
bioavailability nearshore and above the YSCWM. Previous studies have
found that intrinsic molecular properties provide a primary control on
the microbial utilization of OM (Hertkorn et al., 2006; Shen and Benner,
2020). Organic matter fixed by phytoplankton photosynthesis is
enriched in amino acids, carbohydrates and other bioactives (Davis and
Benner, 2007; Goldberg et al., 2009). Although heterotrophic meta-
bolism is influenced by many factors (e.g., temperature and nutrients),
results of field studies and culture experiments show that the supply of
bioavailable substrates stimulates a remarkable increase in bacterial
biomass and production (Larsen et al., 2004; Obernosterer et al., 2008).
The significantly positive correlation between MurA and Chl-a (Fig. 5b;
r = 0.87, p < 0.01) found in the present study reveals that bacterial
production is closely coupled with phytoplankton production. To verify
the robustness of the conclusion, we reanalyzed the correlation between
Chl-a (<1 pg L~1) and MurA concentrations. The results further showed
a significant positive correlation (Fig. S4b; r = 0.39, p = 0.019). Patches
with highly bioavailable POM are referred to as biological hotspots,
which represent sites of rapid bacterial turnover (Shen et al., 2016).

The composition and bioavailability of OM generally vary among

different water masses (Guo et al., 2018; Chen et al., 2021). Obviously
low GlcN/GalN ratios were found in the YSCWM in the present study.
The YSCWM identified in this study was located below a depth of 50 m.
The relatively low POM bioavailability in the YSCWM is likely attributed
to the fact that POM undergoes a prolonged diagenesis in the water
column before reaching the YSCWM (Zhao et al., 2018). Moreover,
strong stratification resulted in the relative isolation of the YSCWM
(Fig. S1), allowing it to function as an OM degradation incubator. The
YSCWM develops in spring, matures in summer, declines in autumn, and
eventually disappears in winter. Considering that sampling in this study
was undertaken during late development stages of the YSCWM, this
suggests that POM in the YSCWM has been highly altered by diagenesis.
The trends shown in Fig. 2 and Fig. 3, (e.g., high AOU, low GlcN/GalN,
and low bacterial POC contribution) are consistent with prior findings
that OM mineralization drives hypoxia and nutrient regeneration in the
YSCWM (Guo et al., 2020). They also indicate the advanced degradation
and limited bioavailability of POM therein.

4.2. Variations in the bacterial contribution to POM

Station-averaged estimates indicate that ~13% of POC in the SYS is
of bacterial origin. This value is lower than that reported in the Pacific
Ocean (~25%) (Kaiser and Benner, 2008), but comparable to that ob-
tained in the Yangtze Estuary during spring (~11%) (Ren et al., 2020).
Given the extensive diagenesis of biomarkers, the bacterial contribution
determined in the present study may represent a conservative estimate.
However, bacterial contributions based on MurA are much higher than
those based on intact bacterial counts. Kaiser and Benner (2008) sug-
gested that <15% of MurA in surface POM and <7% in deep ocean POM
were attributable to intact cells, and Ren et al. (2020) found that only
about one-third of the bacterial contribution was derived from intact
cells. Similar results were reported by Khodse and Bhosle (2013) who
found that the MurA-based bacterial contribution in POM from the
Mandovi Estuary was 5 to 13 times that of intact bacterial cells. Com-
bined results of these studies indicate that bacterial detritus plays an
important role in the reservoir of nonliving OM in the ocean. Current
studies still present great challenges for the estimation of bacterial
contribution. In particular, the bacterial biomarker yields in bacterial
OM (i.e., denominator of the equation) are subject to large uncertainties.
The end-member values of MurA were established by Kaiser and Benner
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this article.)

(2008) through a series of pure culture experiments and based on the
assumption that marine bacteria are a mixture of 80% heterotrophic
bacteria and 20% phototrophic bacteria. Subsequent studies on bacterial
contribution have largely followed this approach (Khodse and Bhosle,
2013; Ren et al., 2020; Wei et al.,, 2021). In the present study, we
redefined the MurA yields in bacterial OM based on the proportion of
Gram-negative and Gram-positive bacteria in the SYS to improve the
accuracy of the estimation (Liu et al., 2013b). However, MurA yield

varies with bacterial species and is region dependent. Further work (e.g.,
bacterial culture experiments and community analysis) is needed to
constrain the application of MurA in tracing bacterial origins.

The vertical distribution of bacterial organic carbon along the 35°N
section in this study showed two notable high-value areas, i.e., near-
shore waters and those overlying the YSCWM (Fig. 3j). This pattern
appeared to be controlled by the primary production, perhaps through
its effects on POM sedimentation rate. Following the uptake of organic
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carbon, bacteria can use it for biomass production or respiration. In
coastal waters, bacterial growth efficiency (BGE) varies widely (0.1% to
63%) (Rivkin and Legendre, 2001; Lgnborg et al., 2011; Lgnborg et al.,
2022), but there is evidence of higher BGE efficiency in more productive
waters (del Giorgio et al., 1997). This is consistent with our findings that
higher primary production in nearshore as well as in waters above
YSCWM boosts bacterial transformation of POM. Additionally, sinking
POC flux is expected to be negatively correlated with bacterial contri-
bution as bacteria have sufficient time to proliferate and metabolize
under a low POM flux. Coastal currents flowing north and south
converge in the nearshore areas, where they are subject to tidal distur-
bance (Chen, 2009; Wu et al., 2018). The nearshore area with a high
bacterial contribution was located west of the temperature front, where
water mixing is intense in autumn and winter. These physical processes
create a dynamic environment that makes it difficult for POM to sink but
is conducive to its heterotrophic alteration. The hydrological features of
the waters overlying the YSCWM present a different but related sce-
nario. Previous studies have found that cyclonic eddies are active in this
region (Shi et al., 2003; Hu et al., 2013), such that the divergence caused
by these eddies increases the residence time of POM in the water col-
umn, thereby enhancing bacterial transformation. These observations
suggest that hydrodynamic processes play an important role in deter-
mining bacterial OM contributions. Although we could not give the
exact sinking rate of POM in this study, the variation of sedimentation
rate can indirectly explain the sinking velocity of POM. From the
nearshore to the offshore area, the sedimentation rate showed a trend of
increasing first and then decreasing in the 35°N transect. In particular,
the sedimentation rate is extremely low in the YSCWM influenced region
(~0.3 cm yr’l) (Wang et al., 2017). These observations support our
assumptions. The bacterial reworking could also be linked to particle
size since the residence time of particles generally decreases with
increasing size (Lee et al., 2004). However, in the present study, only
particles >0.7 pm were collected. For validation of this hypothesis,
various size fractions of POM should be examined in future studies.
Compared with the above two areas with a high bacterial contribu-
tion to POM, a relatively low bacterial contribution was observed in the
YSCWM, which may be related to the extensive diagenesis of MurA. On
one hand, MurA in the autochthonous seston has undergone prolonged
degradation (see section 4.1). On the other hand, the muddy bottom
with high refractory organic carbon content is located within the area
covered by the YSCWM (Shi et al., 2003; Guo et al., 2021). The elevated
POC concentrations observed in the YSCWM (Fig. 3c) thus indicate the
contribution of sediment resuspension (Li et al., 2019), which could
further dilute bacterial OM, as the MurA in this sedimentary OM has
experienced extensive diagenesis (Guo et al., 2021). The latter pre-
sumably transforms some bacterial residues into refractory OM that is
not identified by MurA. Perhaps a similar situation occurred in the
middle of the shelf (120°E—121°E) with the highest THAS concentration
and the lowest bacterial contribution. According to a previous study,
MurA has a higher degradation rate than GalN and GalN (Kawasaki and
Benner, 2006). Strong sediment resuspension expelled the accumulated
GlcN and GalN into the overlying water column, but only a small amount
of MurA, resulting in a relatively low apparent bacterial contribution.

4.3. Implications for carbon sequestration

Extensive microbial modification of POM in the water column could
alter carbon sequestration patterns. A previous study found that up to
92.4% of POC was removed in the water column, assisted by the pres-
ence of cyclonic eddies (Zhao et al., 2018). Decomposition of a large
amount of algae-derived OM exerts a negative effect on BCP efficiency,
but heterotrophic activity synchronously is likely to facilitate long-term
carbon sequestration (i.e., the formation of refractory organic carbon).
Attached bacteria play a dominant role in the heterotrophic metabolism
of POM (Smith et al., 1992; D’Ambrosio et al., 2014). Metabolism of
attached bacteria can produce biologically refractory OM that adheres to
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particles, as reflected by the bacterial contributions to POC identified in
this study. These recalcitrant bacterial remnants are expected to grad-
ually become dominant as POM sinks, and is eventually buried in the
seafloor. Thus, extensive diagenesis is conducive to the permanent
preservation of buried OM. This view is consistent with the observed low
bioreactivity of sedimentary OM in the muddy bottom of the SYS (Guo
et al., 2021). Enzymatic hydrolysis of POM by attached bacteria may be
coupled with that of free-living bacteria to assist in carbon sequestra-
tion. The fragmentation of large molecules by attached bacteria can
stimulate the activity of free-living bacteria and enhance MCP processes
(Smith et al., 1992; Allison, 2005; Traving et al., 2015).

In the context of global climate change, marginal seas continue to
suffer from human activities. Among these disturbances, eutrophication
is particularly prominent. The increase in primary production induced
by eutrophication may improve the BGE. Bacteria can transform POM
more efficiently and contribute to long-term carbon sequestration.
Furthermore, the input of large amounts of anthropogenic nitrogen leads
to an imbalance in the nutrient regime, which triggers shifts in the
phytoplankton community (Guo et al., 2014; Moon et al., 2021). These
changes could have profound implications for carbon sequestration. The
N/P ratio of the SYS (~30) is almost twice as high as the Redfield ratio of
16, especially in nearshore areas with an extremely high N/P value
(~65) (Fig. 3b). Previous studies have found that a disproportionate
increase in nitrogen relative to phosphorus is the leading driver for the
shift in phytoplankton community structure from diatom-dominated to
dinoflagellate-dominated (Guo et al., 2014; Moon et al., 2021). How-
ever, the two algal functional groups differ considerably in their effi-
ciency of organic carbon export. Organic matter associated with diatoms
is protected by the siliceous frustule, and can aggregate and rapidly sink
to the seafloor, whereas dinoflagellate cells are subjected to heterotro-
phic decomposition in the water column (Guo et al., 2014). Therefore,
this shift in phytoplankton community structure is expected to result in
lower efficiency of carbon export but enhanced burial efficiency by se-
questrating refractory bacterial organic carbon. With global warming,
the shift from diatoms to dinoflagellates may be further facilitated since
dinoflagellates have a higher temperature for optimal growth than di-
atoms (Guo et al., 2014; Moon et al., 2021). Thus, the heterotrophic
activity mediated by particle-attached bacteria in the water column is
expected to play an increasingly important role in long-term carbon
sequestration in marginal seas.
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