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Continental marginal seas are key systems in the global carbon cycle. Carbon
stocks represent the ability to store carbon, thus quantifying the carbon stocks in
marine sediments would help to better understand their importance in the carbon
cycle. In this study, 17 sediment cores in the mud areas of the South Yellow Sea and
the East China Sea were measured for total organic carbon (TOC) and its stable
isotope (3*C), and dry bulk density; and from which the carbon stocks and carbon
stock accumulation rate as well as marine/terrestrial carbon stocks/carbon stock
accumulation rate were calculated. The carbon stocks in the mud area of the
South Yellow Sea showed a decreasing trend during 1855 to 1950 caused by the
relocation of the Yellow River Estuary in 1855, but increased after 1950s due to
increased sediment input via the enhancement of South Shandong Coastal
Current. In the Min-Zhe belt of the East China Sea, carbon stocks showed an
overall high marine proportion due to the phytoplankton bloom induced by high
nutrient level, but the decreased carbon stocks in recent decades were mainly
caused by the construction of reservoirs in the Yangtze River that reduced
sediment transports. The average carbon stocks in 1 m sediments from the
South Yellow Sea (45.2 t ha™) and Min-Zhe belt (52.8 t ha™) were low compared
to that of global marine sediments (66.6 t ha™®), while the carbon stock
accumulation rate showed much higher values (0.1 t ha™ yr™* in South Yellow
Seaand 0.31t ha™yrin the Min-Zhe belt) because of higher sedimentation rates.
Although carbon stocks of Chinese marginal seas were also lower than that of the
tidal flats (70.7 t ha™) and wetland (123.6 t ha™) in China, their much larger area
could store 0.75 Pg C in marine sediments. Our temporal records suggest that
anthropogenic activities have reduced carbon stocks in the marginal seas since
1950, causing carbon to re-enter the atmosphere to impact climate changes.
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Introduction

The global carbon cycle has been radically changing over the
past 200 years influenced by human activities, characterized by the
rapid rise of CO, in the atmosphere (Falkowski et al., 2000). In
2019, the growth rate of anthropogenic CO, concentration was
about 5.4 + 0.2 Pg C yr'', 40% of which was absorbed by the ocean
(2.6 £ 0.6 Pg C yr'') (Friedlingstein et al., 2020). The continental
marginal seas receive and store a large amount of carbon and play
an important role in the global carbon cycle and climate regulation
(Bianchi et al., 2018; Hunt et al., 2020), taking in about 20% of the
oceans’ net absorption of CO, each year (Friedlingstein et al., 2020).
Furthermore, continental marginal seas bury 80% of organic carbon
(OC) in the world’s oceans (Burdige, 2005; Jiao et al, 2018),
although account for only 8% of the world’s oceans area. The OC
in sediments from the marginal seas generally consist of marine and
terrestrial sources. Marine OC in sediments is originated from the
biological pump, referring to the process that phytoplankton
photosynthesis helps to fix CO, into organic matter, which is
then transported through the water column to the deep ocean
and finally buried in the marine sediments as a relatively
“permanent” carbon reservoir (Hedges and Keil, 1995; Burdige,
2007; Jiao et al,, 2010). Additionally, organic matter produced via
primary productivity could be utilized by zooplankton in the food
web during its transportation in the water column (Jiang et al.,
2018) and be converted into recalcitrant dissolved OC by
microorganisms via the microbial carbon pump that could be
stored in the ocean for long periods of time (Jiao et al., 2018).
The sources of terrestrial organic matter in marine sediments
mainly include riverine transport, atmospheric deposition and
coastal erosion (Schliinz and Schneider, 2000). In the world,
rivers provide around 430-500 Tg terrestrial OC to the oceans
every year (Schliinz and Schneider, 2000; Wang et al.,, 2012).
Meanwhile, the terrestrial OC transported to the oceans through
the atmospheric deposition is about 245 Tg C yr™ (Jurado et al,,
2008). Coastal erosion is also an important source of marine
sediments (Cai et al., 2009) and the overall surface of eroded land
approximately reached 28,000 km” during the past decades
(Mentaschi et al., 2018). Globally, the coastal sediments are
important carbon sinks, with about 126.2 Tg OC buried in
marine sediments (estuaries and shelves) each year (Duarte et al,
2005). In China, the marginal seas (including the Bohai Sea, Yellow
Sea, East China Sea and South China Sea) span from the temperate
to tropical zones and cover an area of about 470 x 10* km?® (Jiao
et al,, 2018), accounting for 16% of the global coastal ocean area
(Duarte et al., 2005). The OC buried in the Chinese marginal seas is
approximately 20.4 Tg C yr™ (Deng et al., 2006; Hu et al., 2016; Jiao
et al,, 2018), which is equivalent to 15% of the OC buried in the
global marginal seas (~138 Tg C yr') (Burdige, 2005). It is
important to evaluate the OC rates and efficiency in sediments
from Chinese marginal seas, which are influenced not only by
riverine transport and primary productivity, but also by human
activities such as bottom trawling that could cause sediments
resuspension and consequently lead to the loss of fine sediments
and organic matters (Oberle et al., 2016).
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Carbon stocks represent the capacity to store OC, have been
estimated in various regions all over the world (Atwood et al., 2017;
Avelar et al,, 2017; Atwood et al., 2020). High carbon stocks indicate
that the region has potentially high carbon preservation capacity.
Worldwide, assessments of carbon stocks have focused mainly on
terrestrial environments, such as forest (Gibbs et al., 2007; Keith
et al., 2009; Asner et al., 2010; Don et al., 2011), soil (Pan et al., 2004;
Xie et al, 2007; Scharlemann et al., 2014), terrestrial ecosystems
(Cao and Woodward, 1998; Tang et al., 2018) and wetland
ecosystems (mangrove, seagrass and salt marsh) (Fourqurean
et al., 2012; Estrada and Soares, 2017; Meng et al., 2019).
However, the assessments of carbon stocks in marine sediments
are still scarce. Avelar et al. (2017) and Smeaton et al. (2021)
calculated the carbon stocks in the national exclusive economic
zone and made a recommendation for the future management and
protection of the oceans. Furthermore, the carbon stocks of global
marine sediments have been estimated using a simulation model
and the results showed that the average carbon stocks of global
marine sediments in the top 1 m were 66.6 t ha™, of which
nearshore sediments (186.7 t ha™') were about 3 times of the
global marine sediment carbon stocks (Atwood et al., 2020). In
China, carbon stocks have been estimated in the coastal areas, such
as wetlands (Meng et al., 2019; Chu et al,, 2021), tidal flats (Chen
etal., 2020; Zhang et al., 2020) and bays (Ma et al., 2021). However,
the influence of the sedimentation rates on carbon stocks have not
been considered in previous studies, thus resulting in large
uncertainties in the evaluation of the preserved capacity of the
OC in marine sediments.

In this study, 17 sediment cores were selected from the mud
areas located in the South Yellow Sea and the East China Sea to
calculate the carbon stocks and to evaluate the carbon storing ability
of sediments in the Chinese marginal seas (Figure 1A). The
sediments in mud areas are characterized by fine grain size and
high sedimentation rates, which can well document the marine
environment variations, climate changes and sediment sources,
becoming a research hotspot worldwide (Shi et al, 2003; Zhu
et al., 2016; Qiao et al., 2017; Zhao et al., 2018). In order to
obtain carbon stocks, carbon stock accumulation rates and OC
sources in the mud areas of the South Yellow Sea and the East China
Sea, we analyzed the organic geochemical parameters including
total organic carbon (TOC) and stable isotope BC of TOC
(PCroc), as well as dry bulk density and sedimentation rates.
Our results provide a basis for the spatial and temporal variation
of carbon stocks in the mud area from Chinese marginal seas, which
is significant for understanding the ability of carbon preservation in
marine sediments and developing a reasonable regulation of the
marginal seas utilization.

Regional settings
Mud Area in the South Yellow Sea [referred as the South Yellow
Sea in the following) and in the East China Sea (known as Min-Zhe

belt along the coast of Fujian Province (Min) and Zhejiang Province
(Zhe)] are two major mud areas from the Chinese marginal seas,
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FIGURE 1

(A) Locations of sediment cores and mud areas. Mud areas are marked in brown according to (Qiao et al., 2017). SYSMA, South Yellow Sea Mud Area;

MZB, Min-Zhe belt. (B) Ocean circulation patterns in the Chinese marginal

(Wang et al,, 2014; Yang et al.,, 2018). YS, Yellow Sea; ECS, East China Sea; SSCC, South Shandong Coastal Current; YSCC, Yellow Sea Coastal
Current; YSWC, Yellow Sea Warm Current; YDW, Yangtze Diluted Water; MZCC, Min-Zhe Coastal Current; TWC, Taiwan Warm Current; KC, Kuroshio

Current; NKBC, Nearshore Kuroshio Branch Current.
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seas. Black arrows show the general pattern of current systems in winter

covering 9.93 x10* km” and 5.65 x10* km?, respectively (Qiao et al.,
2017; Wang et al., 2018).

The Yellow Sea is located between China and the Korean
Peninsula, with an area of about 38.0x10" km? of which the
South Yellow Sea covers approximately 30.9x10* km? (Jiao et al.,
2018). The Yellow Sea has been significantly affected by human
activities such as trawling, aquaculture, fishing and pollution (Xing
etal, 2011; Oberle et al.,, 2016). The relatively weak energy currents
and cyclonic cold eddies resulted in the formation of the mud area
in the South Yellow Sea (Figure 1B; Zeng et al., 2015; Zhao et al,,
2021). The sediments from the South Yellow Sea come from a
variety of sources, including the Yellow River (both the old and
modern Yellow River estuaries), the Yangtze River, and small rivers
in Korea Peninsula (Li et al., 2014; Tao et al., 2016). Additionally,
seabed erosion, resuspension and redeposition are also important
sources of sediments in the South Yellow Sea (Wang et al.,, 2014).
Specifically, sediments in the South Yellow Sea were mainly
transported from the Yellow River (Xing et al.,, 2014; Yang et al,
2015). With the high productivity and high sedimentation rates of
up to 2.7 mm yr' (Xing et al, 2011; Jia et al,, 2019), the South
Yellow Sea became an important carbon sink (Chen and Borges,
2009; Jiao et al., 2018).

The East China Sea is located in the east of China, one of the
widest continental shelves worldwide (Wang et al., 2020),
influenced by the northward Kuroshio Current and Taiwan
Warm Current, and the southward Min-Zhe Coastal Current.
The primary production in the East China Sea is as high as 0.55 g
C m? d"! (Zhao et al, 2018) because large amounts of nutrient
discharged by the Yangtze River (Song, 2010) trigger the
phytoplankton growth. In addition, the Yangtze River-derived
sediments are the main source of mud area along the Min-Zhe
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belt (Zeng et al.,, 2015). With the significantly high sedimentation
rates (0.5 to 6.0 cm yr’l) (Zhao et al., 2021), the Min-Zhe belt
recently become a research hotpot for carbon cycle (Qiao
et al., 2017).

Materials and methods
Sediment cores and age models

The sediment cores used in this study were collected using a
box-core sampler in the South Yellow Sea in August of 2009 and in
March of 2011 (R/V Dongfanghong II), along Min-Zhe coast in July
and August of 2011 (R/V Runjiang I), in October and November of
2011(R/V Dongfanghong II) and in April and May of 2017 (R/
V Haili).

The sedimentation rates in this study were calculated by the
activities of *'°Pb or '*’Cs. Sedimentation rates in cores HHI2
(0.16 cm yr™'), 34 (0.48 cm yr''), T06 (0.49 cm yr''), 42-A (0.86 cm
yr'l) and H3-A (0.5 cm yr'l) have been published (Duan et al., 2014;
Liu et al., 2022; Peng et al., 2023). In addition, sedimentation rates
for HH11, N05, C02, S07 and HH14 in the South Yellow Sea were
0.23 cm yr'l, 0.13 cm yr'l, 0.25 cm yr'l, 0.3 cm yr'1 and 0.26 cm
yr', respectively.

TOC analysis

For the TOC analysis, the freeze-dried sediments were acidified
using 6 M HCI, which is effective in removing inorganic carbon
from sediments and has been widely reported in previous studies
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(Liu et al,, 2022). The sediments were subsequently washed with
deionized water until the pH = 7. To avoid loss of particles, the
sediment samples were fully centrifuged after each water wash until
no suspended particles before pouring off the supernatant.
Therefore, no particles are lost during the washing of the
sediment samples to neutrality. Prior to the measurements, the
samples were dried in an oven at 55°C. TOC contents were
measured using a Thermo Scientific Flash 2000 organic elemental
analyzer, with a standard deviation of 0.02 wt% (n = 6).

*Croc analysis

Sediment samples were acidified to remove inorganic carbon
and dried in an oven at 55 °C following the same procedure as TOC
analysis mentioned above. The 8Croc of the sediment samples
were determined using Thermo Delta-V isotopic ratio mass
spectrometer (the United States) (continuous-flow mode) at
Ocean University of China. The standard deviation of the
instrument was 0.2%o (n = 6).

Dry bulk density

The fresh sediments were filled in the fixed volume ring cutters
and then were freeze-dried. The dry bulk density of the samples was
calculated using the following equation, referred as DBD:

_ Dry Mass (g)
DBD %) =
(gem™) Wet Sample Volume (cm?)

Carbon stocks and carbon stock
accumulation rate calculation

The carbon stocks were calculated using the following equation
(Avelar et al., 2017):

Carbon stocks (tha™) = TOC (%) x DBD (g cm™) x depth (cm)

Depth is used to calculate the carbon stock of a given depth
interval of sediments. Since the top 1 m of marine sediments were
susceptible to disturbance, we extended the depth of sediment cores
to 1 m for carbon stock calculation as reported by Atwood et al.
(2020). Missing data (TOC or dry bulk density) in the sediment
cores beyond the actual depth were complemented by averages.
Therefore, carbon stocks in this study were calculated as the sum of
the carbon stocks per centimeter based on the available data and the
carbon stocks of the remaining depth based on the average value.

Carbon stocks 1 m (tha™') = £ [iTOC [%] x iDBD [gem™] x 1cm]
+ [average TOC [%] x average DBD [gcm™] x [100 - core depth] [cm]

with i represents a certain depth in the sediment core having
measured TOC and dry bulk density values.

Considering that the sedimentation rates may greatly influence
the OC burial rates, the carbon stock accumulation rate (CSAR) was
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used to evaluate the amount of carbon stocks per year. The TOC
and dry bulk density were average values of the sediments each core.

CSAR (tha™'yr™) = TOC (%) x DBD (gcm™)
X sedimentation rate (cmyr_l)

The source contributions based on 8"Croc were used to
evaluate the terrestrial and marine contributions in carbon stocks
and carbon stock accumulation rate.

fTerr = (813C8ample - 613CMar) / (SlscTerr - 613CMar) x 100 %

fMar =100 % - fTerr

frerr represents the fraction of TOC transported via the terrestrial
input. In temperate regions, fy,, represents the fraction of TOC
derived from the marine phytoplankton productivity. 8'*Crey and
8"Cyar are the terrestrial and marine end member 8'°Croc values,
respectively. Considering that the sediments of the South Yellow Sea
are mainly influenced by the input of the Yellow River, the terrestrial
end member 8"°Croc was obtained from the 8'°C values of the
Yellow River particulates, which is -23.9 + 0.6%o (Yu et al., 2021).
Similarly, -25.6 + 0.7%o was chosen for the terrestrial end member in
the East China Sea obtained from the Yangtze River particulates
(Wang et al., 2021). To be consistent with previous studies, the B¢
value of =20 + 1.0%o and -20.6 + 1.2%o were used for the marine
endmember in the Yellow Sea and East China Sea, respectively (Xing
et al,, 2014; Yoon et al., 2016; Wang et al,, 2021; Yu et al., 2021).

Terrestrial carbon stock (tha™') = carbon stock (tha™) x fre( %)

Marine carbon stock (t ha™') = carbon stock (tha™) x f Mar( %)

Similarly, the terrestrial and marine carbon stock accumulation
rate were also calculated.

Terrestrial CSAR (t ha_lyr_l) = CSAR (t ha_lyr_l) X frere (%)

Marine CSAR (t haflyrfl) = CSAR (t haflyrfl) X fptar( %)

Results

The TOC content

The TOC ranged from 0.12% to 1.31% for all sediment samples.
In the South Yellow Sea, the TOC contents in sediment cores
ranged from 0.12% to 1.31%, generally showing slightly decreasing
trends downcore, except the core HH14 located at the southmost
boundary of the South Yellow Sea with fluctuating variation
downwards (Figure 2A). In the Min-Zhe belt, the TOC contents
(0.12% to 0.83%) showed small temporal variations in core T06, 34,
T10 and H3-A, while displayed fluctuating variations in the rest of
the cores (Figure 2B). In terms of spatial distribution, the average
value of TOC for sediment cores was 0.55% (0.59% in the South
Yellow Sea and 0.53% in the Min-Zhe belt), with the highest values
in the northern part of the South Yellow Sea (1.00%) (Figure 3A).
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Vertical variation of the TOC,

Sediment characteristics

The dry bulk density ranged from 0.35 g cm™ to 1.58 g cm™ for
all sediment samples. In this study, the TOC contents and dry bulk
density showed a significant negative correlation (Figures 4A, B).

The dry bulk density of all sediment cores showed a decreasing
trend downcore. In the South Yellow Sea, dry bulk density displayed
stable temporal trends (0.54 g cm™ to 1.06 g cm™) except core HH14
with relatively strong fluctuation (0.35 g cm™ to 1.37 g cm™)
(Figure 2A). In the Min-Zhe belt, the variations of the dry bulk
density in the Min-Zhe belt sediment cores (0.68 g cm™ to 1.58 g
cm®) were larger than that in the South Yellow Sea (Figures 2A, B). The
spatial distribution of dry bulk density showed a roughly opposite trend
to that of TOC, with the lowest in the northern part of South Yellow Sea
(0.67 g cm™) and the average values of dry bulk density were 0.84 g cm™
and 1.02 g cm™ in the South Yellow Sea and Min-Zhe belt (Figure 3B).

Carbon stocks and carbon stock
accumulation rate

The carbon stocks ranged from 0.12 t ha™' to 0.83 t ha™* for all
sediment samples. In the South Yellow Sea, the temporal trends of the
carbon stocks per centimeter (0.12 t ha! to 0.83 t ha™!) were similar
with that of the TOC (Figure 2A), showing a decreasing trend
followed by an increasing trend after 1950 (Figure 5A). Prior to
1950, the variabilities of marine and terrestrial carbon stocks
displayed same trends as the total carbon stocks. Terrestrial carbon
stocks displayed increasing trend after 1950 (Figure 6A). The carbon
stocks per centimeter in the Min-Zhe belt also showed similar trends
with the TOC, varying from 0.23 t ha™' to 0.75 t ha™ (Figure 2B).
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dry bulk density and carbon stock per centimeter in the sediment cores of the (A) South Yellow Sea and (B) Min-Zhe belt.

Carbon stocks in the Min-Zhe belt showed roughly the opposite
trend of South Yellow Sea (Figure 5B). Before 1950, both marine and
terrestrial carbon stocks followed roughly the same trend as total
carbon stocks, while after 1950 (except for 42-A) marine carbon
stocks increased and terrestrial carbon stocks decreased (Figure 6B).

The spatial distribution of carbon stock was consistent with TOC,
with the average value of 50.1 t ha™. The average value of carbon stock
was 45.2 t hat and 52.8 t ha! in South Yellow Sea and Min-Zhe belt,
respectively, with the highest in the northern part of South Yellow Sea
at about 67 t ha™* (Figure 3C). The average carbon stock was 50.1 t ha”
U with average values of 45.2 t ha! and 52.8 t ha! for South Yellow
Sea and Min-Zhe belt, respectively. Terrestrial and marine carbon
stocks in the South Yellow Sea decreased from north towards south,
while the spatial variations of terrestrial and marine carbon stocks in
the Min-Zhe belt were not obvious (Figure 7A). Carbon stocks in our
study were below the average value of global marine sediments and
other regions in the world (Figure 8A; Table 1).

The carbon stock accumulation rate ranged from 0.06 to 0.44 t
ha! yr'1 for 10 sediment cores, with the carbon stock accumulation
rate in South Yellow Sea (average of 0.10 t ha™ yr™) being much
lower than that in Min-Zhe belt (average of 0.31 t ha' yr)
(Figure 3D). Carbon stock accumulation rate in the Min-Zhe belt
were much higher than those in the South Yellow Sea (Figure 7B).
Worldwide, carbon stock accumulation rate in the study area was at
a relatively high level (Figure 8B; Table 1).

§*Croc

The 8"Croc ranged from -23.0 to -21.4%o for 6 sediment
cores. In the South Yellow Sea, the 8> Croc ranged from -22.6 to -
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21.8%o0, —22.2 to -21.6%o0 and -22.5 to —21.4%o for sediment cores
NO05, HH12 and S07, respectively. The 83Croc showed a trend of
increasing and then decreasing around 1950s from ancient times to
the present (Figure 6A). In the Min-Zhe belt, the 8"Croc ranged
from -23.0 to -21.8%o, -23.0 to —22.3%0 and -22.4 to -22.0%o for
sediment cores 34, 42-A and H3-A, respectively. The 8"Croc
showed a trend of decreasing and then increasing around 1950s
from ancient times to the present for cores 34 and H3-A, while
displayed fluctuating variations for core 42-A (Figure 6B).

Discussion

Relationship between TOC and dry
bulk density

The calculation of sedimentary carbon stocks based on two
principal parameters TOC and dry bulk density. The dry bulk
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density, ie., the compaction of the sediments, was related to the
weight and volume of the sediment, and the contents of sand, silt and
clay (Banerjee et al,, 2021). In general, low sedimentary TOC contents
accompanied with high dry bulk density values (Campbell et al.,, 2014).
The TOC contents and dry bulk density showed a significant negative
correlation in this study (Figure 4), which was also reported in
previous studies about soils in China, seagrass meadows along the
Gulf coast of peninsular Florida, sediments in the southern Red Sea
coast and also in the global ocean (Xie et al., 2007; Barry et al., 2018;
Eid et al,, 2019; Atwood et al., 2020). Generally, the linear relationship
between the sedimentary TOC and dry bulk density in the Min-Zhe
belt was stronger than that in the South Yellow Sea, and the correlation
was significant in the relatively low range of TOC contents (< 0.8%,
Figure 4B). To better assess the spatial and temporal variability of
carbon stocks, a conventional 8"°Croc approach based on a binary
mixing model was used to assess the proportions of terrestrial and
marine carbon stocks in sediments with the age control from the South
Yellow Sea and Min-Zhe belt (Figure 6).
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Temporal variability of sedimentary carbon
stocks from the South Yellow Sea and
Min-Zhe belt in recent centuries

The vertical variations of carbon stocks in the Min-Zhe belt
sediment cores were significantly larger than that in the South
Yellow Sea (Figures 2, 5), because the Min-Zhe belt was influenced
by seasonal monsoon and storm (Xing et al, 2011; Zhao et al,
2021). There were age controls for all 6 sediment cores in the South
Yellow Sea, but for 4 of the 11 sediment cores in Min-Zhe
belt (Figure 5).

In the South Yellow Sea, the carbon stocks showed a relatively
small variation trend until 1855 AD (Figure 5A), with similar
proportions of terrestrial and marine carbon stocks (Figure 6A).
Between 1855 and 1950, carbon stocks in the northern cores HH11
and NO5 showed decreasing trends (Figure 5A). Furthermore,
carbon stocks in cores from the middle and south of the South
Yellow Sea were distinctly lower than that in the northern cores
during this time interval (Figure 5A). This was consistent with
previous studies that the relocation of Yellow River estuary from
Yellow Sea to Bohai Sea since 1855 (Qiao et al., 2011; Zhou et al.,
2014) caused the reduced terrestrial OC input to the South Yellow
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and (B) Min-Zhe belt.

Frontiers in Marine Science

07 frontiersin.org


https://doi.org/10.3389/fmars.2023.1282891
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ma et al.

A
[ ] Terrestrial carbon stocks 1 m
[ Ma.rine carbon stocks 1 m

10.3389/fmars.2023.1282891

401 . 53¢
35 Min-Zhe belt 218
& 30
= South Yellow Sea F-220 _
o 251 g
£ £
820+ L2222
@ B
15 =
= D)
3 L 224
5104
] 10
O 51 L 226
0
= HHI12 34 42-A H3-A
5 B Statlons
- l:| Terrestrial carbon stock accumulation rate
£ 0.30 I Marine carbon stock accumulation rate
= - §B3C . r-21.8
20251 I .
5 / Min-Zhe belt -
£ 020 . 22 2
g s
‘é‘ 0.15 1 F-222 5
3 0.10 w
g South Yellow Sea F-22.4
=4 0.05
;’ 0.00
8 IHIIZ 34 42-A H3-A
S North Stations South

FIGURE 7

Comparison of the (A) terrestrial carbon stocks and marine carbon stocks; (B) terrestrial carbon stock accumulation rate and marine carbon stock

accumulation rate in sediment cores from the study region.

Sea, especially to the mid and southern South Yellow Sea (Liu et al.,
2022). Coincidently, decreased terrestrial carbon stocks contents
were found in the mid and southern cores (HH12 and S07,
Figure 6A) since 1855 accompanied with lower terrestrial OC
percentage (i.e., increased 8"3Croc values, Figure 6A). Since the
1950s, the carbon stocks generally increased in the South Yellow Sea
(Figure 5A). In the northern core NO5, the decrease of 3> Croc
indicated increased terrestrial OC contribution, causing higher
terrestrial carbon stocks (Figure 6A). Despite the significant
decrease in the runoff and sediment load of the Yellow River after
1950 AD (Cui et al.,, 2014), the increase of terrestrial carbon stocks
may be influenced by the sediment input via stronger South

Shandong Coastal Current under the influence of enhanced
winter monsoon (Xing et al., 2009; Cai et al., 2014). Terrestrial
carbon stocks in core HH12 from the middle part of the South
Yellow Sea also increased, attributed to the erosion of both relocated
and Old Yellow River delta (Bi et al., 2021; Qi et al., 2021; Yu et al,,
2022). Similarly, a recent study reported increased terrestrial
biomarker X(C,; + Cy9 + Cs;) n-alkanes in core HH12 since 1950
AD (Liu et al, 2022). In the southern core S07, although the
terrestrial OC contribution increased, both terrestrial and marine
carbon stocks obviously increased during the past 40 years
(Figure 6A). Besides the influence of relocated and/or Old Yellow
River (delta) sediments input, 12-27% of the Yangtze River water
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FIGURE 5

Temporal variability of carbon stocks in the sediment cores of the (A) South Yellow Sea and (B) Min-Zhe belt.
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could flow to the South Yellow Sea in summer (Liu et al., 2003).
Enhanced human activities (e.g., fertilizer use and sewage
discharge) could elevate nutrient levels, leading to a trend of
elevated marine carbon stocks (Zhu et al., 2018). Since core S07
was located in the south of the mud area, the marine primary
productivity was triggered by the Yangtze River water as the
nutrient input to the East China Sea from the Yangtze River
increased during the past decades (Wei et al., 2015).

Overall, the relocation of Yellow River estuary from Yellow Sea
to Bohai Sea had greatly affected the carbon stocks in the South
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Yellow Sea during 1855 to 1950 AD, resulting in an obvious
reduction of terrestrial carbon stocks (Figure 6A). Since 1950s,
terrestrial carbon stocks obviously increased in the South Yellow
Sea attributed to the erosion of both relocated and Old Yellow
River delta.

In the Min-Zhe belt, carbon stocks before 1950s were relative
stable (Figure 5B), showing higher marine carbon stocks than
terrestrial carbon stocks (Figure 6B). This could be interpreted as
that the relatively low level of industrial and agricultural development
prior to 1950 resulted in relatively constant sediment load from
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TABLE 1 Comparison of average carbon stocks and average carbon stock
accumulation rate (CSAR) between different regions all over the world.

CSAR
(t hayr)

Carbon stocks
1m (tha™)

Regions

South Yellow Sea mud area

50.1 0.19
and Min-Zhe belt
South Yellow Sea mud area 45.2 0.1
Min-Zhe belt 52.8 0.31
Global marine sediments 66.6 0.00033
Global slopes 86.3 0.0067
Global continental shelves 186.7 0.19
Global estuaries / 0.45
Tidal flats in China 70.7 1.06
The continental shelf between
Pacifica and Monterey, 129.3 0.32
California
Th h liforni
e no'rt ern Cali ?rnla 1045 042
continental margin
The continental shelf in
A 41.1 /
southeastern America
The Bering Sea continental
86.2 0.1
shelf
Western Margin of the
106.9 0.08
Barents Sea
The inner eastern Brazilian
. 69 0.26
continental shelf
Global terrestrial soils 105.3 /
Soil carbon pools in the
terrestrial ecosystems of 79.2 0.03
mainland China
wetland ecosystems in China 123.6 /
ecosystems in the western 777 012
coast of the Arabian Gulf ’ :
Seagrass beds of Abu Dhabi,
. . 49.1 /
United Arab Emirates
Global mangroves soils 301.5 1.5
Global seagrass soils 165.6 0.53
Global salt marshes soils 390 2

“/” represents no data in the regions.

Yangtze River (Yang et al., 2012; Cao et al,, 2017). Since 1950, the
sediment flux from the Yangtze River to the East China Sea was
mostly dominated by human activities (Yang et al., 2006; Wang et al,,
2008), with 50% of sediments (390.0 x 10° t yr'") buried in the mud
area (Qiao et al,, 2017). During 1950-2000, carbon stocks in the Min-
Zhe belt generally showed increasing trends (Figure 5B). The
increased marine carbon stocks during this period (Figure 6B) were
attributed to higher nutrient concentrations and higher productivity
in the Yangtze River and the coastal sea as a result of the use of
fertilizers and industry developments (Duan et al., 2014). Previous
study also reported DIN and DIP transported by the Yangtze River
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began to increase rapidly in the 1980s (Chen et al., 2017). Obviously,
carbon stocks showed peak values with lower §'°C in core 42-A
during this period (Figure 6B), because this core was close to the Ou
River Estuary and was likely influenced by the great flood of Ou River
in 1970s with the deposition of a large amount of terrestrial materials
(Song et al., 2012). However, the construction of reservoirs in the Ou
River basin in 1988 and 1989 reduced the sediment export (Song
et al., 2012), thus, the carbon stocks in core 42-A showed a decrease
trend since 1990 (Figures 5B, 6B). Since the 21st century, the carbon
stocks declined (Figure 5B), because the construction of the Three
Gorges Dam in 2003 had significantly reduced the sediment load
from the Yangtze River to the East China Sea, which was only 37% of
that during 1950s to 1960s (Yang et al., 2006; Wang et al., 2008).
Thus, terrestrial carbon stocks were also reduced (Figure 6B). In
general, the carbon stocks in the Min-Zhe belt had shown an overall
decreasing trend in recent years due to the construction of reservoirs
in the Yangtze River basin. Moreover, the marine carbon stocks were
distinctly higher than terrestrial carbon stocks during the past one
hundred years, because the high nutrient levels triggered the primary
productivity. This was consistent with increased marine biomarker
records in the Min-Zhe belt (Peng et al., 2023).

Spatial distribution of carbon stocks and
carbon stock accumulation rate in the
South Yellow Sea and Min-Zhe belt

The sediments in the South Yellow Sea mainly originated from
the Yellow River via the Yellow River Estuary and the Old Yellow
River Estuary (Zhao et al,, 2021). The hydrodynamic environment
allowed the deposition of large amounts of terrestrial OC from the
Yellow River in the South Yellow Sea (Hu et al., 2016). Additionally,
the erosion of Old Yellow River delta was another important source
of the terrestrial OC in the South Yellow Sea (Qiao et al., 2017). The
TOC contents showed high values in the north of South Yellow Sea
and low values in the south (Figure 3A), which was opposite to the
distribution patterns of dry bulk density (Figure 3B). This was
interpreted as that the grain size of the sediments in the South
Yellow Sea became coarser from north towards south (Xing et al.,
2011), which resulted in higher dry bulk density values in the south.
In addition, grain size is a key property for OC protection (Volkman
et al,, 2000), thus resulting in high TOC in the north and low TOC
in the South.

The spatial distribution of carbon stocks showed a similar
pattern with that of the TOC in the South Yellow Sea
(Figures 3A, C). The highest carbon stocks occurred in the north
of the South Yellow Sea (66.7 t ha™ and 66.4 t ha™! for cores HH11
and NOS5, respectively), which was related to high TOC contents of
HHI11 and NO5 (1.00% and 0.99%, respectively). Cores HH11 and
NO5 were close to the Shandong subaqueous delta, which can
received large amounts of terrestrial OC transported by the
Yellow River (Cai et al., 2003; Fan et al., 2014).

The average carbon stock accumulation rate in each core was
calculated to evaluate the burial rates in the mud areas, to include the
influences of sedimentation rates. The carbon stock accumulation rate
in the South Yellow Sea ranged from 0.06 t ha™ yr' t0 0.15 t ha™ yr
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(average 0.1 t ha™ yr’l) (Figure 3D), comparable with that in surface
sediments from Bohai and Yellow seas (0.153 t ha™ yr™') reported by
Hu et al. (2016). The values of average terrestrial and marine carbon
stock accumulation rate in the South Yellow Sea were 0.039 t ha™ yr™!
and 0.04 t ha™ yr'l, respectively (Table 2; Figure 7B).

The sediments in the Min-Zhe belt mud area were mainly
transported from the Yangtze River (Hu et al, 2012). The
sedimentary OC in the Min-Zhe belt displayed relatively low
values (Figure 3A) due to the complex hydrodynamic inducing
OC remineralization (Levin et al., 2009; Xu et al., 2015; Zhu et al,,
20165 Zhao et al., 2018; Zhao et al., 2021). The average TOC value of
the sediment cores in the Min-Zhe belt was 0.53% (Figure 3A),
which was similar with the previous study of TOC in the sediment
cores from this area (Wang et al., 2016; Cao et al., 2017; Chen et al,,
2017). The TOC contents in the southern part of the Min-Zhe belt
was higher than that in the northern part (Figure 3A), mainly owing
to that the sediment grain size gradually became finer from north to
south (Hu et al, 2012). Similar with the South Yellow Sea, the
distribution of dry bulk density in the Min-Zhe belt showed an
opposite trend to the distribution of TOC (Figure 3B).

The distribution pattern of carbon stocks (48.2 t ha'-619tha™)
in the Min-Zhe belt were similar with TOC, showing an increasing
trend from the north towards the south, as well as from the nearshore
towards the offshore (Figure 3C). The terrestrial and marine carbon
stocks were 19.9 t ha! and 35.4 t ha’l, respectively (Figure 7A;
Table 2), consistent with the previous study of dominant marine OC
contribution in sediment cores DZ28 (65.29%) and DZ41 (62.43%) in
the Min-Zhe belt (Chen et al., 2017). The carbon stock accumulation
rate in the Min-Zhe belt (average 0.31 t ha™' yr''; Table 2) was about
twice as high as that in the East China Sea from the coast across the
shelf (average 0.15 t ha™' yr™' in surface sediments) reported by Deng
et al. (2006). The terrestrial and marine carbon stock accumulation
rate were 0.12 t ha™ yr' and 0.21 t ha™' yr™', respectively (Table 2).
Deng et al. (2006) also reported that both the terrestrial carbon stock
accumulation rate and marine carbon stock accumulation rate in the
Min-Zhe belt were relatively high, exceeding 0.1 t ha™ yr', especially
in the Yangtze River Estuary, reaching 0.77 tha™ yr' and 1 tha™ yr'’.
Overall, the Min-Zhe belt was characterized by high sedimentation
rate and high terrestrial deposition due to the riverine input (Thomas
et al,, 2004; Wang et al,, 2018).

Overall, in the mud areas of this study, the highest carbon stocks
were found in the northern South Yellow Sea, the second were in the
Min-Zhe belt and the lowest occurred in the southern South Yellow
Sea. However, the carbon stock accumulation rate in the Min-Zhe
belt were much higher than that in the South Yellow Sea, because
the sedimentation rates were generally high in the Min-Zhe belt
under the influence of the Yangtze River.

The capacity of OC in sediments:
evaluation from the carbon stocks and
carbon stock accumulation rate

The distribution of carbon stocks were mainly influenced by

terrestrial OC via river input and phytoplankton productivity under
different nutrient conditions (Atwood et al., 2020) as well as

Frontiers in Marine Science

10.3389/fmars.2023.1282891

sediment sources. In this study, the average downcore TOC
contents (0.55%) were comparable to the previous report of 0.47
+ 0.24% in the surface sediments of the Chinese marginal seas
(Zhao et al., 2021), while were lower than that of 1.1% in global
marine sediments (Hayes et al., 2021). The dry bulk density is in the
range of 0.93 g cm™ to 2.6 g cm™ (average 1.47 g cm™) for the top 1
m of global marine sediments based on 2,106 data (Graw et al,
2021). Dry bulk density values in South Yellow Sea (0.84 g cm™)
and Min-Zhe belt (1.02 g cm™) of this study were below the global
average. Therefore, the average carbon stocks in 1 m depth of the
South Yellow Sea (45.2 t ha!) and Min-Zhe belt (52.8 t ha™) were
lower than that in global marine sediments (66.6 t ha™), and much
lower than global continental shelves (186.7 t ha) (Figure 8A,
Table 1, Table S1) (Cusack et al., 2018; Atwood et al., 2020; Chen
et al., 2020). However, the average sedimentation rates in the South
Yellow Sea (0.22 cm yr'l) and Min-Zhe belt (0.58 cm yr'l) were
much higher than the average sedimentation rate in the global
marine sediments (coastal, shelf and upper slope, 0.01 cm yr'')
(Patchineelam and Smoak, 1999; Sommerfield et al., 2001; Lewis
et al., 2002; Zaborska et al., 2008; Zhang et al., 2017). The higher
sedimentation rates could result in a high OC burial rates, which
facilitate the preservation of OC and lead to a high burial efficiency
(Chen et al.,, 2020). Thus, the average carbon stock accumulation
rate in the South Yellow Sea (0.1 t ha™ yr’l) and in the Min-Zhe belt
(0.31 t ha' yr") were higher than the global marine sediments
(coastal, shelf and upper slope, 0.0067 t ha™' yr') (Figure 8B;
Table 1, Table S1). Likewise, although carbon stocks in mud area
from the Chinese marginal seas were lower than soil carbon stocks
of mainland China (79.2 t ha™') and global average (105.3 t ha™")
(Tang et al., 2018; Atwood et al., 2020), the capability of storing OC
were significantly higher in marine sediments (Figure 8; Table 1).
Additionally, carbon stocks in this study were generally lower
than that in the tidal flats (70.7 t ha™') and wetland (123.6 t ha'!) in
China (Figure 8A; Table 1, Table S1) (Fourqurean et al., 2012;
Siikamiki et al., 2012; Campbell et al., 2014; Atwood et al., 2017;
Atwood et al., 2020; Chen et al., 2020). By considering the coverage
area, the total carbon stocks in 1 m depth were 0.45 Pg C in the
South Yellow Sea and 0.3 Pg C in the Min-Zhe belt, much higher
than that of the tidal flats (0.078 Pg C) and blue carbon ecosystem
(0.021 Pg C) in China (Tang et al., 2018; Chen et al., 2020). The total
carbon stocks in 1 m sediments from the mud areas of this study
was equivalent to 2.75 Pg CO,, thus, the vast area of Chinese
marginal seas enabled it to preserve a large amount of OC and was
an important area for OC burial and preservation. The stable
depositional environment allowed the burial efficiency of the
terrestrial OC in South Yellow Sea to reach about 68 + 30%
(Zhao et al, 2021). Although the burial efficiency of the marine
OC in the South Yellow Sea and Min-Zhe belt was much lower (7
3% and 14 + 4%, respectively), it was still much higher than that of
the global ocean (0.25%) (Zhao et al., 2021). It was noteworthy that
the carbon stocks partly showed a decreasing trend in recent years
due to the construction of dams and hydrological facilities in rivers,
especially Min-Zhe belt (Figure 5), which may affect the burial of
OC in the Chinese marginal seas to some extent (Xu and Milliman,
2009). The impact of human activities on the marginal seas was
increasing over time (Halpern et al, 2015). The reduced carbon
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TABLE 2 Locations and parameters in sediment cores of this study.
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TOC, dry bulk density, 8"*Croc, sedimentation rate and carbon stock accumulation rate (CSAR) are average values in each core. OCre, and OCy,, are calculated based on the binary mixing model. Carbon stocks extrapolate to 1 m depth.
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stocks allow OC to re-enter the atmosphere, which may exacerbate
the global greenhouse effect to some degree.

Conclusions

In this study, we calculated carbon stocks and carbon stock
accumulation rate in 17 sediment cores from the South Yellow Sea
and Min-Zhe belt to evaluate the spatiotemporal variabilities of
organic carbon preservation of the Chinese marginal seas.

1. In the South Yellow Sea, terrestrial carbon stocks showed a
decreasing trend from 1855 to 1950 caused by the
relocation of the Yellow River Estuary in 1855. After the
1950s, terrestrial carbon stocks increased in the South
Yellow Sea mainly due to the enhancement of South
Shandong Coastal Current.

. In the Min-Zhe belt, the marine carbon stocks were
relatively high due high nutrient concentration from
riverine inputs. During the past decades, the terrestrial
carbon stocks decreased because the construction of
reservoirs in the Yangtze River led to lower sediment
inputs.

. In terms of spatial distribution, the highest carbon stocks
were in the northern part of the South Yellow Sea, followed
by the Min-Zhe belt and the lowest in the central and
southern parts of the South Yellow Sea. Although the
carbon stocks in this study were lower compared to the
global shelf sediments, the high sedimentation rates in mud
areas from Chinese marginal seas resulted in a higher
organic carbon burial capacity.
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