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• TOC, TN and BSi relates to SOM sources,
sediment texture and hydrodynamics.

• SOM is mostly dominated by terrestrial
source in the Maowei Sea.

• SOM from marine phytoplankton gen-
erally exceeds that of shellfish maricul-
ture.

• SOM from shellfish biodeposits is signif-
icantly impacted by seasons.

• More shellfish biodepositions are found
in the intensive mariculture regions.
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Maowei Sea
China is the largestmariculture producer in the world, but detailed information on the spatiotemporal variations
of biogenic elements and sources of sedimentary organic matter (SOM) via mariculture is limited. The primary
objective of this study was to assess the influence of mariculture on the origin of SOM in relation with biogenic
elements and geochemical paramaters due to the importance of SOM as a potential source of nutrients and en-
ergy in coastal marine environments. Surface sediments from the Maowei Sea were collected in August (sum-
mer) and December (winter), 2016 for grain size, total organic carbon (TOC), total nitrogen (TN), organic
phosphorus (OP), biogenic silica (BSi), δ13C and δ15N analyses. Significant correlation (p b 0.01)was observed be-
tween TOC and TN in summer andwinter respectively, indicating that they have common source in both seasons.
The spatiotemporal distributions of TOC, TN, OP and BSi were influenced by the sources and distribution of SOM,
grain sizes and hydrodynamic conditions in the Maowei Sea. The overall ranges of δ13C (−26.86‰ to−23.01‰)
and δ15N (2.54‰ to 9.82‰) and C/N ratio (5.83 to 18.67) showed that SOM is derived from mixed sources. The
δ13C and δ15N-based three-end-member mixing model results revealed that N40% of the deposited SOM origi-
nates from terrestrial source during two seasons. The SOM from shellfish mariculture was seasonal, mainly
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deposited in the intensive mariculture areas, and its proportions were only higher than contributions from ma-
rine plankton in summer. Generally, this study indicates that shellfish biodepositions can significantly influence
the cycle of carbon and other biogenic elements in the intensivemariculture areas. Nevertheless, the overall dom-
inance of terrestrial and marine SOM suggests that the sources of SOM and factors influencing carbon cycling in
the Maowei Sea do not exclusively depend on the intensity of mariculture activities.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Continental shelves and coastal areas are among the most produc-
tive and exploited waters around the world. These coastal marine envi-
ronments play significant roles in carbon cycle through the coupling of
terrestrial, oceanic and atmospheric carbon reservoirs (Bianchi and
Allison, 2009; Bauer et al., 2013). Marine sediments serve as the ulti-
mate sink for sedimentary organic matter (SOM), sequestering carbon
on a geologic time scale (Dickens et al., 2004). The SOM in these envi-
ronments is composed of sinking particulate and colloidal materials
originating from terrestrial or marine sources. Intense anthropogenic
activities such as agriculture and aquaculture activities, including bio-
logical processing of SOM through bioturbation and remineralization
(Gireeshkumar et al., 2013; Yang et al., 2015a; Gu et al., 2017) can affect
the contents and distribution SOM. Moreover, hydrodynamics can in-
duce deposition, resuspension and redistribution of fine-grained sedi-
ments (FGS), which plays important role in the preservation of SOM
(Hu et al., 2006; Zhu et al., 2008). In addition, seasonal variations inma-
rine primary productivity (Kubo and Kanda, 2017; Zhou et al., 2018)
and riverine discharge may potentially affect the contents and distribu-
tion of SOM in coastal environments. Therefore, knowledge of the
sources and factors influencing the distribution of SOM is necessary
for understanding the global biogeochemical cycling of carbon and
other biogenic elements, and also essential due to the importance of
SOM as nutrient and energy sources which may ultimately influence
carbon cycle in marine environments.

Stable carbon (δ13C) and nitrogen (δ15N) isotopes arewidely used to
trace and discriminate SOM from various sources including those from
terrestrial and marine origins. The δ13C and δ15N isotopic signatures
can also be used to evaluate the mixing and transformation of SOM in
different aquatic settings based on the distinct signatures of the sources
(Guo and Macdonald, 2006; Ramaswamy et al., 2008; Liu et al., 2015;
Dan et al., 2019). Generally, terrestrial organic matter (TOM) has de-
pleted δ13C and δ15N isotopic values when compared to marine organic
matter (MOM) (Lamb et al., 2006). Isotopic fractionation frequently oc-
curring as a result of biological, physical and/or chemical processes dur-
ing post deposition of organicmatter (OM) can aid the understanding of
the fate of SOM inmarine environments because the enrichment of δ13C
and δ15N isotopic values may possibly result from the preferential deg-
radation of 13C/15N-depleted compounds by bacteria (Lehmann et al.,
2002; Middelburg and Herman, 2007). Thus, the application of δ13C
and δ15N isotopes together with the elemental carbon to nitrogen (C/
N) ratios can improve the accuracy of source identification, due to the
complex nature of SOM (Middelburg and Herman, 2007; Cai et al.,
2015). Moreover, mapping of the geographical distributions of δ13C
and δ15N isotopic values can help validate the specific sources of SOM
in coastal marine systems (Hu et al., 2006; Liu et al., 2015; Dan et al.,
2019). Therefore, these methods were applied in studying the sources
and distribution of SOM in a complex, highly changeable mariculture
environment.

China is the largest mariculture producer in the world, with an an-
nual production of N17million tons (Mt) of shellfish and seaweedmari-
culture (MOAC, 2017). As one of the most significant anthropogenic
activities in coastal regions, aquaculture can significantly influence car-
bon cycle, aswell as the function, evolution, and structure of coastal eco-
system (Zhang et al., 2017). Loss of ~3.79 ± 0.37 Mt. yr−1 of carbon
through photosynthetic and calcification processes, and ~1.20 ± 0.11
Mt. yr−1 of carbon due to seaweed and shellfish mariculture have
been reported for coastal ecosystems in China (Tang et al., 2011). Mari-
culture activities in China are implemented in shallow coastal regions,
such as the Zhanjiang Bay and Sanggou Bay (Hu et al., 2013; Xia et al.,
2019). The biodeposit excrement from fishes and shellfish mariculture,
fish feed residues, and the dying off seaweed can increase SOMaccumu-
lation (Holmer et al., 2005; Ren et al., 2014; Yang et al., 2018a). Al-
though the biological activity of the bivalves increases biodeposit
sedimentation, the presence of bivalve themselves and cultivation
structures favor sedimentation of fine-grain particulates by increasing
turbulence and thus decreasing current speed. Therefore, understand-
ing the sources of SOM in coastal mariculture bays play an important
role in understanding the impact of the mariculture on the deposited
SOM and carbon cycle (Yokoyama et al., 2006; Alongi et al., 2009;
Zhang et al., 2009; Jiang et al., 2015; Gu et al., 2017; Zhang et al.,
2017). The Maowei Sea, located in the southern Guangxi Province is a
typical dense oyster (Crassostrea hongkongensis) seedling and maricul-
ture areas for bivalve in China. Due to the importance of oyster seedling
and mariculture for the local economy, the local government has no
stringent regulations on mariculture activities, which have affected
this coastal environment (Liao et al., 2018). Moreover, Maowei Sea is a
typical tropical bay where high industrialization, urbanization and in-
tense agriculture have simultaneously changed the marine ecological
environment in recent years (Gu et al., 2015; Yang et al., 2017a; Zhang
et al., 2019), which may result in complex SOM sources. However, lack
of standard methods to quantify the sources of SOM in mariculture
areas, especially in China, has been reported (Zhang et al., 2017). Never-
theless, there have been no previous studies to shed light on the dis-
criminatory contributions of SOM from shellfish mariculture,
terrestrial, marine sources in the study area, especially between the in-
tensive mariculture area (IMA) and non-intensive mariculture area
(NIMA), and between summer and winter seasons.

Study on the sources and composition of SOM may have important
implications in the Maowei Sea, which is under the influence of many
stressors including intense mariculture activities. Not only that it will
contribute to the understanding of carbon cycle, but it is also important
for the fact that SOM severs as sources of nutrient and energy in marine
environments (Pancost and Boot, 2004; Moyer et al., 2013; Dan et al.,
2019). The rationales for selecting the possible sources of SOM in the
Maowei Sea, a typical intensive mariculture bay are as follows. First,
Maowei Sea is relatively shallow. The flushing time is N40 days (Li
et al., 2014), which is partly caused by the baggy bathymetry, the nar-
row channel linking the sea with Qinzhou Bay and suspended oyster
rafts. Although partly dependent on the extent of post depositional pro-
cesses affecting the SOM, it is apparent that the amount of SOM from
terrestrial source in the seawould be relatively high due to lower biode-
gradability of terrestrial materials. Secondly, almost the entire Maowei
Sea surface is covered by shellfish mariculture in the northern and
southern regions. Because shellfish requires no additional feed and
only depend on nutrients, phytoplankton and zooplanktons, we pre-
sume that the suspended shellfish culture may locally enhance the
flux of OM to surface sediments through filter-feeding and subsequent
deposition of faeces and pseudofaeces by the cultured organisms,
whichmay account for SOM from shellfish mariculture. Thirdly, marine
diatoms are the dominant primary producers in the Maowei Sea (Luo
et al., 2019). Thus, even with the fact that planktons are the primary
source of food for shellfish, they may account for the SOM sequestered
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in theMaowei Sea, especially in less intensive mariculture areas. There-
fore, the sources of SOM in surface sediments of the Maowei Sea could
be divided into three bulk pools comprising of the terrestrial, marine
and shellfish biodeposition sources.

To bridge the gaps in our understanding of the influence of maricul-
ture activities and terrestrial inputs on biogenic elements cycling, the
objectives of this study were to 1) characterize the spatiotemporal var-
iations of biogenic elements and their relationship with bulk sediment
textural characteristics, 2) examine the distributions of stable isotopic
compositions, elemental ratios and their implications for tracing SOM
sources, 3) apply a three end-member mixing model to provide esti-
mates of SOM from terrestrial, marine and shellfish biodeposition
sources, and 4) evaluate seasonal variability of SOM signatures and
implications.

2. Materials and methods

2.1. Study area

The Maowei Sea, a semi-enclosed and shallow sea, covering an area
of ~135 km2, with a water depth range of 0.1–5 m, is situated at the
landward region of Qinzhou Bay, which connects to Beibu Gulf in the
northwestern part of South China Sea (Fig. 1) (Yang et al., 2019a;
Zhang et al., 2019). The mean annual rainfall in this region is
2140 mm of which 80–85% falls during the wet rainy season (May to
September). An irregular diurnal tide is dominant in this region, with
average tidal range of 2.5 m and maximum of 5.5 m (Meng et al.,
2016; Chen et al., 2018). The weaker water exchange with Beibu Gulf
is partly caused by the baggy geomorphology aswell as the narrow out-
let channel linking the Maowei Sea with Qinzhou Bay (Zhang et al.,
2019). The surface water circulation in the Maowei Sea is anti-
cyclonic, and the water current from Qinzhou Bay enters and exit
from the eastern and western coastal areas, respectively (Yang et al.,
2012). The Maowei Sea is also influenced by the major riverine inputs
of the Maolingjiang River and Qinjiang River that annually discharges
27.73 × 109 m3 freshwater with accompanied 8.64 × 104 tons of
suspended sediments supply into the sea (Wang et al., 2014a). Natural
mangrove reserve wetlands occupy an area of ~2784 hm2 along the
coastline of the Maowei Sea (Wang et al., 2017; Chen et al., 2018). Be-
cause of its unique ecological environment and resources of freshwater
and saltwater, the Maowei Sea has been used for mariculture for over
Fig. 1. Map of the Maowei Sea showing (a) the
50 years, and presently is the largest natural oyster spawning and
breeding area (~2340 hm2) in China (Gu et al., 2018; Yang et al.,
2019a). Generally, the floating raft culture of Crassostrea hongkongensis
represents unique mariculture modes that cover almost the whole sea
surface. The oyster is usually cultivated between May and October,
and harvested from November to April. In addition, the recovery period
after oyster spawning is from July to October.

2.2. Sampling collection

According to the hydrological characteristics and different environ-
mental functions in the Maowei Sea, surface sediment samples
(0–5 cm) were collected from 15 stations during high tide within one
day (Fig. 1) with a stainless-steel Peterson grab sampler (Volume: 3 L;
Opening area: 10 cm × 20 cm) in August (summer) and December
(winter) in 2016, respectively. Multiple samples were collected at
each station in order to have sufficient samples and representative
data for the research. Sampling stations 1–8 are located in the NIMA,
while stations 9–15 are located in the IMA. Between these areas, station
9, 10 and 15 are located at different estuaries. Because nearly all of the
SOM in coastalmarine systems are derived from the sinking particulates
from the water column, adequate amount of suspended particulate
matter was collected below the raft cultures in the IMA regions. After
collection, all samples were sealed in high-density polyethylene bags,
and immediately placed in an insulation can filled with ice cubes
(b4 °C), and were transported to the laboratory and stored frozen at
−20 °C until further analysis. The sediment grain size, total organic car-
bon (TOC), organic phosphorus (OP), biogenic silica (BSi), δ13C and δ15N
isotopes were measured in surface sediments for both summer and
winter seasons sampling campaign in the Maowei Sea. The δ13C and
δ15N values were also measured in the suspended sediment samples
collected from the IMA regions, and only the average data, which
were used for mariculture end-member are reported (Section 2.4
below).

2.3. Analytical methods

In the laboratory, surface sediment samples were freeze-dried and
pre-treatedwith 10%H2O2 to remove organicmatter for grain sizemea-
surement. The particles were further dispersedwith 0.05% (NaPO3)6 so-
lutions, and different grain sizes were measured with a laser particle
study location and (b) sampling stations.
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size analyzer (Mastersizer 3000; Malvern Instruments Ltd.,
Worcestershire, UK), capable of analyzing grain sizes ranging from
0.02 to 2000 μm (Yang et al., 2018b). The analytical precision was b2%,
and according to standard nomenclature, grain sizes were divided into
FGS (b63 μm, including clay and silt) and sand (N63 μm) (Folk et al.,
1970).

Aliquot freeze-dried sampleswere homogenized, ground and sieved
through 200 mesh screen. About 2 g of each sub-sample was treated
with 50 mL 1 M HCl for 24 h to remove inorganic carbon for the deter-
mination of TOC, while TN was measured in untreated sediment sam-
ples (Liu et al., 2015). Both the concentrations of TOC and TN were
detected using aVario EL-III CHNOSElemental Analyzer. Based on dupli-
cate measurements, the precision for the analysis of TOC was b6%, and
1.2% for TN (Yang et al., 2015a, 2017b). Measurements of δ13C and
δ15N isotopic values were carried out using the isotope ratio mass spec-
trometer (DELTAplus XL). The results were expressed in parts per thou-
sand (‰), calculated as follows:

δ ‰ð Þ ¼ Rsample−Rreference
� �

=Rreference � 1000

where δ (‰) denotes δ13C (‰) and δ15N (‰), while Rsample and Rreference
are the isotopic ratios of the sample and reference, respectively. The
δ13C was reported from the isotopic composition of the Pee Dee Belem-
nite (PDB) standard, while that of δ15N was atmospheric air standard
(δ15N = 0‰). The analytical precision was ±0.2‰ for δ13C and ±
0.4‰ for δ15N (n = 6), based on analytical duplicates.
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Fig. 2. Spatial distributions of FGS and sand fractions (unit: %
Exactly 0.2 g of sub sediment samples were extracted by applying
the combined wet alkaline leaching method of DeMaster (1981) and
Mortlock and Froelich (1989) for BSi analysis. The contents of BSi
were expressed as weight percent as opal with assumed water content
of approximately 10% (Liu et al., 2005; Dan et al., 2019), and the analyt-
ical precision was b2% based on duplicate analyses of the same sample
(Yang et al., 2015a). Organic phosphorus (OP) was calculated as the dif-
ference between measurements of 1 M HCl extractable P for 24 h prior
to and following the high temperature combustion of the sediments at
550 °C for 2 h (Aspila et al., 1976). The relative standard deviation was
b3% based on replicate analyses of the same sample (Yang et al., 2016).

2.4. Relative proportions of SOM in the Maowei Sea

The different source proportions of SOM were estimated based on
δ13C and δ15N three-end-member mixing model (Phillips, 2001; Dan
et al., 2019) as follows:

δ13Csample ¼ δ13Cter � f ter
� �

þ δ13Cmar � fmar

� �
þ δ13Cbio � f bio
� �

δ15Nsample ¼ δ15Nter � f ter
� �

þ δ15Nmar � fmar

� �
þ δ15Nbio � f bio
� �

f ter þ fmar þ f bio ¼ 1

where fter, fmar and fbio are the fractions for terrestrial, marine and shell-
fish biodeposition sources relative to the total SOM. It is noteworthy
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that isotopic fractionation may affect sources calculation. However, it
should be noted that almost all of the SOM are derived from the sinking
particulates from the water column. Although not reported in this
study, the average δ13C and δ15N of suspended particulate matter of
near bottom water samples below the raft cultures in IMA were
−20.5‰ and 6.5‰, respectively, and were used as end-members
representing shellfish biodeposition in this study. The δ13C and δ15N iso-
topic values representing terrestrial end-member were −27.1‰ and
2.3‰, respectively, while those for marine end-member were −23.1‰
and 4.2‰, respectively. These values are within the SOM end-member
range reported for terrestrial C3 plants and marine plankton in coastal
marine systems, and mariculture bays (Vizzini and Mazzola, 2006;
Carlier et al., 2009; Guerra et al., 2013; Lamb et al., 2006; Gao et al.,
2012; Zhao et al., 2019; Dan et al., 2019; Pan et al., 2019; Xia et al.,
2019). The variation of the mean value for each end-member was
b0.3‰ at almost all the investigated sites by randomly sampling each
parameter value 5 times, ensuring the stability of our calculation.

2.5. Statistical analysis and graphing

In this study, Pearson correlation analysis was used to discuss the re-
lationship between themeasured parameters, and the interaction effect
between seasons and mariculture activities on the measured variables
was analyzed using a 2-wayMANOVA. These programswere computed
using SPSS version 22.0 (SPSS Inc., IBM, Armonk NY, USA). The bi-plots
were created using Origin Pro 9 statistical software (OriginLab, USA),
while the maps were produced using Surfer 12.0 (Golden Software,
USA), and kriging method was used for creating contours.

3. Results and discussion

3.1. Sediment textural properties and biogenic elements

Sediment texture is among of the major factors influencing the geo-
chemical behavior of biogenic elements in sedimentary environments
(Badin et al., 2008; Martinez-Garcia et al., 2015). The distributions of
Table 1
Composition of sedimentary organic matter parameters and grain size in the Maowei Sea duri

Season Station Longitude (°E) Latitude (°N) TOC (%) TN (%) C

Summer 1 108.54 21.76 0.49 0.06
2 108.56 21.76 0.16 0.01 1
3 108.53 21.77 0.48 0.03 1
4 108.55 21.78 0.26 0.02 1
5 108.51 21.80 0.15 0.02
6 108.53 21.80 0.10 0.02
7 108.55 21.81 0.35 0.03 1
8 108.57 21.80 0.45 0.04 1
9 108.49 21.83 1.19 0.10 1
10 108.51 21.84 0.49 0.05 1
11 108.53 21.85 0.89 0.08 1
12 108.56 21.84 0.63 0.06 1
13 108.60 21.85 0.70 0.08 1
14 108.54 21.87 0.50 0.04 1
15 108.56 21.87 0.41 0.04 1

Winter 1 108.54 21.76 0.50 0.05 1
2 108.56 21.76 0.62 0.05 1
3 108.53 21.77 0.60 0.05 1
4 108.55 21.78 0.24 0.03
5 108.51 21.80 0.58 0.05 1
6 108.53 21.80 0.42 0.04 1
7 108.55 21.81 0.18 0.02 1
8 108.57 21.80 0.42 0.04 1
9 108.49 21.83 0.90 0.08 1
10 108.51 21.84 1.02 0.07 1
11 108.53 21.85 0.68 0.08
12 108.56 21.84 0.24 0.02 1
13 108.60 21.85 0.36 0.03 1
14 108.54 21.87 0.55 0.04 1
15 108.56 21.87 0.74 0.06 1
surface sediments textures in the Maowei Sea are shown in Fig. 2 (a-
d), and detailed information about the sediment properties in the inves-
tigated sites have been previously reported (Yang et al., 2019b). Gener-
ally, the average proportion of sand in surface sediments was 17.3%
higher in summer than in winter. Moreover, sediments in NIMA was
coarser (average sand ~74.1 ± 17.3%) than in IMA (average sand
~46.9 ± 21.7%) in summer, while in winter, the surface sediments in
NIMA were slightly finer (average FGS = ~58.6 ± 32.4%) than in IMA
(average FGS = ~52.9 ± 33.6%). The distributions of sediment grain
sizes appeared to be impacted by both seasons and mariculture activi-
ties. For example, previous studies have shown that N80% freshwater
from the rivers draining into theMaowei Sea is annually discharged be-
tween April and September, while the remaining 20% is discharged be-
tween October and March (Meng et al., 2016). Apparently, most of the
finer suspended particle, which eventually become deposited in sedi-
ments, can be delivered through riverine discharge. Additionally, the
biodeposits of faecal pellets and pseudofaeces from intense shellfish cul-
tures can increase the fine-grained texture of surface sediments (Franzo
et al., 2014), especially in winter where the riverine freshwater dis-
charge is low in the Maowei Sea. However, none of these factors had a
significant impact on the distributions of sediment grain sizes during
this study. This was supported by the 2-way MANOVA results which
showed that the textural composition of surface sediments in the inves-
tigated sites was not impacted by seasons (p= 0.114) and mariculture
(p=0.289) (Table 5). Nevertheless, the observed differences in the dis-
tributions of sediment grain sizes may be attributed to other factors in-
cluding hydrodynamic conditions in the Maowei Sea.

The contents of TOC ranged from 0.10% to 1.19% (average, 0.48 ±
0.29%) in summer (Table 1; Fig. 3a), and 0.18–1.02% (average, 0.54 ±
0.24%) in winter (Table 1; Fig. 3b). The TOC levels in the Maowei Sea
was within the range reported for other coastal marine systems used
for mariculture, such as the Zhelin Bay (Gu et al., 2017), Sanggou Bay
(Xia et al., 2019) and Ailian Bay (Pan et al., 2019), but higher than
those reported for systems with non-mariculture such as the Yellow
River estuary and adjacent shelf (Liu et al., 2015) and East China Sea
shelf in China (Zhou et al., 2018) (Table 2). The differences in the levels
ng summer and winter seasons.

/N δ13C (‰) δ15N (‰) BSi (%) Clay (%) Silt (%) Sand (%)

9.53 −24.81 3.29 0.48 26.5 32.8 40.7
8.67 −24.33 3.90 0.43 5.2 6.0 88.8
8.67 −26.69 2.88 0.29 13.6 15.5 70.9
5.17 −25.64 3.53 0.34 7.3 8.1 84.6
8.75 −25.95 3.16 0.32 5.3 9.9 84.8
5.83 −25.67 3.38 0.32 2.8 4.4 92.8
3.61 −24.84 3.59 0.56 16.2 21.2 62.6
3.13 −24.41 3.30 0.51 15.0 17.7 67.3
3.88 −26.86 3.95 0.50 34.0 50.1 15.9
1.43 −25.17 5.64 0.30 9.6 24.4 66.0
2.98 −25.28 5.67 0.90 31.0 38.2 30.8
2.25 −23.99 6.18 0.57 18.7 28.3 53.0
0.21 −23.01 5.13 0.82 30.7 41.2 28.1
4.58 −24.51 5.89 0.29 9.8 25.0 65.2
1.96 −24.56 6.26 0.40 9.8 20.8 69.4
1.67 −24.91 4.99 0.38 8.1 64.2 27.7
4.47 −24.28 4.02 0.40 7.9 52.2 39.9
4.00 −24.23 3.59 0.39 13.6 74.7 11.7
9.33 −24.58 9.23 0.25 1.4 10.6 88.0
3.53 −24.68 2.54 0.44 13.4 71.2 15.4
2.25 −24.73 5.12 0.27 9.7 65.3 25.0
0.50 −25.08 8.85 0.36 0.6 3.4 96.0
2.25 −24.59 3.45 0.32 15.4 56.9 27.7
3.13 −26.51 2.55 0.53 12.3 84.4 3.3
7.00 −25.54 3.07 0.25 5.4 57.3 37.3
9.92 −23.67 9.62 0.31 3.4 17.0 79.6
4.00 −25.63 9.82 0.25 0.4 3.5 96.1
4.00 −25.33 3.88 0.31 6.5 33.9 59.6
6.04 −25.28 3.65 0.30 9.8 50.2 40.0
4.39 −23.72 3.41 0.36 15.4 70.7 13.9
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of TOC between these bays are partly related to the type and intensity of
mariculture among other factors. As observed in this study, the average
TOC values in summer (0.69%) and winter (0.64%) seasons were higher
in IMA compared to NIMA with the average values in summer (0.31%)
and winter (0.45%). Although the seasonal variability in bulk TOC in
the study area was not statically significant (p=0.567), the differences
in the spatial distribution between IMA and NIMA was statistically sig-
nificant (p = 0.001) (Table 5). This indicates that the accumulation of
SOM may be impacted by oyster seedling and mariculture activities
(Andrews et al., 1998). Moreover, seawater temperature drops
gradually as the winter season sets in with gradual decline in biological
activity. The reduction in biological productivity can result in lower SOM
degradation rate, which favors the accumulation of OM in surface sedi-
ments and increase the content of TOC inwinter,whichwas higher than
that in summer, consistent with the reports in other study areas
(e.g., Zhou et al., 2018). Nevertheless, the distributional patterns of
TOC in summer was similar to the trend of progressive southward de-
cline of FGS (Fig. 3a), but in winter more TOC were found in the north-
western regions of the sea (Fig. 3b). Significant positive relationships
were found between TOC and FGS both in summer (r = 0.92,



Table 2
Bulk TOC, TN and BSi contents (%, rang (mean)) in surface sediments from worldwide estuaries and bays and Chinese coastal sea areas.

Location TOC (%) TN (%) BSi (%) Reference

Mariculture areas Maowei Sea, China 0.10–1.19 0.01–0.10 0.25–0.9 This study
Chesapeake Bay, USA 0.75–3.46 0.33–0.47 −2.8 Zimmerman and Canuel, 2000
Jiaozhou Bay, China 0.07–0.45 0.16–0.48 0.94–2.00 Dai et al., 2007; Wu et al., 2015
Pearl River Estuary, China 0.88–1.15 0.03–0.05 1.04–2.16 Qi et al., 2010; Wang et al., 2015
Zhelin Bay, South China Sea, China 0.15–0.75 0.022–0.151 1.83–2.98 Feng et al., 2011; Zhou et al., 2018
Ailian Bay, China 0.58–1.21 0.06–0.17 Na Pan et al., 2019
Sangou Bay, China 0.2–1.08 0.018–0.142 Na Xia et al., 2019

Non-mariculture areas East China Sea, China Na Na 0.2–0.9 Wang et al., 2014b
Yellow River estuary and adjacent shelf, China 0.08–0.91 0.01–0.11 0.1–1.1 Liu et al., 2015
East China Sea shelf, China 0.46–1.23 0.08–0.2 Na Gu et al., 2017
Cross River estuary system and adjacent shelf, Nigeria 0.47–5.28 0.08–0.33 0.09–0.74 Dan et al., 2019

Nameans not available.
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p b 0.001) and winter (r= 0.63, p b 0.001) seasons as shown in the re-
gression plot (Fig. 4a). This suggests that FGS is among the factors
influencing the distributions of TOC in the study area due to its charac-
teristic large surface area for organic matter adsorption (Gireeshkumar
et al., 2013; Kennedy et al., 2014; Sun et al., 2018).

The contents of TN ranged from 0.01% to 0.10% (average, 0.05 ±
0.03%) in summer. Although the mean TN (0.05 ± 0.02%) in winter
was similar to that in summer, the concentration range (0.02–0.08%)
was relatively narrow as with TOC (Table 1; Fig. 3c–d). Comparatively,
the range of TN in surface sediments of the study area is higher than
that reported for the Pearl River Estuary (Qi et al., 2010). On the other
hand, TN range in this studywas lower than that reported for the Zhelin
Bay (Gu et al., 2017), Ailian Bay (Pan et al., 2019) Jiaozhou Bay (Dai et al.,
2007) and Cross River estuary system and adjacent shelf (Dan et al.,
2019), but comparable to the values reported in the Sanggou Bay (Xia
et al., 2019), which are systems with and without mariculture practices
(Table 2). The distributions of TN were similar to the spatiotemporal
distribution patterns of TOC in both seasons (Fig. 3c–d). Moreover, the
spatial variation in the distributions of TOC and TN in summer andwin-
ter seasons was statistically significant (p b 0.001) (Fig. 4b), indicating
that they were derived from common source during the study period.
The intercepts of the bi-plot (Fig. 4b) in both seasons were near zero
(i.e., 0.004% in summer and 0.008% in winter), suggesting that TN may
be dominated by organic nitrogen (Goñi et al., 2003; Liu et al., 2015)
in surface sediments of the Maowei Sea. Specifically, approximately 8%
and 16% of the TN in summer andwinter represents inorganic nitrogen,
respectively. Subtracting these fractions from TN, the average content of
organic nitrogen would be 0.04% in both seasons, which is comparable
the average TN values in this study. Similar to TOC, the average TN
values in both summer (0.06%) andwinter (0.05%) seasonswere higher
in IMA compared to NIMA with average values in summer (0.03%) and
winter (0.04%). Although the seasonal variability in bulk TN in this study
was not also statically significant (p=0.858) aswith TOC, however, the
differences in the contents between IMA and NIMA was statistically
Fig. 4. Linear correlations between TOC and FGS (b63 μm) content and between TOC an
significant (p = 0.002) (Table 5), implying that the distribution of TN
in SOMmay be significantly impacted by the intensity ofmariculture ac-
tivities. Most intense oyster rafts are distributed around the
Maolingjiang River estuary regions where salinity condition is
favourable for oyster breeding and growth. The highest TOC and TN
were also found in this region. Therefore, the significant relationship be-
tween TOC and TN and the statistical significance in their spatial distri-
bution between IMA and NIMA during this study underlines the impact
of mariculture activities in the distribution of biogenic elements (Zhou
et al., 2006; Zhang et al., 2012) in the study area.

Concentrations of OP in surface sediments of the investigated sites
ranged from 1.79 μmol g−1 to 11.83 μmol g−1 in summer and 1.10
μmol g−1 to 11.26 μmol g−1 in winter. Detailed information about the
temporal and spatial variation characteristics of OP in the study area
were previously reported by Yang et al. (2019b). Dissolved silicate
(DSi) is a key macronutrient required plankton growth (e.g. diatoms)
and food web (Wang et al., 2014b; Ran et al., 2016). DSi is consumed
in the photic zone of the water column by diatoms to generate frustule,
which consists of amorphous hydrated silica described as BSi or opal
(Ragueneau et al., 2005). Thus, BSi in surface sediments can be used as
an indicator of the contributions of siliceous organisms, such as plank-
tonic diatoms, microphytobenthos and radiolarians that are closely cor-
related with primary productivity in the marine ecosystem (Liu et al.,
2015; Krause et al., 2011; Li et al., 2018). In this study, BSi contents
ranged from 0.29% to 0.90% (average, 0.47 ± 0.19%) in summer, and
0.25–0.53% (average, 0.34 ± 0.08%) in winter (Table 1). In general, the
contents of BSi in the study area were b 1% in both seasons (Fig. 3e–f;
Table 1). However, the range of BSi in surface sediments of the Maowei
Sea was higher than those reported for some non-mariculture systems
such as the Cross River estuary system and adjacent shelf (Dan et al.,
2019), Yellow River estuary and adjacent shelf (Liu et al., 2015) but
comparable to those of the East China Sea (Wang et al., 2014b), but
less than values reported for othermariculture bays such as Chesapeake
Bay (Zimmerman and Canuel, 2000), the Guishan Island in Pearl River
d TN in surface sediments of the Maowei Sea during summer and winter seasons.
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estuary (Wang et al., 2015), Jiaozhou Bay (Dai et al., 2007) and Zhelin
Bay, South China Sea (Zhou et al., 2018). Although the BSi values were
not reported for other systems as shown in Table 2, the differences in
the BSi contents between the study area and other cited mariculture
and non-mariculture bays may be dependent the level of primary pro-
ductivity in relation to nutrient bioavailability, feeding selectivity of
shellfish on diatom, sources of BSi, as well as deposition and dissolution
rates of diatom cells (Wang et al., 2014b; Lan et al., 2018; Dan et al.,
2019). Unlike TOC and TN, the contents of BSi appeared to be more im-
pacted by seasons (p = 0.016) other than mariculture activities (p =
0.282) (Table 5). The lack of significant spatial variation in the distribu-
tion between IMA and NIMAmay be related in part to the abundance of
diatoms in theMaowei Sea. Highest BSi valueswere found in the central
and eastern coastal area during summer (Fig. 3e), and in the western
coastal areas during winter (Fig. 3f), consistent with regions of high
TOC and TN contents (Fig. 3a–d), indicating significant contributions
to SOM from marine organisms.

Results of Pearson correlation analysis are shown in Table 3. Appar-
ently, there were significant positive correlations between TOC, TN, OP
and FGS both in summer and winter (Table 3). This indicates that the
spatial distribution of SOM in the investigated sites is partly related
with the distributions of fine-grained sediments, due to the large spe-
cific surface area for OM adsorption (Gao et al., 2012; Sanchez-Vidal
et al., 2012), especially for the adsorption of the finer composition of
shellfish faeces and pseudofaeces collectively referred to as biodeposits,
which are rich in OM (Zhang et al., 2009; Franzo et al., 2014). The rela-
tionships between BSi and TOC (r = 0.56, p b 0.05), TN (r = 0.65,
p b 0.01), OP (r = 0.70, p b 0.01) in summer, and OP (r = 0.76,
p b 0.001) inwinter were also positive and significant (Table 3), indicat-
ing the coupling between BSi production and cycling of SOM in the
study area during the study period (Dan et al., 2019), especially in sum-
mer. Moreover, there were significant positive correlations between BSi
and FGS in both seasons (Table 3), indicating that distributions of fine-
grained is among the factors responsible for the variations of BSi in
the study area (Ran et al., 2015).

3.2. Distribution and implication of δ13C, δ15N and elemental ratios

As reliable makers, the δ13C and δ15N isotopic compositions have
beenwidely used to trace the sources of SOM in coastalmarine environ-
ments (Lamb et al., 2006; Ramaswamy et al., 2008; Gao et al., 2012; Dan
et al., 2019). The δ13C values of terrestrial plants with C3 pathway
ranged from −33‰ to −24‰ (average, −27‰), and −16‰ to −9‰
(average, −13‰) for those with C4 pathway (Pancost and Boot,
2004). The δ13C values for sewage derived from human activities ranges
Table 3
Result of correlation analysis of geochemical parameters in surface sediments of the
Maowei Sea during summer and winter seasons.

FGS TOC TN OP BSi C/N δ13C

Summer FGS
TOC 0.93a

TN 0.97a 0.95a

OP 0.91a 0.90a 0.87a

BSi 0.70a 0.56b 0.65a 0.70a

C/N −0.05 0.12 −0.15 0.09 −0.09
δ13C 0.10 −0.10 0.06 −0.14 0.44 −0.13
δ15N 0.31 0.36 0.40 0.11 0.30 −0.05 0.49

Winter FGS
TOC 0.63b

TN 0.53b 0.91a

OP 0.82a 0.67a 0.64b

BSi 0.58b 0.37 0.43 0.76a

C/N 0.44 0.53b 0.16 0.30 0.01
δ13C 0.00 −0.07 0.09 −0.18 −0.15 −0.30
δ15N −0.90a −0.60b −0.38 −0.66a −0.49 −0.65a 0.16

a Correlation is significant at the 0.01 level (two-tailed).
b Correlation is significant at the 0.05 level (two-tailed).
from −28‰ to−23‰ (Andrews et al., 1998), −26‰ to−22‰ for soil
OM (Thorp et al., 1998; Xia et al., 2019), −24‰ to −17‰ for marine
phytoplankton (Bouillon et al., 2008), and −23‰ to−17‰ for marine
shellfish biodeposition (Xia et al., 2014; Pan et al., 2019). In this study,
no seasonal influence was found in the variability of average δ13C
(p = 0.617) isotopic values in the study area. Moreover, the changes
in the average δ13C between IMA and NIMA were not also statistically
significant (p = 0.925) (Table 5). However, the spatial distributional
patterns of δ13C values in surface sediments were different between
the summer and winter seasons, and between IMA and NIMA (Fig. 5a
and b). The δ13C ranged from −26.86‰ to −23.01‰ (average,
−25.05 ± 1.01‰) in summer, and −26.51‰ to −23.67‰ (average,
−24.85 ± 0.75‰) in winter (Table 1). While the δ13C increased gradu-
ally from the west coast to the east coast with elevated values near the
Qinjiang River estuary in summer (Fig. 5a), much depleted values were
found near the Maolingjiang River estuary in summer, which progres-
sively increased towards the NIMA outlet sites in winter, (Fig. 5b).
This suggests gradual decrease in the relative proportions of SOM
from terrestrial source from the estuarine regions with increase in the
proportions ofmarine sourced SOM in both seasons, respectively.More-
over, more positive δ13C isotopic values (average, −24.77 ± 1.20‰)
were found in IMA, while the average δ13C in NIMA was slightly de-
pleted (−25.29± 0.83‰), suggesting contributions to SOM from shell-
fish biodeposition as well as marine plankton sources in the study area.
Additionally, the relative positive δ13C values in the north-central and
southern sea areas may also likely due to elevated marine primary pro-
ductivity (Yang et al., 2015b).

Various nitrogen sources have distinct δ15N values. For example, the
δ15N values of SOM frommarine phytoplankton ranges from4‰ to 10‰
with average values in the range of 5–7‰ (Brandes and Devol, 2002;
Lamb et al., 2006), while the average δ15N for SOM from shellfish
biodeposition is approximately 5.12 ± 0.20‰ (Pan et al., 2019). The
SOM from terrestrial source has relatively wide δ15N values (range,
−10‰ to 10‰), but lower average (~2‰) (Gao et al., 2012), and that
of soil OM ranges from 6‰ to 16% (Liu et al., 2009). Unlike the SOM
from natural sources, the anthropogenic SOM is isotopically rich in
heavy nitrogenous constituents (Cole et al., 2004; Bãnaru et al., 2007).
For example, the nitrate delivered from anthropogenic sewage and ag-
ricultural runoff is enriched in δ15N with isotopic values ranging from
10‰ to 25‰ (Kendall, 1998; Dan et al., 2019). In this study, the δ15N iso-
topic values in SOM ranged from 2.88‰ to 6.26‰ (average, 4.38 ±
1.25‰) in summer, and 2.54‰ to 9.82‰ (average, 5.18 ± 2.72‰) in
winter (Table 1). In summer, the δ15N values decreased gradually
from the northern IMA regions to the southern NIMA regions (Fig. 5c),
whereas relatively high δ15N values were observed in the central areas
with lower values around the coastal areas in winter (Fig. 5d). In sum-
mer, the δ15N values in the estuarine areas, especially around the
Qinjiang River estuary region in IMA were relatively lower than values
reported for sewage (Kendall, 1998, and references therein), but com-
parable to the mean δ15N of marine phytoplankton and shellfish
biodeposition reported in the literature (Brandes and Devol, 2002;
Lamb et al., 2006; Pan et al., 2019), indicating that SOM around this es-
tuary region is likely derived from marine and shellfish biodeposition
sources, with limited influence from sewage. Despite the differences
in the spatial distributions, both the seasons (p = 0.338), and maricul-
ture activities (p = 0.177) did not statistically influence the average
δ15N isotopic values in the study area (Table 5). However, the δ15N
values in NIMA were within the range of 3–3.6‰ (Fig. 5c) in winter.
These values were lower than the typical δ15N values (5–7‰) for SOM
derived from marine plankton, which feed on ammonium and nitrate,
suggesting some contributions from nitrogen-fixing phytoplankton
(Liao et al., 2018). As earlier mentioned, the average δ15N values for
SOM from terrestrial sources are generally low, while SOM derived
from marine sources is generally characterized by relatively higher
δ15N values. The lower δ15N values along the coastal area in winter
were within the range reported terrestrial derived SOM, suggesting
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Fig. 5. Spatial distributions of stable δ13C and δ15N isotopes (unit: ‰) in surface sediments of the Maowei Sea during summer and winter seasons.
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that the coastal areasmay likely received elevated amount of SOM from
terrestrial source in winter. However, the elevated δ15N values in the
central regions, which cut cross the IMA and NIMA reveals proportional
input of SOM from both shellfish biodeposition and marine plankton
sources during the winter season (Fig. 5d). Moreover, the average
δ15N was 4.38‰ in summer and 5.18‰ in winter, which may suggest
possible nitrogen fractionation because of the decomposition of SOM.
For example, isotopically enriched nitrogen can be produced in particu-
late OM through remineralization during nitrogen cycling in the bottom
water (Wu et al., 2003), and most of the particulate OM can be depos-
ited in surface sediments.

The C/N ratios can often be used as a potential proxy for
distinguishing SOM from marine autogenic and terrestrial sources,
which generally ranges from 4 to 9 and N12, respectively (Meyers,
1994; Graham et al., 2001). The C/Nmolar ratios of marine phytoplank-
ton enriched with protein are reported in the range of 4–10 with aver-
ages between 5 and 7 (Goñi et al., 2013; Krishna et al., 2015), while
the average C/N ratio of eucalyptus vascular plant distributed around
the northern Beibu Gulf is ~36 (Kaiser et al., 2014), and that of soil mi-
crobes ranged from 5 to 15 (Hedges and Oades, 1997). The range of
TOC/TN (C/N) ratios in this study was 5.83 to 18.67 (average, 12.71 ±
3.43) in summer, and 9.33–17.00 (average, 13.10 ± 2.15) in winter
(Table 1), and were similar to those in Ailian Bay, which is also largely
influenced by shellfish mariculture activities (Pan et al., 2019). Similar
to the δ13C and δ15N isotopic compositions, the average C/N ratios in
this studywas not affected by both seasons (p=0.664) andmariculture
activities (p = 0.522) during the study period (Table 5). Although the
mean C/N ratios in both seasons were somewhat comparable, the spa-
tial distributions were relatively different in the Maowei Sea during
the summer and winter seasons. Elevated C/N ratios were found both
in the northern IMA regions and at the NIMA outlet stations in summer,
but was relatively high in the northern IMA areas with a gradual de-
creasing trend towards the outlet NIMA regions in winter (Fig. 6a and
b). In summer, the low C/N ratios (b12) in the Qinjiang River estuary
along IMA (Fig. 6a) indicate negligible influence from sewage effluents.
The urbanization centers are located in the upstream regions and the
depositions of pollutants from this river were likely reduced by tidal di-
lution. The average C/N ratio in surface sediments from this river was
previously reported as 14.1, which showed limited influence from sew-
age effluents (Meng et al., 2016). Elevated C/N ratios (average, 37.4)
were also previously reported in the outlet stations of NIMA (Meng
et al., 2016), located near the Maowei Sea Mangrove Reserve (Fig. 6a).
The elevated C/N ratios around the sites in implied that OM in surface
sediments of the southernmost regions is potentially derived fromman-
grove vegetation.

Elemental ratios can indicate nutrient enrichment conditions in ma-
rine environments (Ruiz-Fernández et al., 2002). In summer, the molar
TN/OP, BSi/TN and BSi/OP ratios ranged from 3 to 12 (average, 7), 3–22
(average, 7) and 15–72 (average, 41) respectively, and also ranged 5–21
(average, 9), 2–9 (average, 4) and 17–117 (average, 36), respectively in
winter. Obviously, the average BSi/TN and BSi/OP ratios in both seasons
were generally higher than the typical Redfield ratio (N:P:Si = 16:1:16,
Redfield et al., 1963), while themolar TN/OP ratios were lower than the
Redfield ratio, suggesting that the Maowei Sea surface sediments are
enriched with Si and P (Yang et al., 2015a). Moreover, the average
TOC and OP were 0.48% and 4.89 μmol g−1 in summer, and 0.54% and
4.47 μmol g−1 in winter (Yang et al., 2019b), respectively. On the pre-
mise of zero intercept (Fig. 4b), TN could be used to replace the content
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of organic nitrogen (ON). However, ~8% and 16% of the TN in summer
and winter represents inorganic nitrogen (IN), respectively. If these
fractions of IN are subtracted from the TN, the average contents of ON
were 0.04% in both seasons. If these values are converted into the
same unit, the atomic ratios for TOC, ON, and OP will be 82:6:1 in sum-
mer and 101:6:1 in winter, respectively. These ratios are different from
the Redfield ratio (C:N:P = 106:16:1, Redfield et al., 1963), indicating
that the decomposition of OM in surface sediments of the mariculture
bay could supply more P during summer and winter for the growth of
marine phytoplankton in the overlying water.
Table 4
Summary of the contributions (%) of different SOM sources in the Maowei Sea during summer

Station Summer

Terrestrial Shellfish
biodeposition

Mar
plan

1 41.7 25.3 33.0
2 44.6 25.6 29.8
3 69.5 12.3 18.2
4 50.8 28.5 20.7
5 59.4 18.6 22.0
6 47.5 21.4 31.1
7 47.0 24.6 28.4
8 46.2 29.2 24.6
9 68.2 8.3 23.5
10 21.5 30.8 47.8
11 47.8 24.1 28.0
12 39.1 43.9 17.0
13 32.7 46.5 20.8
14 38.7 39.9 21.4
15 11.0 44.5 44.4
Average ± SD 44.4 28.2 27.4

15.4 11.4 9.0

Table 5
Summary of a 2-Way MANOVA results for the Maowei Sea during summer and winter season

Variables Mean square

IF1 IF2 IF3

FGS 1964.091 859.573 2012.829
TOC 0.017 0.625 0.064
TN 0.00001167 0.004 0.001
BSi 0.131 0.024 0.045
δ13C 0.202 0.007 1.815
δ15N 3.960 8.012 9.313
C/N 1.610 3.496 9.607
Terrestrial% 117.132 59.664 905.228
Shellfish biodeposition% 483.751 177.515 263.150
Marine Plankton% 124.369 32.010 192.783

Notes: IF1, IF2, and IF3 represents different influencing factors of seasonal, mariculture activity
3.3. Fractional contributions of SOM in theMaowei Sea estimated from δ13C
and δ15N-based three-end-member mixing model

The δ13C and δ15N three-end-member mixing model results re-
vealed that the surface sediments in the Maowei Sea are enriched
with SOM from terrestrial source both seasons, which accounted for
11.0–69.5% (average, 44.4 ± 15.4%) in summer and 28.5–73.5% (aver-
age, 47.6± 12.4%) inwinter of SOM (Table 4). The dominance of terres-
trial SOM in this sea may result from the fact that OM from terrestrial
sources may be less susceptible to biodegradation (Anderson et al.,
and winter seasons.

Winter

ine
kton

Terrestrial Shellfish
biodeposition

Marine
plankton

55.2 13.6 16.8
37.4 30.5 22.1
34.9 28.5 25.4
42.4 20.6 25.5
28.5 14.1 27.2
53.2 19.6 28.3
52.0 25.9 31.2
46.7 15.8 31.3
73.5 9.7 32.1
56.1 12.6 33.6
29.5 36.8 35.0
60.2 14.4 36.6
56.6 15.0 37.0
49.0 25.5 37.5
38.9 26.1 57.4
47.6 20.6 31.8
12.4 7.9 9.2

s.

F-value P-value

IF1 IF2 IF3 IF1 IF2 IF3

2.681 1.173 2.747 0.114 0.289 0.109
0.336 12.647 1.303 0.567 0.001 0.264
0.033 12.288 2.637 0.858 0.002 0.116
6.692 1.206 2.290 0.016 0.282 0.915
0.256 0.009 2.305 0.617 0.925 0.141
0.954 1.930 2.244 0.338 0.177 0.146
0.193 0.420 1.155 0.664 0.522 0.292
0.673 0.343 5.198 0.420 0.563 0.031
5.574 2.045 3.032 0.026 0.165 0.093
1.549 0.399 2.401 0.224 0.533 0.133

, and the interaction effect between seasonal and marineculture activity, respectively.



11C. Xu et al. / Science of the Total Environment 730 (2020) 139056
2001) than those from marine or shellfish culture sources, and for the
fact that much of the terrestrial SOM may have been supplied to the
Maowei Sea through runoff. Nevertheless, the 2-way MANOVA results
revealed that the contents of SOM from terrestrial source was signifi-
cantly impacted by the interaction of the seasons andmariculture activ-
ities (p=0.031) (Table 5). The seasonal effectmay have been related in
part to seasons of high riverine input, especially in summer and on the
biodegradability of SOM, whichmay be low inwinter. Generally, terres-
trial SOM was low in the northern (IMA) regions, but gradually in-
creased towards the southern (NIMA) regions of the Maowei Sea in
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Fig. 7. Spatial distributions in the relative proportions of SOM from terrestrial, marine, and shellfi
surface sediments of the Maowei Sea during summer and winter seasons.
summer (Fig. 7a). In winter, elevated depositions were found along
the coastal areas, especially at the outlet stations of both the Qingjiang
River and Maolingjian River with minor deposition in the north-
central and southern regions in winter (Fig. 7b), and may have resulted
from changes in river discharge between season.

The contributions of SOM from shellfish culturewere higher in sum-
mer ranging from 8.3% to 46.5%with an average of 28.2 ± 11.4% than in
winter where the proportions were 9.7–36.8% with an average of
20.6 ± 7.9% (Table 4). The results of 2-way MANOVA revealed that
the SOM from shellfish culture were significantly impacted by seasons
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(p = 0.026) (Table 5). The summer sampling month was within the
spawning months of Crassostrea hongkongensis. Besides the influence
of rainfall and primary productivity on the particulate transport to sed-
iments, it is expected that more mature Crassostrea hongkongensis
would produce considerable amount of excrements, and since because
the Maowei Sea is relatively shallow, the biodeposition would eventu-
ally become incorporated in surface sediments resulting in elevated
shellfish biodeposition relative to SOM from marine plankton. On the
other hand, lower proportions of SOM from shellfish culture would
also be expected during the winter sampling month whereby shellfish
are harvested, suggesting possible increase in the proportions of SOM
frommarine phytoplankton as found in this study. The spatial distribu-
tions of SOM from shellfish culture were almost completely opposite to
terrestrial source SOM in summer and winter (Fig. 7a–d). In generally,
the SOM from shellfish culture was elevated at the northern (IMA) re-
gions in summer (Fig. 7c), but lower in the southern (NIMA) regions.
In winter, it decreased from the central regions towards the coastal
areas with more depositions in the northern (IMA) regions than in the
southern (NIMA) regions (Fig. 7d). This shows that the mixing of fresh-
water with saltwater in the northern (IMA) regions is quite suitable for
oyster growth, and thus corroborates well the shellfish biodeposition
patterns.

The summer SOM contributions frommarine plankton ranged from
17.0% to 47.8%with an average of 27.4± 9.0%, and were lower than the
contributions from terrestrial sources aswell as those from shellfish cul-
ture, but in winter, it ranged from 16.8% to 57.4% with an average of
31.8 ± 9.2% (Table 4), exceeding those from shellfish culture discussed
in the preceding paragraph. The 2-wayMANOVA revealed that the SOM
frommarine plankton was neither affected by seasons (p= 0.224) nor
mariculture activities (p=0.533) (Table 5). However, the distributions
of SOM from marine plankton were somewhat patchy (Fig. 7e and f).
The elevated depositions at the outlets stations of both the Qinjiang
River and Maolingjina River in summer (Fig. 7e) partly reflects the eu-
trophic conditions due to elevated phytoplankton production resulting
from the influx of the riverine nutrients (Hu et al., 2006; Zhang et al.,
2019). In winter, more accumulation of SOM from marine plankton
was found in the southern (NIMA) regions (Fig. 7f). The winter season
is the period of reduced freshwater input; therefore, marine plankton
may depend on nutrients brought in through the Qinzhou Bay by
tides, which may result in the production and accumulation in the
southern regions. Shellfish culture activities may significantly influence
the cycling of biogenic elements and SOM in theMaowei Sea, especially
as there were differences in the dominance of SOM from shellfish
biodeposition and marine phytoplankton in both summer and winter
seasons. However, the overall data during this study revealed that
SOM from terrestrial sources was the highest and averagely accounted
for 46.0 ± 13.9%, followed by 29.6 ± 9.2%, for marine plankton, and
the least (24.4 ± 10.4%) from shellfish biodeposition; the contents
changed locally between NIMA and IMA (Table 5). It is worth mention-
ing that SOM contributions from shellfish biodeposition averagely
accounted for 27.0 ± 11.8% in IMA and higher than that in NIMA
which was 22.2 ± 6.1% (Table 5). This reveals that the main source of
SOM in the Maowei Sea, a typical intense mariculture bay is not exclu-
sively related to the functions or usefulness this marine system as re-
ported for other mariculture bays such as the Sanggou Bay in China
(Xia et al., 2019) where mariculture was the main sources of SOM.

4. Conclusion

Knowledge of the sources and composition of SOM in coastal marine
systems contributes to the understanding of global carbon cycle, and
important for the fact that SOM act as sources of nutrient and energy
in marine environments. The temporal and spatial pattern of TOC, TN,
OP, and BSi contents, δ13C and δ15N isotopic signatures, and sediment
grain sizes were studied in the Maowei Sea, a typical mariculture bay
in Southwest China. The spatial distributions of biogenic elements
were influenced by the sources of SOM in relation to interactions be-
tween seasons andmariculture activities, sediment textural characteris-
tic and hydrodynamic conditions in the study area. The atomic ratios of
biogenic elements suggested that surface sedimentswere enrichedwith
BSi and OP in summer and winter seasons. The range of δ13C and δ15N
isotopes, and elemental C/N ratios showed that SOM was derived from
mixed sources comprising of terrestrial, marine and shellfish
biodeposition in summer and winter. The three-end-member mixing
model using the δ13C and δ15N isotopic values revealed that SOM was
dominantly derived from terrestrial sources. Although significantly im-
pacted by seasons, the proportions of SOM from shellfish mariculture
were elevated in the intensive mariculture areas, which highlight that
mariculture can significantly influence the cycling of carbon in coastal
ecosystems. Besides, the overall dominance of SOM from terrestrial
and marine sources underlines that the sources of SOM in an intensive
mariculture bay does not exclusively relate to the intensity of maricul-
ture activities. It is important to that the conclusions from this study
are based on intensive mariculture vs non-intensive mariculture areas
but their locations are not randomly distributed, and mariculture sta-
tions are also closer to the estuaries and further to open sea, which
may hinder confounding factors between estuarine influence andmari-
culture. Therefore, future monitoring of mariculture sediments to eval-
uate the influence and risk of shellfish culture on the benthic marine
environments is encouraged.
CRediT authorship contribution statement

Cheng Xu: Writing - original draft, Writing - review & editing. Bin
Yang: Methodology, Writing - review & editing. Solomon Felix Dan:
Writing - review& editing.Dong Zhang: Investigation.Riquan Liao: In-
vestigation. Dongliang Lu: Investigation. Ruihuan Li: Formal analysis.
Zhiming Ning: Formal analysis. Shiqiu Peng: Formal analysis.
Declaration of competing interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Acknowledgement

We sincerely thank our colleagues from themarine biogeochemistry
laboratory and the Oceanic Administration of Qinzhou for their help in
field sampling. This work was supported by grants from the National
Natural Science Foundation of China (Nos. 41706083 and 41966002),
the Guangxi Natural Science Foundation, China (Nos.
2017GXNSFBA198135, 2018GXNSFDA281025 and
2018GXNSFAA281295), the Guangxi “Marine Ecological Environment”
Academician Workstation Capacity Building (No. Gui Science
AD17129046), the Opening Project of Guangxi Laboratory on the Study
of Coral Reefs in the South China Sea (No. GXLSCRSCS2018002), the
Guangxi Key Laboratory of Beibu Gulf Marine Biodiversity Conservation
(No. 2017KA03) and the Distinguished Experts Programme of Guangxi
Province.

References

Alongi, D.M., McKinnon, A.D., Brinkman, R., Trott, L.A., Undu, M.C., 2009. The fate of or-
ganic matter derived from small-scale fish cage aquaculture in coastal waters of Su-
lawesi and Sumatra, Indonesia. Aquaculture 295, 60–75.

Anderson, L.D., Delaney, M.L., Faul, K.L., 2001. Carbon to phosphorus ratios in sediments:
implications for nutrient cycling. Glob. Biogeochem. Cycles 15, 65–79.

Andrews, J.E., Greenaway, A.M., Dennis, P.F., 1998. Combined carbon isotope and C/N ra-
tios as indicators of source and fate of organic matter in a poorly flushed, tropical es-
tuary: Hunts Bay, Kingston Harbour, Jamaica. Estuar. Coast. Shelf Sci. 46, 743–756.

Aspila, K.I., Agemian, H., Chau, A.S.Y., 1976. A semi-automated method for the determina-
tion of inorganic, organic and total phosphate in sediments. Analyst 101, 187–197.

http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0005
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0005
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0005
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0010
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0010
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0015
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0015
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0015
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0020
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0020


13C. Xu et al. / Science of the Total Environment 730 (2020) 139056
Badin, A.L., Faure, P., Bedell, J.P., Delolme, C., 2008. Distribution of organic pollutants and
natural organic matter in urban stormwater sediments as a function of grain size. Sci.
Total Environ. 403, 178–187.

Bãnaru, D., Harmelin-Vivien, M., Gomoiu, M.T., Onciu, T.M., 2007. Influence of the Danube
River inputs on C and N stable isotope ratios of the Romanian coastal waters and sed-
iment (Black Sea). Mar. Pollut. Bull. 54, 1385–1394.

Bauer, J.E., Cai, W.J., Raymond, P.A., Bianchi, T.S., Hopkinson, C.S., Regnier, P.A.G., 2013. The
changing carbon cycle of the coastal ocean. Nature 504, 61–70.

Bianchi, T.S., Allison, M.A., 2009. Large-river delta-front estuaries as natural “recorders” of
global environmental change. Proc. Natl. Acad. Sci. U. S. A. 106, 8085–8092.

Bouillon, S., Connolly, R.M., Lee, S.Y., 2008. Organic matter exchange and cycling in
mangrove ecosystems: recent insights from stable isotope studies. J. Sea Res.
59, 44–58.

Brandes, J.A., Devol, A.H., 2002. A global marine-fixed nitrogen isotopic budget: implica-
tions for Holocene nitrogen cycling. Glob. Biogeochem. Cycles 16, 1120. https://doi.
org/10.1029/2001GB001856.

Cai, Y., Guo, L., Wang, X., Aiken, G., 2015. Abundance, stable isotopic composition, and ex-
port fluxes of DOC, POC, and DIC from the Lower Mississippi River during 2006
−2008. J. Geophys. Res. Biogeosci. https://doi.org/10.1002/=2015JG003139.

Carlier, A., Riera, P., Amouroux, J.M., Bodiou, J.Y., Desmalades, M., Grémare, A., 2009. Spa-
tial heterogeneity in the food web of a heavily modified Mediterranean coastal la-
goon: stable isotope evidence. Aquat. Biol. 5, 167–179.

Chen, X., Lao, Y., Wang, J., Du, J., Liang, M., Yang, B., 2018. Submarine groundwater-borne
nutrients in a tropical bay (Maowei Sea, China) and their impacts on the oyster aqua-
culture. Geochem. Geophy. Geosy. 19, 932–951.

Cole, M.L., Valiela, I., Kroeger, K.D., Tomasky, G.L., Cebrian, J., Wigand, C., Carvalho da Silva,
M.H., 2004. Assessment of a δ15N isotopic method to indicate anthropogenic eutro-
phication in aquatic ecosystems. J. Environ. Qual. 33, 124–132.

Dai, J., Song, J., Li, X., Yuan, H., Li, N., Zheng, G., 2007. Environmental changes reflected by
sedimentary geochemistry in recent hundred years of Jiaozhou Bay, North China. En-
viron. Pollut. 145, 656–667.

Dan, S.F., Liu, S.M., Yang, B., Udoh, E.C., Umoh, U., Ewa-Oboho, I., 2019. Geochemical dis-
crimination of bulk organic matter in surface sediments of the Cross River estuary
system and adjacent shelf, South East Nigeria (West Africa). Sci. Total Environ. 678,
351–368.

DeMaster, D.J., 1981. The supply and accumulation of silica in the marine environment.
Geochim. Cosmochim. Acta 45, 1715–1732.

Dickens, A.F., Gélinas, Y., Masiello, C.A., Wakeham, S., Hedges, J.I., 2004. Reburial of fossil
organic carbon in marine sediments. Nature 427, 336–339.

Feng, J., Wang, Z.H., Gu, Y.G., Zhang, K., 2011. The distribution of biogenic elements in sur-
face sediments from aquacultural areas of Zhelin Bay. Journal of Jinan university 32,
69–73 (in Chinese).

Folk, R.L., Andrews, P.B., Lewis, D., 1970. Detrital sedimentary rock classification and no-
menclature for use in New Zealand. New Zeal. J. Geol. Geop. 13, 937–968.

Franzo, A., Cibic, T., Del Negro, P.D., Solidoro, C., 2014. Microphytobenthic response to
mussel farm biodeposition in coastal sediments of the northern Adriatic Sea. Mar.
Pollut. Bull. 79, 379–388.

Gao, X., Yang, Y., Wang, C., 2012. Geochemistry of organic carbon and nitrogen in surface
sediments of coastal Bohai Bay inferred from their ratios and stable isotopic signa-
tures. Mar. Pollut. Bull. 64, 1148–1155.

Gireeshkumar, T.R., Deepulal, P.M., Chandramohanakumar, N., 2013. Distribution and
sources of sedimentary organic matter in a tropical estuary, south west coast of
India (Cochin estuary): a baseline study. Mar. Pollut. Bull. 66, 239–245.

Goñi, M.A., Teixeira, M.J., Perkey, D.W., 2003. Sources and distribution of organic matter in
a river-dominated estuary (Winyah Bay, SC, USA). Estuar. Coast. Shelf Sci. 57,
1023–1048.

Goñi, M.A., O'Connor, A.E., Kuzyk, Z.Z., Yunker, M.B., Gobeil, C., Macdonald, R.W., 2013.
Distribution and sources of organic matter in surface marine sediments across the
north American Arctic margin. J. Geophys. Res. Oceans. 118, 4017–4035.

Graham,M.C., Eaves, M.A., Farmer, J.G., Dobson, J., Fallick, A.E., 2001. A study of carbon and
nitrogen stable isotope and elemental ratios as potential indicators of source and fate
of organic matter in sediments of the Forth Estuary, Scotland. Estuar. Coast. Shelf Sci.
52, 375–380.

Gu, Y.G., Lin, Q., Yu, Z.L., Wang, X.N., Ke, C.L., Ning, J.J., 2015. Speciation and risk of
heavy metals in sediments and human health implications of heavy metals in ed-
ible nekton in Beibu Gulf, China: a case study of Qinzhou Bay. Mar. Pollut. Bull.
101, 852–859.

Gu, Y.G., Ouyang, J., Ning, J.J., Wang, Z.H., 2017. Distribution and sources of organic carbon,
nitrogen and their isotopes in surface sediments from the largest mariculture zone of
the eastern Guangdong coast, South China. Mar. Pollut. Bull. 120, 286–291.

Gu, Y.G., Huang, H.H., Liu, Y., Gong, X.Y., Liao, X.L., 2018. Non-metric multidimensional
scaling and human risks of heavy metal concentrations in wild marine organisms
from the Maowei Sea, the Beibu Gulf, South China Sea. Environ. Toxicol. Phar. 59,
119–124.

Guerra, R., Pistocchi, R., Vanucci, S., 2013. Dynamics and sources of organic carbon in
suspended particulate matter and sediments in Pialassa Baiona lagoon (NW Adriatic
Sea, Italy). Estuar. Coast. Shelf Sci. 135, 24–32.

Guo, L., Macdonald, R.W., 2006. Source and transport of terrigenous organic matter in the
upper Yukon River: evidence from isotope (δ13C, Δ14C, and δ15N) composition of dis-
solved, colloidal, and particulate phases. Glob. Biogeochem. Cycles 20, GB2011.
https://doi.org/10.1029/2005GB002593.

Hedges, J.I., Oades, J.M., 1997. Comparative organic geochemistries of soils and marine
sediments. Org. Geochem. 27, 319–361.

Holmer, M., Wildish, D., Hargrave, B., 2005. Organic enrichment frommarine finfish aqua-
culture and effects on sediment biogeochemical processes. Environ. Eff. Mar. Finfish
Aquac, pp. 181–206.
Hu, J., Peng, P.A., Jia, G., Mai, B., Zhang, G., 2006. Distribution and sources of organic car-
bon, nitrogen and their isotopes in sediments of the subtropical Pearl River estuary
and adjacent shelf, Southern China. Mar. Chem. 98, 274–285.

Hu, L.F., Zhuang, Y.J., Zhang, J.B., Zhang, C.X., Sun, S.L., 2013. The assessment on the con-
tents of the heavy metals in the oysters from Zhanjiang Bay. Mar. Environ. Sci. 32,
529–532 (in Chinese).

Jiang, Z., Li, J., Qiao, X., Wang, G., Bian, D., Jiang, X., Liu, Y., Huang, D., Wang, W., Fang, J.,
2015. The budget of dissolved inorganic carbon in the shellfish and seaweed inte-
gratedmariculture area of Sanggou Bay, Shandong, China. Aquaculture 446, 167–174.

Kaiser, D., Unger, D., Qiu, G., 2014. Particulate organic matter dynamics in coastal systems
of the northern Beibu Gulf. Cont. Shelf Res. 82, 99–118.

Kendall, C., 1998. Tracing nitrogen sources and cycling in catchments. In: Kendall, C.,
McDonnell, J.J. (Eds.), Isotope Tracers in Catchment Hydrology. Elsevier Science,
Amsterdam, pp. 519–576.

Kennedy, M.J., Löhr, S.C., Fraser, S.A., Baruch, E.T., 2014. Direct evidence for organic carbon
preservation as clay-organic nanocomposites in a Devonian black shale; from deposi-
tion to diagenesis. Earth Planet. Sci. Lett. 388, 59–70.

Krause, J.W., Nelson, D.M., Brzezinski, M.A., 2011. Biogenic silica production and the dia-
tom contribution to primary production and nitrate uptake in the eastern equatorial
Pacific Ocean. Deep Sea Res. Part II: Top. Stud. Oceanogr. 58, 434–448.

Krishna, M.S., Naidu, S.A., Subbaiah, Ch.V., Gawade, L., Sarma, V.V.S.S., Reddy, N.P.C., 2015.
Sources, distribution and preservation of organic matter in a tropical estuary (Goda-
vari, India). Estuar. Coasts 38, 1032–1047.

Kubo, A., Kanda, J., 2017. Seasonal variations and sources of sedimentary organic carbon
in Tokyo Bay. Mar. Pollut. Bull. 114, 637–643.

Lamb, A.L., Wilson, G.P., Leng, M.J., 2006. A review of coastal palaeoclimate and relative
sea–level reconstructions using δ13C and C/N ratios in organic material. Earth-Sci-
ence. Rev. 75, 29–57.

Lan, W.L., Fu, J.X., Yang, B., Li, T.S., Fan, H.Q., Li, Q.Z., Huang, L.F., 2018. Study on feeding se-
lectivity of Crassostrea hongkongensis feeding on three different phytoplankton.
Haiyang Xuebao 40, 79–88 (in Chinese).

Lehmann, M.F., Bernasconi, S.M., Barbieri, A., McKenzie, J.A., 2002. Preservation of organic
matter and alteration of its carbon and nitrogen isotope composition during simu-
lated and in situ early sedimentary diagenesis. Geochim. Cosmochim. Acta 66,
3573–3584.

Li, Y.C., Dong, D.X., Xu, M.B., Ya, H.Z., 2014. A numerical simulation of residence time in
typical gulf substances in Guangxi. Journal of Guangdong Ocena University 34,
65–70 (in Chinese).

Li, Y., Wang, L., Fan, D., Chen, M., Lin, Y., 2018. Distribution of biogenic silica in seafloor
sediments on the East China Sea inner shelf: seasonal variations and typhoon impact.
Estuar. Coast. Shelf Sci. 212, 353–364.

Liao, W., Hu, J., Zhou, H., Hu, J., Peng, P.A., Deng, W., 2018. Sources and distribution of sed-
imentary organic matter in the Beibu Gulf, China: application of multiple proxies.
Mar. Chem. 206, 74–83.

Liu, S.M., Zhang, J., Li, R.X., 2005. Ecological significance of biogenic silica in the East China
Sea. Mar. Ecol. Prog. Ser. 290, 15–26.

Liu, L., Song, C., Yan, Z., Li, F., 2009. Characterizing the release of different composition of
dissolved organic matter in soil under acid rain leaching using three-dimensional
excitation–emission matrix spectroscopy. Chemosphere 77, 15–21.

Liu, D., Li, X., Emeis, K.C., Wang, Y., Richard, P., 2015. Distribution and sources of organic
matter in surface sediments of Bohai Sea near the Yellow River Estuary, China. Estuar.
Coast. Shelf Sci. 165, 128–136.

Luo, X., Lan,W.L., Li, T.S., Li, M.M., 2019. Distribution of phytoplankton and its relationship
with environmental factors in the Qinzhou Bay in spring and summer. Acta Ecol. Sin.
39, 2603–2613 (in Chinese).

Martinez-Garcia, E., Carlsson, M.S., Sanchez-Jerez, P., Sánchez-Lizaso, J.L., Sanz-Lazaro, C.,
Holmer, M., 2015. Effect of sediment grain size and bioturbation on decomposition
of organic matter from aquaculture. Biogeochemistry 125, 133–148.

Meng, X., Xia, P., Li, Z., Meng, D., 2016. Mangrove degradation and response to anthropo-
genic disturbance in the Maowei Sea (SW China) since 1926 AD: mangrove–derived
OM and pollen. Org. Geochem. 98, 166–175.

Meyers, P.A., 1994. Preservation of elemental and isotopic source identification of sedi-
mentary organic matter. Chem. Geol. 114, 289–302.

Middelburg, J.J., Herman, P.M.J., 2007. Organic matter processing in tidal estuaries. Mar.
Chem. 106, 127–147.

MOAC (Ministry of Agriculture, China), 2017. China Fisheries Yearbook, 2016. China Agri-
culture Publisher, Beijing, China.

Mortlock, R.A., Froelich, P.N., 1989. A simple method for the rapid determination of bio-
genic opal in pelagic marine sediments. Deep Sea. Res. Part A. 36, 1415–1426.

Moyer, R.P., Bauer, J.E., Grottoli, A.G., 2013. Carbon isotope biogeochemistry of tropical
small mountainous river, estuarine, and coastal systems of Puerto Rico. Biogeochem-
istry 112, 589–612.

Pan, Z., Gao, Q.F., Dong, S.L., Wang, F., Li, H.D., Zhao, K., Jiang, X.Y., 2019. Effects of abalone
(Haliotis discus hannai Ino) and kelp (Saccharina japonica) mariculture on sources,
distribution, and preservation of sedimentary organic carbon in Ailian Bay, China:
identified by coupling stable isotopes (δ13C and δ15N) with C/N ratio analyses. Mar.
Pollut. Bull. 141, 387–397.

Pancost, R.D., Boot, C.S., 2004. The palaeoclimatic utility of terrestrial biomarkers in ma-
rine sediments. Mar. Chem. 92, 239–261.

Phillips, D.L., 2001. Mixing models in analyses of diet using multiple stable isotopes: a cri-
tique. Oecologia 127, 166–170.

Qi, S., Leipe, T., Rueckert, P., Di, Z., Harff, J., 2010. Geochemical sources, deposition and en-
richment of heavy metals in short sediment cores from the Pearl River Estuary,
Southern China. J. Mar. Syst. 82, S28–S42.

Ragueneau, O., Tréguer, P., Leynaert, A., Anderson, R.F., Brzezinski, M.A., DeMaster, D.J.,
Dugdale, R.C., Dymond, J., Fischer, G., François, R., Heinze, C., Maier-Reimer, E.,

http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0025
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0025
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0025
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0030
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0030
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0030
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0035
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0035
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0040
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0040
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0045
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0045
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0045
https://doi.org/10.1029/2001GB001856
https://doi.org/10.1029/2001GB001856
https://doi.org/10.1002/=2015JG003139
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0060
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0060
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0060
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0065
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0065
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0065
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0070
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0070
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0070
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0075
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0075
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0075
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0080
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0080
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0080
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0080
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0085
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0085
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0090
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0090
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0095
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0095
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0095
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0100
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0100
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0105
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0105
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0105
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0110
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0110
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0110
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0115
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0115
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0115
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0120
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0120
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0120
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0125
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0125
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0130
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0130
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0130
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0130
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0135
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0135
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0135
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0135
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0140
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0140
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0140
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0145
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0145
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0145
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0145
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0150
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0150
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0150
https://doi.org/10.1029/2005GB002593
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0160
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0160
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0165
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0165
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0165
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0170
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0170
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0170
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0175
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0175
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0175
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0180
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0180
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0185
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0185
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0190
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0190
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0190
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0195
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0195
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0195
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0200
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0200
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0200
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0205
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0205
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0210
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0210
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0215
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0215
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0215
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0215
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0220
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0220
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0220
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0225
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0225
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0225
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0225
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0230
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0230
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0230
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0235
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0235
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0235
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0240
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0240
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0240
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0245
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0245
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0250
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0250
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0250
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0255
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0255
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0255
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0260
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0260
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0260
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0265
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0265
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0270
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0270
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0270
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0275
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0275
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0280
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0280
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0285
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0285
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0290
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0290
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0295
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0295
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0295
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0300
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0300
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0300
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0300
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0300
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0300
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0300
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0305
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0305
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0310
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0310
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0315
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0315
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0315


14 C. Xu et al. / Science of the Total Environment 730 (2020) 139056
Martin-Jézéquel, V., Nelson, D.M., Quéguiner, B., 2005. A review of the Si cycle in the
modern ocean: a recent progress and missing gaps in the application of biogenic opal
as a paleoproductivity proxy. Glob. Planet. Change 26, 317–365.

Ramaswamy, V., Gaye, B., Shirodkar, P.V., Rao, P.S., Chivas, A.R., Wheeler, D., Thwin, S.,
2008. Distribution and sources of organic carbon, nitrogen and their isotopic signa-
tures in sediments from the Ayeyarwady (Irrawaddy) continental shelf, northern
Andaman Sea. Mar. Chem. 111, 137–150.

Ran, X., Che, H., Zang, J., Yu, Y., Liu, S., Zheng, L., 2015. Variability in the composition and
export of silica in the Huanghe River Basin. Sci. China Earth Sci. 58, 2078–2089.

Ran, X., Liu, S., Liu, J., Zang, J., Che, H., Ma, Y.,Wang, Y., 2016. Composition and variability in
the export of biogenic silica in the Changjiang River and the effect of Three Gorges
Reservoir. Sci. Total Environ. 571, 1191–1199.

Redfield, A.C., Ketchum, B.H., Richards, F.A., 1963. The influence of organisms on the com-
position of sea-water. In: Hill, M.N. (Ed.), The Sea. 2. Interscience Publisher, New
York, pp. 26–77.

Ren, L., Zhang, J., Fang, J., Tang, Q., Zhang, M., Du, M., 2014. Impact of shellfish biodeposits
and rotten seaweed on the sediments of Ailian Bay, China. Aquacult. Int. 22, 811–819.

Ruiz-Fernández, A.C., Hillaire-Marcel, C., Ghaleb, B., Soto-Jiménez, M., Páez Osuna, F.,
2002. Recent sedimentary history of anthropogenic impacts on the Culiacan River Es-
tuary, northwestern Mexico: geochemical evidence from organic matter and nutri-
ents. Environ. Pollut. 118, 365–377.

Sanchez-Vidal, A., Canals, M., Calafat, A.M., Lastras, G., Pedrosa-Pamies, R., Menendez, M.,
Medina, R., Company, J.B., Hereu, B., Romero, J., Alcoverro, T., 2012. Impacts on the
deep-sea ecosystem by a severe coastal storm. PLoS One 7, e30395.

Sun, D., Tang, J., He, Y., Liao, W., Sun, Y., 2018. Sources, distributions, and burial efficiency
of terrigenous organic matter in surface sediments from the Yellow River mouth,
northeast China. Org. Geochem. 118, 89–102.

Tang, Q.S., Zhang, J.H., Fang, J.G., 2011. Shellfish and seaweed mariculture increase atmo-
spheric CO2 absorption by coastal ecosystems. Mar. Ecol. Prog. Ser. 424, 97–105.

Thorp, J.H., Delong, M.D., Greenwood, K.S., Casper, A.F., 1998. Isotopic analysis of three
food web theories in constricted and floodplain regions of a large river. Oecologia
117, 551–563.

Vizzini, S., Mazzola, A., 2006. The effects of anthropogenic organic matter inputs on stable
carbon and nitrogen isotopes in organisms from different trophic levels in a southern
Mediterranean coastal area. Sci. Total Environ. 368, 723–731.

Wang, Y.H., Tang, L.Q., Wang, C.H., Liu, C.J., Dong, Z.D., 2014a. Combined effects of channel
dredging, land reclamation and long-range jetties upon the long-term evolution of
channel-shoal system in Qinzhou bay, SW China. Ocean Eng. 91, 340–349.

Wang, L., Fan, D., Li, W., Liao, Y., Zhang, X., Liu, M., Yang, Z., 2014b. Grain-size effect of bio-
genic silica in the surface sediments of the East China Sea. Cont. Shelf Res. 81, 29–37.

Wang, Z.H., Feng, J., Nie, X.P., 2015. Recent environmental changes reflected bymetals and
biogenic elements in sediments from the Guishan Island, the Pearl River Estuary,
China. Estuar. Coast. Shelf Sci. 164, 493–505.

Wang, Y.J., Liao, R.Q., Liu, W.L., Kannan, K., Ohura, T., Wu, M.H., Ma, J., 2017. Chlorinated
polycyclic aromatic hydrocarbons in surface sediment from Maowei Sea, Guangxi,
China: occurrence, distribution, and source apportionment. Environ. Sci. Pollut. Res.
24, 16241–16252.

Wu, Y., Zhang, J., Li, D.J., Wei, H., Lu, R.X., 2003. Isotope variability of particulate organic
matter at the PN section in the East China Sea. Biogeochemistry 65, 31–49.

Wu, B., Lu, C., Liu, S., 2015. Dynamics of biogenic silica dissolution in Jiaozhou Bay, west-
ern Yellow Sea. Mar. Chem. 174, 58–66.

Xia, B., Cui, Y., Chen, B., Cui, Z., Qu, K., Ma, F., 2014. Carbon and nitrogen isotopes analysis
and sources of organic matter in surface sediments from the Sanggou Bay and its ad-
jacent areas, China. Acta Oceanol. Sin. 33, 48–57.

Xia, B., Han, Q., Chen, B., Sui, Q., Jiang, T., Sun, X.M., Zhu, L., Chai, C., Qu, K.M., 2019. Influ-
ence of shellfish biodeposition on coastal sedimentary organic matter: a case study
from Sanggou Bay, China. Cont. Shelf Res. 172, 12–21.

Yang, B., Fang, H.Y., Zhong, Q.P., Zhang, C.X., Li, S.P., 2012. Distribution characteristics of
nutrients and eutrophication assessment in summer in Qinzhou Bay. Mar. Sci. Bull.
31, 640–645 (in Chinese).
Yang, B., Cao, L., Liu, S.M., Zhang, G.S., 2015a. Biogeochemistry of bulk organic matter and
biogenic elements in surface sediments of the Yangtze River estuary and adjacent sea.
Mar. Pollut. Bull. 96, 471–484.

Yang, B., Zhong, Q.P., Zhang, C.X., Lu, D.L., Liang, Y.R., Li, S.P., 2015b. Spatio-temporal var-
iations of chlorophyll a and primary productivity and its influence factors in Qinzhou
Bay. Acta Sci. Circumst. 35, 1333–1340 (in Chinese).

Yang, B., Liu, S.M., Wu, Y., Zhang, J., 2016. Phosphorus speciation and availability in sedi-
ments off the eastern coast of Hainan Island, South China Sea. Cont. Shelf Res. 118,
111–127.

Yang, B., Fang, H.Y., Xu, L.L., Zhong, Q.P., Li, S.S., 2017a. Spatio-temporal variation charac-
teristics and driving factors of water pollution in Qinzhou bay. Mar. Environ. Sci. 36,
877–883 (in Chinese).

Yang, B., Song, G.D., Liu, S.M., Jin, J., 2017b. Phosphorus recycling and burial in core sedi-
ments of the East China Sea. Mar. Chem. 192, 59–72.

Yang, S., Yang, Q., Song, X., Liu, S., Qu, K., Sun, Y., 2018a. A novel approach to evaluate po-
tential risk of organic enrichment in marine aquaculture farms: a case study in
Sanggou Bay. Environ. Sci. Pollut. Res. 25, 16842–16851.

Yang, B., Liu, S.M., Zhang, G.L., 2018b. Geochemical characteristics of phosphorus in sur-
face sediments from the continental shelf region of the northern South China Sea.
Mar. Chem. 198, 44–55.

Yang, B., Lan, R.Z., Lu, D.L., Dan, S.F., Kang, Z.J., Jiang, Q.C., Zhong, Q.P., 2019a. Phosphorus
biogeochemical cycling in intertidal surface sediments from the Maowei Sea in the
northern Beibu Gulf. Reg. Stud. Mar. Sci. 28, 100624.

Yang, B., Zhou, J.B., Lu, D.L., Dan, S.F., Zhang, D., Lan, W.L., Cui, D.Y., 2019b. Phosphorus
chemical speciation and seasonal variations in surface sediments of the Maowei
Sea, northern Beibu Gulf. Mar. Pollut. Bull. 141, 61–69.

Yokoyama, H., Abo, K., Ishihi, Y., 2006. Quantifying aquaculture-derived organic matter in
the sediment in and around a coastal fish farm using stable carbon and nitrogen iso-
tope ratios. Aquaculture 254, 411–425.

Zhang, J., Hansen, P.K., Fang, J., Wang, W., Jiang, Z., 2009. Assessment of the local environ-
mental impact of intensive marine shellfish and seaweed farming–application of the
MOM system in the Sungo Bay, China. Aquaculture 287, 304–310.

Zhang, J., Fang, J., Wang, W., Du, M., Gao, Y., Zhang, M., 2012. Growth and loss of maricul-
ture kelp Saccharina japonica in Sungo Bay, China. J. Appl. Phycol. 24, 1209–1216.

Zhang, Y.Y., Zhang, J.H., Liang, Y.T., Hongmei, L.I., Gang, L.I., Xiao, C., Peng, Z., Jiang, Z.J., Zou,
D.H., Liu, X.Y., 2017. Carbon sequestration processes andmechanisms in coastal mari-
culture environments in China. Sci. China Earth Sci. 1–11.

Zhang, D., Lu, D., Yang, B., Zhang, J., Ning, Z., Yu, K., 2019. Influence of natural and anthro-
pogenic factors on spatial-temporal hydrochemistry and the susceptibility to nutrient
enrichment in a subtropical estuary. Mar. Pollut. Bull. 146, 945–954.

Zhao, C., Jiang, Z., Wu, Y., Liu, S., Cui, L., Zhang, J., Huang, X., 2019. Origins of sediment or-
ganic matter and their contributions at three contrasting wetlands in a coastal semi-
enclosed ecosystem. Mar. Pollut. Bull. 139, 32–39.

Zhou, Y., Yang, H.S., Zhang, T., Liu, S.L., Zhang, S.M., Liu, Q., Xiang, J.H., Zhang, F.S., 2006. In-
fluence of filtering and biodeposition by the cultured scallops Chlamys farreri on
benthic-pelagic coupling in a eutrophic bay in China. Mar. Ecol. Prog. Ser. 317,
127–141.

Zhou, F., Gao, X., Yuan, H., Song, J., Chen, F., 2018. The distribution and seasonal variations
of sedimentary organic matter in the East China Sea shelf. Mar. Pollut. Bull. 129,
163–171.

Zhu, C., Xue, B., Pan, J., Zhang, H., Wagner, T., Pancost, R.D., 2008. The dispersal of sedi-
mentary terrestrial organic matter in the East China Sea (ECS) as revealed by bio-
markers and hydro-chemical characteristics. Org. Geochem. 39, 952–957.

Zimmerman, A.R., Canuel, E.A., 2000. A geochemical record of eutrophication and anoxia
in Chesapeake Bay sediments: anthropogenic influence on organic matter composi-
tion. Mar. Chem. 69, 117–137.

http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0320
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0320
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0320
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0325
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0325
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0325
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0330
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0330
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0335
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0335
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0335
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0340
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0340
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0340
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0345
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0345
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0350
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0350
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0350
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0355
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0355
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0360
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0360
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0360
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0365
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0365
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0365
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0370
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0370
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0370
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0375
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0375
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0375
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0380
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0380
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0380
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0385
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0385
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0390
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0390
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0390
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0395
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0395
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0395
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0395
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0405
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0405
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0410
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0410
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0415
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0415
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0415
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0420
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0420
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0420
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0425
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0425
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0425
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0430
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0430
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0430
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0435
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0435
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0435
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0440
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0440
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0440
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0445
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0445
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0445
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0450
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0450
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0455
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0455
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0455
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0460
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0460
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0460
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0465
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0465
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0465
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0470
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0470
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0470
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0475
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0475
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0475
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0480
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0480
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0480
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0485
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0485
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0490
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0490
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0495
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0495
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0495
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0500
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0500
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0500
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0505
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0505
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0505
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0505
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0510
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0510
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0510
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0515
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0515
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0515
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0520
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0520
http://refhub.elsevier.com/S0048-9697(20)32573-0/rf0520

	Spatiotemporal variations of biogenic elements and sources of sedimentary organic matter in the largest oyster mariculture ...
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Sampling collection
	2.3. Analytical methods
	2.4. Relative proportions of SOM in the Maowei Sea
	2.5. Statistical analysis and graphing

	3. Results and discussion
	3.1. Sediment textural properties and biogenic elements
	3.2. Distribution and implication of δ13C, δ15N and elemental ratios
	3.3. Fractional contributions of SOM in the Maowei Sea estimated from δ13C and δ15N-based three-end-member mixing model

	4. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References




