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Intertidal zones are the main sites for land-ocean interaction and play an important role in transporting
and accumulating organic carbon (OC). Understanding sources and preservation of sedimentary OC are
vital to better evaluate the processes controlling the OC distribution in intertidal zones. In this study,
we present bulk parameters of total organic carbon (TOC), d13Corg, grain size and biomarker contents
in surface sediments of 14 typical intertidal zones along China’s coastline during both the wet season
(WS) and the dry season (DS). Statistical analysis of our data set showed that TOC and biomarker contents
were generally high in small estuaries, intermediate but more variable in large estuaries and low in non-
estuaries; and these distribution patterns broadly correlated with sedimentary clay contents. TOC and
biomarker contents were generally higher in the WS than the DS reflecting both OC inputs and preserva-
tion. A binary mixing model based on d13Corg and biomarker proxies revealed that large estuaries were
characterized by higher terrestrial OC fractions (62–80%) except for the Yellow River Estuary (24%), while
lower terrestrial OC fractions occurred in non-estuaries (13–15%). Variable OC contributions were found
in small estuaries, with most sites characterized by low terrestrial OC contributions (3–35%), but high ter-
restrial OC contributions were found at the Qiantang River Estuary site (59%) and the Jiulong River
Estuary site (67%). Carbon stocks in Chinese intertidal sediments are comparable with those in marine
sediments from shelf areas and the Exclusive Economic Zone (EEZ). This study suggests that intertidal
sediments are potentially an important carbon sink.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Intertidal sediments along the coastline receive detritus from
both the land and the sea, and thus can trap and bury considerable
quantities of natural and anthropogenic organic matter under the
interactions of chemical, physical and biological processes (Fulton
et al., 2004; Gonzalez-Macias et al., 2006; Qiao et al., 2007; Pote
et al., 2008; Witt et al., 2010). The accumulation of organic matter
is important for benthic communities (Cividanes et al., 2002; Wu
et al., 2018), which attracts birds from far distant breeding grounds,
and serves as a nursery for crabs, shrimp and fish (Reise, 1985). In
the ocean, over half of the blue carbon is captured by coastal
ecosystems (Nellemann et al., 2009); for example, the averaged car-
bon sequestration of mangrove areas is about 226 g C m�2 yr�1,
while that of saltmarsh is about 218 g C m�2 yr�1. Recently, a
Carbon Storage (CS) index has been proposed to estimate the ability
of wetlands to act as a carbon sink as one goal of the Ocean Health
Index (OHI) (Halpern et al., 2012). In contrast, there is limited infor-
mation about carbon burial in intertidal sedimentary ecosystems,
despite their importance in the ocean carbon cycle. Some studies
have shown that the carbon sequestration of microphytobenthos
growing on intertidal sediments can range from 29 to 476 g C
m�2 yr�1, which is much higher than the carbon burial in temperate
forests and grassland (Nellemann et al., 2009; Park et al., 2014).
These studies have improved our knowledge of themarine OC cycle,
but the controllingmechanisms of OC burial in intertidal sediments
are far more complicated than those in shelf and open ocean sedi-
ments, as intertidal zones are strongly influenced by tidal forces,
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bioturbation and sediment mobilization. In addition, the relative
fractions of OC from different origins are still largely unknown.

The composition of OC in intertidal zones is the result of the
dynamic equilibrium between external inputs (e.g., oceans, rivers,
land input and materials produced by human activity), autochtho-
nous production and heterotrophic utilization (Marchand et al.,
2003; Wang et al., 2003). Organic geochemical proxies have been
used to study OC sources, transport and deposition processes
(Hensen et al., 2000; Killops and Killops, 2005). For example, total
OC (TOC) contents and stable carbon isotope ratios (d13Corg) have
been used to reveal the amount and the sources (terrestrial or mar-
ine origin) of sedimentary OC, respectively. Biomarkers, however,
have specific origins and can be used to distinguish terrestrial
and marine OC (c.f. Pancost and Boot, 2004; Kim et al., 2006;
Weijers et al., 2009; Smith et al., 2012). Long-chain n-alkanes from
higher land plant leaf waxes, can serve as indicators for terrestrial
OC input to marine sediments (Eglinton and Eglinton, 2008).
Sterols, such as brassicasterol/epi-brassicasterol and dinosterol
have been used to indicate OC produced by diatoms and dinoflag-
ellates, respectively (Volkman et al., 1998; Volkman, 2003, 2006).
Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are
mainly produced by anaerobic bacteria in soils (Hopmans et al.,
2004; Weijers et al., 2006a) and have been used to trace terrestrial
OC and, more specifically, as a proxy for soil OC in marine sedi-
ments (Hopmans et al., 2004; Weijers et al., 2009). Isoprenoid
GDGTs (iGDGTs), of which crenarchaeol is a main component, are
produced by marine planktonic archaea (Sinninghe Damsté et al.,
2002), though small amounts of crenarchaeol have also been
detected in soil (Schouten et al., 2000; Powers et al., 2004, 2010;
Weijers et al., 2006b).

In the past two decades, a few organic geochemical studies have
been carried out in intertidal zones. For example, in the Wadden
Sea of Germany, the origin and composition of organic matter in
intertidal sediments were analyzed, indicating that the variations
in organic matter quantity, composition and quality were affected
by the depositional environment and microbial transformation
during early diagenesis (Freese et al., 2008). Along the European
Atlantic coast, Middelburg and Herman (2007) investigated the
intertidal estuaries, showing that riverine organic matter was
extensively modified in intertidal estuaries before its transfer to
the sea. In the Huon Estuary of Australia, the sources of organic
matter in sediments were dominated by terrestrial input, which
were probably refractory and slowly remineralized (Cook et al.,
2004). China’s long and wide intertidal zones cover an area of
2.17 � 104 km2, which is equivalent to 2.26% of China’s mainland.
In recent years, the source and preservation of organic matter in
sediments of intertidal zones in China have also been investigated,
such as in the wetland of the Liao River Delta (Lin et al., 2013),
along the coast of Jiangsu Province (Liu et al., 2007), in the inter-
tidal sediments from the Yangtze Estuary (Liu et al., 2006; Yang
et al., 2008), and in the saltmarsh of Hangzhou Bay (Yuan et al.,
2017). However, there are no reports focusing on comprehensive
comparisons of the OC distribution and origin in sediments among
different intertidal zones of China’s coastal area, or of the mecha-
nisms controlling OC burial.

Here, we present bulk parameters (TOC, d13Corg, and grain size),
plus terrestrial and marine biomarkers distributions, in surface
sediments at 14 sites from different intertidal zones along China’s
coastline during both the wet season (WS) and the dry season (DS).
To quantitatively distinguish the contributions of marine and ter-
restrial OC, we used binary mixing models based on d13Corg, the
terrestrial and marine biomarker ratio (TMBR) and the branched
isoprenoid tetraether index (BIT). We calculated carbon stocks of
intertidal sediments to assess potential implications for the man-
agement of differently sourced OC on coastal environments. Our
study provides important insights for understanding the spatial
and seasonal variations of sedimentary OC distributions in China’s
intertidal zones and its relation to the oceanic OC cycle.
2. Material and methods

2.1. Sampling locations and materials

28 surface sediments (�2 cm depth) were collected during
autumn or winter in 2014 (DS) and summer in 2015 (WS) at 14
sites along the coastal intertidal zones of China, consisting of small
estuaries (discharges < 50 billion m3/a), large estuaries (dis-
charges > 50 billion m3/a), and non-estuarine areas (Fig. 1; Table 1).
The quantity of sediments at site 6 in the Dagu River Estuary dur-
ing DS was only enough for bulk measurements, but not sufficient
for biomarker analysis.

2.2. Sediment grain size

Sediment grain size was measured using a laser Particle Size
Analyzer (Mastersizer 2000, Malven Instruments Ltd., UK) follow-
ing the method of Hu et al. (2009). Particle sizes were separated
into the following three groups: clay (<4 lm), silt (4–63 lm), and
sand (>63 lm). The relative error of the duplicate samples was less
than 3% (n = 6).

2.3. TOC and d13Corg analysis

About 1 g of each sediment was freeze-dried and homogenized,
and then 4 N HCl was added to remove carbonate. After rinsing
with Milli-Q water until neutral, the sediments were dried in an
oven at 55 �C. The carbonate-free samples were measured for
TOC in duplicate using a Thermo Scientific Flash 2000 elemental
analyzer, with a standard deviation of 0.02 wt% (n = 6). d13Corg

was determined on carbonate-free sediments that had been pre-
treated as described above using an isotope mass spectrometer
(Thermo Scientific Delta V Advantage). The standard deviation
was less than ± 0.2‰ (n = 6), determined by six runs of IAEA-600,
an inter-laboratory comparison standard distributed by the Inter-
national Atomic Energy Agency (IAEA), Vienna. d13Corg values are
reported in the d notation relative to international standard
V-PDB (Vienna Pee Dee Belemnite) in units of parts per mil (‰)
and calculated as follows:

d13Corgð%Þ ¼ Rsample=Rstandard � 1
� �� 1000

where Rsample and Rstandard are the isotopic 13C/12C ratios of the sam-
ples and standards, respectively.

2.4. Biomarker analysis

Biomarker extraction and purification follow the procedure of
Zhao et al. (2006). About 5 g of each freeze-dried sediment was
extracted with dichloromethane:methanol (DCM/MeOH) (3:1, v/
v) using sonication, after adding internal standards C19 n-alkanol,
n-C24D50 and C46 GDGT. The extracts were first hydrolyzed with
KOH in MeOH (6%) for 12 h and then extracted with hexane. The
extracts were subsequently separated into fractions using silica
gel chromatography. The hydrocarbon fraction (containing
n-alkanes) was eluted with 8 ml of hexane. The polar lipid fraction
was eluted with 12 ml dichloromethane/methanol (95:5, v/v),
and divided into two aliquots. The aliquot for sterol measurements
was derivatized using N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) at 70 �C for 1 h just prior to instrumental analysis. The
other aliquot was filtered using a PTFE 0.45 lm filter for GDGTs
measurement.



Fig. 1. Locations of the 14 intertidal sampling sites along China’s coastline (black dots). Black lines indicate the rivers and gray shades indicate the watersheds.

Table 1
Sample information for the intertidal sediments.

Area Type Sampling Site Longitude
(�E)

Latitude
(�N)

Date (month/year) Typical vegetation types

Dry
Season

Wet
Season

Small estuaries (river discharges < 50
billion m3 /a)

1:Liao River
Estuary

122.13 40.61 9/2014 8/2015 Phragmites australis, Suaeda glauca Bunge

3:Jian River Estuary 117.96 39.21 9/2014 8/2015 Phragmites australis, Suaeda glauca Bunge, Aeluropus
sinensis Tzvel

6:Dagu River
Estuary

120.19 36.20 10/2014 7/2015 Salicornia europaea, Suaeda glauca Bunge, Spartina
alterniflora Loisel

9:Qiantang River
Estuary

121.46 30.29 2/2015 8/2015 Spartina alterniflora Loisel, Phragmites australis

11:Jiulong River
Estuary

117.95 24.41 12/2014 7/2015 Spartina alterniflora Loisel, Mangrove

Large estuaries (river discharges > 50
billion m3 /a)

4:Yellow River
Estuary

118.96 37.37 9/2014 7/2015 Spartina alterniflora Loisel, Phragmites australis,
Suaeda glauca Bunge

8:Yangtze River
Estuary

121.97 31.47 2/2015 7/2015 Spartina alterniflora Loisel, Phragmites australis

10:MinjiangRiver
Estuary

119.64 26.04 12/2014 7/2015 Spartina alterniflora Loisel, Phragmites australis

12:Pearl River
Estuary

113.66 22.43 11/2014 8/2015 Mangrove

Non-estuaries 2:Qinhuangdao
Shoal

119.52 39.85 9/2014 8/2015 –

5:Sishiliwan Shoal 121.45 37.38 10/2014 7/2015 –
7:Subei Shoal 120.79 33.27 10/2014 9/2015 Spartina alterniflora Loisel, Phragmites australis,

Suaeda glauca Bunge
13:Yingluo Bay 109.76 21.47 11/2014 9/2015 Mangrove
14:Dongzhai Bay 110.60 20.00 11/2014 8/2015 Mangrove
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n-Alkane and sterol quantifications were performed on an Agi-
lent 6890 N GC with an FID detector, using a HP-1 capillary column
(50 m � 0.32 mm i.d., 0.17 lm film thickness, J&W Scientific) and
H2 as the carrier gas at 1.3 ml/min. For n-alkanes, the oven was
kept initially at 80 �C for 1 min and then programmed to 200 �C
at 25 �C/min, followed by 4 �C/min to 250 �C, 1.7 �C/min to 300 �C
for 5 min, and finally 5 �C/min to 310 �C holding for 5 min. For ster-
ols, the oven was kept initially at 80 �C for 1 min and then pro-
grammed to 200 �C at 25 �C/min, followed by 4 �C/min to 250 �C,
1.7 �C/min to 300 �C for 12 min, and finally 5 �C/min to 320 �C
holding for 5 min. The contents of alkanes and sterols were calcu-
lated from the ratio of their GC peak integrations to those of the n-
C24D50 and C19 n-alkanol internal standard, respectively (Zhao
et al., 2006).

GDGTs were analyzed with an Agilent 1200 high performance
liquid chromatograph (HPLC) coupled to a triple quadrupole mass
spectrometer (Waters-Quattro Ultima Pt) equipped with an atmo-
spheric pressure chemical ionization (APCI) probe. GDGTs were
eluted at a flow rate of 0.2 ml/min with hexane/isopropanol for
the first 5 min, then with a linear gradient up to 1.8% isopropanol
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in 45 min in normal phase with a Prevail Cyano column
(150 � 2.1 mm, 3 lm).

The MS instrument was operated under the conditions of nebu-
lizer 60 psi, vaporizer 400 �C, cone gas flow (N2) 90 L/h and desol-
vation gas flow 600 L/h, APCI source 95 �C, APCI probe 550 �C.
Single ion monitoring (SIM) was used because of its increased
reproducibility and lower signal/noise ratio (Schouten et al.,
2007). SIM was set to scan [M+H]+ of crenarchaeol (m/z 1292)
and the brGDGTs (Ia + IIa + IIIa) (m/z 1050, 1036 and 1022), with
a dwell time of 100 ms each. The relative abundances of GDGTs
were obtained by comparing each respective [M+H]+ peak area
with that of the internal standard (m/z 744) (Huguet et al., 2006).
The average relative standard deviation was <10%. The biomarker
contents are reported as ng/g of bulk dry weight sediment.
2.5. The proxy indices

TMBR is a proxy based on the ratio between terrestrial biomark-
ers and phytoplankton biomarkers, proposed by (Xing et al., 2011):

TMBR ¼ Long-chain
X

n-alkanes long-chain
X

n-alkanesþ
X

PB
� �.

where
P

PB (sum of phytoplankton biomarkers) is the sum of C37

alkenones, brassicasterol/epi-brassicasterol and dinosterol. Since
C37 alkenones were not detected in intertidal sediments examined
here, we used the sum of brassicasterol/epi-brassicasterol and
dinosterol to represent

P
PB in this study.

The BIT is based on the ratio of GDGTs and has been proposed
for estimating the contribution of terrestrial organic matter trans-
ported from the soil (Hopmans et al., 2004). BIT is calculated using
the following equation:

BIT ¼ ð½Ia� þ ½IIa� þ ½IIa0� þ ½IIIa� þ ½IIIa0�Þ=ð½Ia� þ ½IIa� þ ½IIa0� þ ½IIIa�
þ ½IIIa0� þ ½IV�Þ

where [Ia], [IIa], [IIa’], [IIIa], [IIIa’] are the concentrations of brGDGTs
and [IV] is the concentration of crenarchaeol. Isomers for brGDGTs
IIa, IIIa were not separated using the analytical method in this
study. Molecular structures of GDGTs used in BIT formula can be
found in Lopes dos Santos and Vane (2019).

Carbon stock is calculated using the following equation (Avelar
et al., 2017):

Carbon stock ðt=haÞ ¼ TOC ð%Þ � BD ðg=cm3Þ � Depth ðcmÞ
BD g=cm3� � ¼ Solid sediment density g=cm3� �� 1� bð Þ

where BD is bulk density of samples and is estimated according to
the solid sediment density and porosity (b) (Breen and Orange,
1992). Depth is a given depth interval in the marine sediment. In
the present study, carbon stock was calculated for the top 2 cm
depth interval. Carbon stocks from downstream of the Pearl River
and Pearl River Delta, downstream of the Yangtze River, the Bohai
Sea, the southern inner shelf of the East China Sea were also calcu-
lated for the top 2 cm of sediments using published data (Yu et al.,
2010; Zhu et al., 2011; Hu et al., 2012; Liu et al., 2015). Carbon
stocks have been reported for the top 10 cm sediments from the
NW European continental shelf and the Exclusive Economic Zone
(EEZ) of UK, Namibia and Pakistan (Avelar et al., 2017; Diesing
et al., 2017), although the TOC contents were reported for different
depth intervals in these sediments. In order to make our results
comparable with the published carbon stock values, we
re-calculated these values for the top 2 cm sediments.
2.6. Binary mixing model

The fraction of terrestrial OC (Fterr) in sediments is defined as
follows (Weijers et al., 2009):

Fterr ¼ TerrestrialOC %ð Þ ¼ XSample � XMar
� �

= XTerr � XMarð Þ � 100%

where XSample is the measured value for each proxy, and XMar and
XTerr are the marine and terrestrial end member values for each.
In this study, terrestrial and marine end-member values of d13Corg

were variable due to the large area of sampling stations (Fig. 1).
Thus, we used different end-member values of d13Corg according
to previous studies (Supplementary Table S1). By definition, XTerr

and XMar for TMBR are 1 and 0, respectively (Xing et al., 2011). XTerr

and XMar for BIT are 0.91 and 0, respectively. The terrestrial end-
member value of the BIT is not 1 because a small quantity of crenar-
chaeol has been detected in soil (Leininger et al., 2006; Weijers
et al., 2004, 2006a) and 0.91 is based on the average BIT values of
> 100 global soil samples (Weijers et al., 2006b, 2007).

2.7. Statistical analysis

Principal Component Analysis (PCA) was carried out using IBM
SPSS Statistics (Zaghden et al., 2007).

3. Results

3.1. Sediment grain size

In our study, sediments from the small estuaries were charac-
terized by sandy silt and silt, with the highest average clay con-
tents (21.6% WS; 12.8% DS), while those from large estuaries
were characterized by silty sand and sandy silt, with intermediate
average clay contents (6.0% WS; 3.3% DS). In non-estuarine areas,
sediments mainly consisted of sand and silty sand, with the lowest
average clay contents (1.8% WS; 0.6% DS) (Table 2). In addition, the
clay contents values of sediments in WS were generally higher
than those in DS (Table 2).

3.2. Spatial distributions of TOC and d13Corg

TOC ranged from 0.03% to 1.19% in WS and 0% to 1.08% in DS,
with values generally higher in WS than those in DS with the
exception of site 12 (Fig. 2A; Supplementary Fig. S1A). Average
TOC contents showed the highest values in small estuaries (0.75%
WS; 0.57% DS), intermediate values in large estuaries (0.40% WS;
0.28% DS) and the lowest values in non-estuarine areas (0.07%
WS; 0.07% DS) (Fig. 2A; Supplementary Fig. S1A).

d13Corg values were in the range of –25.4‰ to –20.4‰ in WS and
–24.5‰ to –20.4‰ in DS (Fig. 2B). Similar d13Corg values were
found between WS and DS with the exception of site 4 and site
8, which showed a relatively large difference between WS and
DS (Fig. 2B). Average values were most negative in large estuaries
(–23.8‰WS; –23.6‰ DS), intermediate in small estuaries (–22.4‰
WS; –22.5‰ DS), and less negative in non-estuarine areas (–21.2‰
WS; –21.7‰ DS) (Fig. 2B; Supplementary Fig. S1B).

3.3. Terrestrial biomarkers

Long-chain RC27+29+31n-alkane contents generally showed
higher values in WS (23.6 to 956 ng/g) than those in DS (11.8 to
661 ng/g). The maximum values for both WS and DS were
found at site 11 (a small estuary) (Fig. 3A; Supplementary
Fig. S1C). The highest average values were found in small estuaries
(553 ng/g WS; 488 ng/g DS), intermediate average values in large
estuaries (367 ng/g WS; 176 ng/g DS), lowest average values in



Fig. 2. (A) TOC contents in the intertidal sediments during both WS and DS with clay contents on the top. (B) d13Corg in the intertidal sediments during both WS and DS with
salinity on the top. The solid line and the dashed line represent the average values of WS and DS, respectively. The solid and hollow dots represent WS and DS, respectively.
Different colors and patterns of columns represent different estuary types and seasons. The blue, orange and black columns represent small estuaries, large estuaries and non-
estuaries, respectively; the normal pattern and diagonal pattern represent the WS and DS, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Grain size and sediment types of surface sediments at the 14 sampling sites.

Site No. WS sediment grain size (%) DS sediment grain size (%)

Clay
< 4 lm

Silt
4–63 lm

Sand
> 63 lm

Types Avg. clay
content

Median
grain size
(lm)

Clay
< 4 lm

Silt
4–63 lm

Sand
> 63 lm

Types Avg. clay
content

Median
grain size
(lm)

Small estuaries
(river discharges
< 50 billion m3/a)

1 17 59 24 Sandy silt 23 16 58 26 Sandy silt 12.8 24
3 27 69 4 Silt 8 16 79 5 Silt 18
6 26 71 3 Silt 21.6 8 15 67 18 Sandy silt 23
9 12 83 5 Silt 20 6 92 2 Silt 24
11 26 68 6 Silt 9 11 83 7 Silt 21

Large estuaries
(river discharges
> 50 billion m3/a)

4 5 62 33 Sandy silt 50 3 22 75 Silty sand 3.3 86
8 4 69 27 Sandy silt 6.0 45 4 86 10 Silt 25
10 15 43 42 Sandy silt 30 1 12 87 Silty sand 216
12 0 0 100 Sand 234 5 57 38 Sandy silt 198

Non-estuaries 2 0 0 100 Sand 0 0 100 Sand 0.6
5 0 0 100 Sand 0 0 100 Sand
7 1 52 47 Sandy silt 1.8 62 0 41 59 Silty sand 68
13 4 17 79 Silty sand 1 8 91 Sand
14 4 14 82 Silty sand 119 2 24 74 Silty sand 100
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non-estuaries (94 ng/g WS; 79 ng/g DS) (Fig. 3A; Supplementary
Fig. S1C).

The contents of brGDGTs ranged from 3.1 to 286 ng/g and 1.2 to
358 ng/g in WS and DS, respectively. The maximum value in WS
occurred at site 10 (286 ng/g, a large estuary), while that in DS was
found at site 11 (358 ng/g, a small estuary) (Fig. 3B; Supplementary
Fig. S1E). Generally, average brGDGTs contents were similar
betweensmall estuaries (81 ng/gWS;125 ng/gDS) and large estuar-
ies (89 ng/g WS; 83 ng/g DS), while they were the lowest in non-
estuaries (14 ng/gWS;21 ng/gDS) (Fig. 3B; Supplementary Fig. S1E).
3.4. Aquatic biomarkers

The contents of phytoplankton biomarkers RPB varied from 0 to
923 ng/g in WS and 40 to 978 ng/g in DS, with the maximum val-
ues for both WS and DS at site 11 (a small estuary) (Fig. 3C; Sup-
plementary Fig. S1D). The highest average values for both WS
(554 ng/g) and DS (560 ng/g DS) also occurred in small estuaries,
and lower and similar average values were found in large
(231 ng/g) and non-estuaries (248 ng/g) during DS (Fig. 3C; Sup-
plementary Fig. S1D).



Fig. 3. Biomarker contents (ng/g) of (A) RC27 + 29 + 31 n-alkanes, (B) brGDGTs, (C) RPB and (D) crenarchaeol in intertidal sediments during WS and DS. See Fig. 2 for
explanations of the different patterns and colors of lines, dots and columns.
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Crenarchaeol contents ranged from 1.5 to 424 ng/g in WS and
3.5 to 547 ng/g in DS, with maximum values for both WS and DS
at site 11 (Fig. 3D; Supplementary Fig. S1F). Average values were
the highest in small estuaries (254 ng/g WS; 367 ng/g DS), inter-
mediate in large estuaries (84 ng/g WS; 75 ng/g DS), the lowest
in non-estuaries (24 ng/g WS; 32 ng/g DS) (Fig. 3D; Supplementary
Fig. S1F).
4. Discussion

Sediment properties in intertidal zones can be very heteroge-
neous, especially for intertidal zones close to the estuaries. For
example, Yu et al. (2010) analyzed surface sediments from the
shallow water of the Pearl River Estuary and found the bulk prop-
erties of sediments varied dramatically. To minimize the variabili-
ties of sediment properties in each individual intertidal zone in our
study, the samples were collected from the low tide level where
the sedimentary environment was relatively stable and less subject
to external disturbances (including anthropogenic, biological or
hydrodynamic) compared to high- and mid-tidal levels (Liu and
Han, 2016). This preliminary study focused on the comparisons
of spatial and seasonal variations of sedimentary OC distribution
among different types of intertidal zones in China, and we hypoth-
esize that these variations among different types of intertidal zones
should be larger than that within individual intertidal zones.
4.1. Grain size influences of OC distributions in intertidal sediments

The OC stability in marine sediments depends, to a great degree,
on its association with minerals. Grain size is a key property for OC
protection, and minerals are sorted by wave mixing and redistribu-
tion (Volkman et al., 2000). In our study, the TOC and clay contents
in intertidal sediments showed a statistically significant positive
correlation in WS (R2 = 0.82, P < 0.05; Supplementary Fig. S2A),
but this correlation was not statistically significant in DS. Gener-
ally, sedimentary TOC contents during WS were obviously higher
than those during DS (Fig. 2A; Supplementary Fig. S1A), because
the clay contents in sediments during WS were generally higher
than those during DS, with the one exception of the Pearl River
Estuary (Fig. 2A). Our estuarine results are broadly consistent with
a previous study that reported a linear relationship between sedi-
mentary TOC and clay contents in the Bohai Sea (Hu et al., 2009).

During WS, higher riverine input contributed a large proportion
of fine materials to sediments. While during DS, reduced riverine
input together with the strong coastal erosion of fine particles
resulted in a smaller proportion of fine materials
(Venkatramanan et al., 2014; Yang et al., 2017). Higher contents
of both terrestrial and marine biomarkers during WS (Fig. 3) can
be attributed to the increasing terrestrial organic matter input
via much stronger riverine flow and phytoplankton blooms during
WS, respectively (Pinckney et al., 1998; Dagg et al., 2004). In addi-
tion, different sedimentary TOC and biomarker contents among
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small, large and non-estuaries (Figs. 2 and 3) in intertidal zones
along China’s coastline are largely due to the different sedimentary
environment (e.g., grain size) (Fig. 4; Table 2).
4.1.1. High OC and biomarker contents in small estuary intertidal
zones

In small estuaries, the fine particles are easily deposited under
weak river discharges, resulting in high clay contents in sediments
(Table 2). Because the fine particles can protect OC more efficiently
(Volkman et al., 2000), generally highest contents of TOC
and biomarkers (both terrestrial and marine) occurred in sedi-
ments from small estuaries (Fig. 2A and 3; Supplementary
Fig. S1). This was also supported by the PCA analyses of these
proxies (Fig. 4).

Differences of TOC and biomarker contents among small estu-
ary sites are likely caused by various local factors. The highest con-
tents of TOC and biomarkers at site 11 (Jiulong River Estuary)
(Figs. 2A and 3) are related to algal blooms fertilized by the bal-
anced ratio of nitrogen and phosphorus loading (Li et al., 2011).
Simultaneously, the frequent occurrences of typhoons in the vicin-
ity of Taiwan Strait drives large amounts of terrestrial OC to coastal
sediments (Shiah et al., 2000; Hung and Gong, 2011). These pro-
cesses resulted in high sedimentary TOC at site 11, in addition to
the preservation effect associated with high clay contents (Supple-
mentary Fig. S2A). Site 9 is located at the funnel-shaped, tide-
dominated Qiantang River Estuary (Yu et al., 2012), characterized
by a large sand bar and much coarser sediments than other small
estuary sites (Table 2). Thus, both TOC and biomarker contents
had below average values at small estuary sites (Figs. 2A and 3).
The strong tide in the vicinity of the Qiantang River Estuary causes
intense resuspension of sediments, leading to a high turbidity in
the watersheds, which inhibits the growth of marine phytoplank-
ton, resulting in the lowest contents of

P
PB (Zhang et al., 2009).

Site 1 (Liao River Estuary), site 3 (Jian River Estuary) and site 6
(Dagu River Estuary) are all located along the Bohai Sea-Yellow
Sea coastline, showing broadly similar distribution of TOC and bio-
marker contents (Figs. 2A and 3). Site 1 and site 3 results are con-
sistent with the similar contents of particulate organic carbon
(POC) in these two estuaries (Xia and Zhang, 2011). Site 6 values
were in the range of those from the downstream of Dagu River
(K. Liu, unpublished data), caused by the current reversals in the
vicinity of the Dagu River Estuary (Chen et al., 2016). Thus, these
small contents of estuarine OC and biomarkers are closely related
to their riverine input.
Fig. 4. PCA of the multiple proxies used in p
4.1.2. Low OC and biomarker contents in non-estuarine intertidal
zones

Clay contents in non-estuarine intertidal zones without the
influence of river discharge are controlled by intertidal dynamics
which could cause re-suspended fine sediments to be transported
to deeper water, resulting in coarse sediments in the intertidal
zones (Ke et al., 1996; Malvarez et al., 2001). In this study, the low-
est contents of both TOC and biomarkers occurred in non-estuarine
intertidal zones where sediments were significantly coarse
(Figs. 2A and 3; Table 2; Supplementary Fig. S1). Generally, higher
TOC and biomarker contents were found in sites from the south of
China (site 13 Yingluo Bay and site 14 Dongzhai Bay) than those
from the north of China (sites 2, 5 and 7), because the warmer cli-
mate is suitable for the growth of both phytoplankton and plants
(Peeters et al., 2010). Mangrove ecosystems are well-developed
at site 13 in Yingluo Bay and at site 14 in Dongzhai Bay, contribut-
ing a significant amount of OC to the intertidal sediments there
(Nie, 2018). However, relatively high phytoplankton biomarker
contents in sediments of DS were found at site 2 Qinhuangdao
Shoal (Fig. 3C), synchronous with high brassicasterol/epi-brassicas
terol contents at this site (Supplementary Fig. S3A). This was sup-
ported by a previous study that diatoms in the Qinhuangdao
coastal area usually become abundant during DS due to higher
concentration of silica and phosphorus (Xu et al., 2017).
4.1.3. Variable OC and biomarker contents in large estuary intertidal
zones

In a large estuary, strong water discharge could result in the
transport and deposition of coarser sediments (Abballe and
Chivas, 2017; Yang et al., 2017). Thus, clay contents in large estuary
intertidal zones are generally lower than those in small estuaries
(Table 2), resulting in lower sedimentary TOC and biomarker con-
tents (Figs. 2A and 3; Supplementary Fig. S1). At site 4 in the Yel-
low River Estuary, high turbidity caused by sediment re-
suspension (Wang and Wang, 2010) inhibited primary productiv-
ity, an important factor for very low contents of phytoplankton
biomarkers and overall lower TOC contents (Figs. 2A and 3C). This
was consistent with studies of other large estuaries where turbid-
ity primarily controls gross primary productivity (e.g., Rochelle-
Newall et al., 2011). However, significantly higher RPB contents
in sediments with low clay contents during WS were found at site
8 in the Yangtze River Estuary (Fig. 3C). This was likely caused by
an increased nutrient input during WS from the Yangtze River
(Zhou et al., 2008; Jiang et al., 2014; Wang et al., 2014), which
resent study during: (A) WS and (B) DS.
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increased overall phytoplankton productivity (Liu et al., 2009; Yu
et al., 2015) and dinoflagellate productivity as reflected by the
highest dinosterol contents in sediments of WS (Supplementary
Fig. S3B). Similarly, higher phytoplankton biomarker contents
occurred in both suspended particles and sediments of the Yangtze
River Estuary (Hu et al., 2012; Bi et al., 2018). The large difference
in TOC and biomarker contents between WS and DS at site 10 in
the Minjiang River Estuary is related to the relatively high clay con-
tents during WS but very low clay contents during DS (Table 2).
The 100% sandy sediment at site 12 in the Pearl River Estuary in
WSmay be partially attributed to intense hydrodynamic forces dri-
ven by the strong river discharge during WS, causing resuspension
and mobilization of fine particles with deposition of coarse parti-
cles (Dong et al., 2006). A previous study reported that 95% of
the suspended sediment from the Pearl River Estuary was dis-
charged during the WS (Dong et al., 2006). Consequently, terres-
trial and marine biomarkers and TOC at site 12 in the Pearl River
Estuary during WS were all below the detection limit (Figs. 2A
and 3).

4.2. Quantitative estimates of terrestrial and marine OC contributions
in intertidal sediments

The contributions of terrestrial and marine OC to sedimentary
TOC in intertidal zones in China are closely related to the salinity,
as the values of terrestrial OC proxy of d13Corg showed a positive
relationship with salinity (R2 = 0.64, P < 0.05 in WS; R2 = 0.53,
P < 0.05 in DS; Supplementary Fig. S2B). PCA also showed a strong
association of d13Corg and salinity (Fig. 4). More negative average
d13Corg values (more terrestrial OC) were found in large estuary
intertidal zones with lower salinity (Fig. 2B; Supplementary
Fig. S2B), because strong riverine discharge simultaneously trans-
ported more terrestrial OC to the estuary and diluted the salinity
(Uncles and Lewis, 2001; Díez-Minguito et al., 2013). In contrast
to the large estuaries, less negative d13Corg values and high salinity
occurred in non-estuaries due to the lack of riverine input (Fig. 2B;
Supplementary Fig. S2B), indicating that a saline marine environ-
ment favored marine primary productivity. In small estuaries,
average d13Corg values revealed the mixing of terrestrial and mar-
ine OC contribution and salinity showed a large range (Fig. 2B;
Supplementary Fig. S2B).

OC source identification is complicated by potential modifica-
tion of end-member signatures via biogeochemical processeswhich
are known to alter the isotopic and elemental composition of OC
pools in estuaries (Liu et al., 2006). We used a simple binary mixing
model with different sets of indices (d13Corg, TMBR and BIT) to esti-
mate the fraction of terrestrial OC (Fterr) in the intertidal sediments.
Although some differences in proportions were found using d13Corg,
TMBR and BIT (Fig. 2B; Supplementary Fig. S4), terrestrial OC frac-
tions based on these three indices all showed positive correlations
with terrestrial biomarker contents (Supplementary Fig. S5).

Table 3 compares the average values of the terrestrial OC frac-
tions based on d13C, TMBR and BIT from three types of estuarine
intertidal zones during bothWS and DS. First, there was no obvious
difference in terrestrial OC fractions between WS and DS based on
each index (Fig. 2B and 5; Table 3; Supplementary Fig. S6).
Table 3
Average values of the terrestrial OC fractions in sediments based on d13Corg, TMBR and BI

Small estuaries Large es

WS DS Average WS

Fterr-d13Corg (%) 39 40 39.5 61
Fterr-TMBR (%) 47 46 46.5 43
Fterr-BIT (%) 25 24 24.5 55
However, the terrestrial OC fractions showed variable values calcu-
lated by the different indices (Fig. 5; Table 3; Supplementary
Fig. S6). Fterr-d13Corg showed highest values in large estuaries
(avg. 61%), while lowest values in non-estuaries (avg. 24.5%)
(Table 3). In contrast, Fterr-TMBR showed highest values in small
estuaries (avg. 46.5%) and lowest values in non-estuaries (avg.
24.5%); Fterr-BIT showed highest values in large estuaries (avg.
54%) and lowest values in small estuaries (avg. 24.5%) (Table 3).
One reason for these differences is that d13Corg is measured for
TOC while TMBR and BIT are based on biomarkers that only
account for a small percentage of TOC (<1%) (Zhao et al., 2006
and References therein). In addition, the

P
n-alkanes as terrestrial

OC endmembers in the TMBR could be complicated by the pres-
ence of significant amount of petrogenic and fossil fuel OC in ter-
restrial OC (Bianchi et al., 2018). In our study, the carbon
preference index (CPI) values of 1.03 and 1.17 in Minjiang River
and Sishiliwan Shoal during DS imply major contributions from
fossil hydrocarbon sources, also supported by the presence of a
UCM (unresolved complex mixture) in the n-alkane chro-
matograms (Gao and Chen, 2008; Supplementary Fig. S7). On the
other hand, phytoplankton biomarkers in marine sediments could
be influenced by the input of freshwater diatom-produced
biomarkers (Gaiser and Johansen, 2000). Also, the local end-
members for BIT can vary considerably and BIT can be as low as
0.7 in some soils (Weijers et al., 2006b). The lack of a local BIT end-
member value limited its use for calculating terrestrial OC sources
in our study. Thus, there were major limitations of using both the
TMBR and BIT to quantify terrestrial OC sources in intertidal zones;
we therefore used the d13Corg as a proxy for terrestrial OC to further
quantify OC spatial distributions and controlling factors.

First, high terrestrial OC contributions were found in large estu-
ary intertidal zones. Based on Fterr-d13Corg, terrestrial OC con-
tributed about 62–80% to sedimentary TOC in large estuary
intertidal zones, except at site 4 in the Yellow River Estuary
(24%) (Fig. 5). Coincidentally, the d13Corg values in sediments from
this site were less negative during both WS and DS, especially with
the more enriched d13Corg value during WS (–20.4‰, close to the
marine end member) (Fig. 2B), probably influenced by the contri-
bution of aquatic phytoplankton (Zhang et al., 2010; Hu et al.,
2016). This is consistent with a previous study that reported a
range of d13Corg values in sediments from the Yellow River Delta
from –24.3‰ to –20.4‰ (Dai et al., 2017). These enriched values
might be attributed to the contribution of aquatic phytoplankton
in the Yellow River (Zhang et al., 2010; Hu et al., 2016). In contrast,
terrestrial OC contributions were >60% in other large estuaries in
our study (Yangtze River, Minjiang River and Pearl River estuaries).

Second, low terrestrial OC contributions were found in non-
estuarine intertidal zones. Lack of riverine input resulted in a range
of 13–15% terrestrial OC based on d13Corg (Fig. 5). However, d13Corg

was only measured at two stations (site 7 Subei shoal and site 14
Dongzhai Bay) in non-estuarine intertidal zones, because the TOC
contents for the other sites were too low due to the coarse sedi-
ments (Fig. 3B).

Finally, variable OC contributions were found in small estuary
intertidal zones. Most sites in small estuary intertidal zones were
characterized by low terrestrial OC contributions (3–35%) (Fig. 5).
T from three types of estuarine intertidal zones during both WS and DS.

tuaries Non-estuaries

DS Average WS DS Average

61 61.0 10 19 24.5
41 42.0 25 24 24.5
53 54.0 41 30 35.5
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Notably the lowest terrestrial OC contributions were found at site 6
in the Dagu River Estuary, probably related to the development of
C4 plants (e.g., Spartina alterniflora Loisel) (Zhang et al., 2010).
However, much higher Fterr-d13Corg was found at site 9 in the Qian-
tang River Estuary (59%) and at site 11 in the Jiulong River Estuary
(67%), which were influenced by additional terrestrial material
input from river and typhoon, respectively (Shiah et al., 2000;
Hung and Gong, 2011; Wang, 2017). A previous study reported
Fig. 6. (A) Estimates of carbon stocks in intertidal sediments along China’s coastline; (B)
the Yangtze River, intertidal zones of this study, the Bohai Sea, the southern inner shelf o
et al., 2017) and the EEZ (UK, Namibia and Pakistan; Avelar et al., 2017). For interpretat

Fig. 5. Estimates of the terrestrial OC fractions in intertidal sediments using a
binary mixing model based on d13Corg (Fterr-d13Corg), TMBR (Fterr-TMBR) and BIT
(Fterr-BIT). For interpretations of the different patterns and colors of lines and
columns see Fig. 2.
that terrestrial OC contributions were 53–59% in Hangzhou Bay
(Zhang et al., 2009; where site 9 Qiantang is located), consistent
with our estimates of terrestrial OC fractions. The d13Corg values
of sediments with grain size >63 lm were –26‰ to –25‰ (Zhang
et al., 2009), indicating that the coarse contents in sediments from
Hangzhou Bay contain terrestrial plant debris. This was also
supported by the microscopic analysis (Zhang et al., 2009).

4.3. Sedimentary OC in intertidal zones: perspective from the carbon
stock

Processes controlling sedimentary OC in coastal areas have been
defined through a study of ‘‘hot spots” in the global ocean (Bianchi
et al., 2018). As the main land–ocean interface, intertidal zones
with high OC variations are of significant importance for the global
carbon cycle. Previous studies have pointed out that approximately
114 Tg C/year and 70 Tg C/year are buried in river deltas and non-
deltaic shelf areas, while only 6 Tg C/year is buried in the open
ocean (Burdige, 2005). Similar to our study, estuarine intertidal
zones accumulated more sedimentary OC than non-estuarine
intertidal zones (Fig. 2A; Supplementary Fig. S1A). In particular,
estuarine intertidal zones are strongly influenced by anthropogenic
activities, including both nutrient and organic matter inputs. For
example, increasing terrestrial nutrient input to the Yangtze River
Estuary during WS favored marine primary productivity (Zhou
et al., 2008; Jiang et al., 2014; Wang et al., 2014), supported by high
phytoplankton biomarker contents at site 8 in our study (Fig. 3C).
However, the direct OC contributions from anthropogenic influ-
ences (sewage discharge, aquaculture and fossil fuel combustion,
etc.) are hard to estimate.

Recently, a carbon stock index has been proposed to quantify
the amount of carbon storage in a reservoir or system, including
terrestrial ecosystems, anthropogenic sources and the atmosphere
(Avelar et al., 2017). In the present study, we assessed the carbon
stocks of intertidal zones along the coastline of China, including
the organic matter from land, ocean and human activities (Avelar
et al., 2017), to comprehensively evaluate the role of intertidal
zones as sedimentary OC reservoirs. The distributions of carbon
stocks were similar to that of TOC, clay contents and biomarkers,
showing generally highest average values in small estuary inter-
Comparison of carbon stocks in sediments from downstream of the Pearl River and
f the East China Sea, the Pearl River Delta, NW European continental shelf (Diesing
ions of the different patterns and colors of lines and columns see Fig. 2.
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tidal zones, intermediate average values in large estuary intertidal
zones and lowest average values in non-estuarine intertidal zones
(Fig. 6A).

We compared OC stocks in sediments from downstream of the
Pearl River and the Yangtze River, intertidal zones, marginal seas
and the EEZ to give a spatial perspective for the river-estuary-
marine systems. We found these values were in the same order
of magnitude (Fig. 6B). The carbon stock values in intertidal sedi-
ments along China’s coastline were generally lower than those
from large rivers and the Pearl River Delta in China and the EEZ
of UK, Namibia and Pakistan while comparable to those from the
Bohai Sea, the East China Sea and NW European continental shelf
(Fig. 6B; Avelar et al., 2017; Diesing et al., 2017). This may be
attributed to the degradation of OC during the transport from the
river to its estuary and the resuspension of fine materials in the
intertidal zones (Dong et al., 2006; Middelburg and Herman,
2007). However, the sedimentation rates in the intertidal zones
of our study (0.1–5 cm/year) (Hu et al., 2011; Xu et al., 2012) were
much higher than those from shelf regions (a few cm to several
tens of cm/1000 yr) (Middelburg et al., 1997). Relatively high accu-
mulation rates of OC in intertidal zones provide evidence for their
important role as OC reservoirs. Thus, carbon stocks in intertidal
environments between terrestrial and marine realms should be
considered as a part of national greenhouse gas inventories
(Avelar et al., 2017). Comprehensive data measurements and com-
parisons in future studies are of great importance for assessing
human activities impacting carbon stocks of coastal areas and for
further understanding the global carbon cycle.
5. Conclusions

The distribution of sedimentary OC was investigated in 14 dif-
ferent intertidal zones along China’s coastline during the wet
(WS) and the dry (DS) seasons. Our results showed spatial and sea-
sonal variations of sedimentary OC between different intertidal
zones, which were primarily controlled by the preservation condi-
tions (grain size). OC contents and carbon stocks were higher in the
WS than the DS mainly due to higher inputs in the WS. Small estu-
ary intertidal zones were characterized by higher sedimentary OC
content and carbon stock owing to the high clay contents, caused
by weak hydrodynamic processes, and by variable terrestrial OC
fractions. Large estuary intertidal zones were characterized by
variable sedimentary OC content and carbon stock due to variable
clay contents, and by higher terrestrial OC fractions due to higher
riverine input. Non-estuarine intertidal zones were characterized
by lower sedimentary OC content and carbon stock due to higher
dynamic sorting of sediments, and by lower terrestrial OC fractions
due to the lack of riverine input. Carbon stocks in intertidal sedi-
ments from China’s coastal area were comparable with those in
shelf sediments. More comprehensive comparisons of sedimentary
OC properties in individual intertidal zone are required in future
studies to understand the variability of OC in intertidal sediments.
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