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• Labile and recalcitrant sediment organic
carbon (SOC) were studied in estuary.

• Larger recalcitrant organic carbon (ROC)
and SOC stock was found in inner estu-
ary.

• Higher ratio of labile organic carbon
fraction to SOC was found in outer estu-
ary.

• Sand excavation reduced SOC, ROC,
ROC/SOC, and SOC stock.

• The estimated SOC stock in the Pearl
River Estuary was 34.0 Mg C ha−1.
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Schematic picture of labile and recalcitrant sediment organic carbon pools and their change trends in the river
estuary ecosystem.
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Little is known about the labile and recalcitrant sediment organic carbon (SOC) in estuarine ecosystem, and the
effects of human activities on SOC sequestration also remain poorly understood. In this study, sediment cores in
the Pearl River Estuary (PRE) and adjacent coastal areas in the South China Sea were collected to analyse varia-
tions in the sources of SOC and its labile and recalcitrant pools. Concentrations of SOC, microbial biomass carbon
(MBC), and recalcitrant organic carbon (ROC) ranged from 4.37 to 10.4 g/kg, 0.522 to 1.53 g/kg, and 1.59 to
5.42 g/kg, respectively, with their corresponding mean values as 7.20 ± 1.43 g/kg, 0.896 ± 0.228 g/kg, and
3.71 ± 1.01 g/kg, respectively. ROC was the chief fraction of SOC, and SOC, MBC and ROC has a similar source.
Higher SOC and MBC were observed in the upper sediments, which might be attributable to the enhancement
of seawater nutrient and particulate organic carbon concentrations in recent decades. Higher concentrations of
SOC, ROC, and SOC stock were found in the inner estuary relative to the outer estuary due to a higher terrigenous
organic carbon contribution, while the ratio of water-soluble organic carbon, salt-extractable carbon, andMBC to
SOC exhibited a contrasting trend caused by a higher autochthonous contribution. Sand excavation reduced SOC,
ROC, ROC/SOC, and SOC stock. The estimated SOC stock of the top 75 cm of sediment in the PRE was 34.0 Mg C
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ha−1, and the reduction of SOC stock in the PRE due to sea reclamation from 1973 to 2015was 1,171,159.6Mg C.
Therefore, measures should be taken to control sea reclamation and sand excavation activities in the PRE to en-
hance carbon sequestration capacity.

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

The accumulation of organic carbon (OC) in estuarine and coastal
sediments plays a critical role in global carbon sequestration as N80%
of the carbon buried in the oceans occurs in these shallow marine sys-
tems (Berner, 1982; Hedges and Keil, 1995; Hu et al., 2016). In estuarine
areas, sediment receives OC mainly from a combination of autochtho-
nous sources (e.g. phytoplankton) and allochthonous sources (e.g.
river input) (Dubois et al., 2012; Volkman et al., 2008; Zhang et al.,
2009b). OC fromdifferent sources have varied burial efficiencies, and in-
fluence the lability and preservation of sediment organic carbon (SOC)
(Liu et al., 2016; Watanabe and Kuwae, 2015). Water-soluble OC
(WSOC) and salt-extractable carbon (SEC) are the direct reservoirs of
OC that is readily available for sediment microbial metabolism (Liu
et al., 2016; Rochette and Gregorich, 1998; Yang et al., 2013), while mi-
crobial biomass carbon (MBC) represents themicrobial biomass in sed-
iments (Fang et al., 2005; Liu et al., 2016). Recalcitrant organic carbon
(ROC), the SOC remaining after acid hydrolysis, represents the relatively
stable SOC pool (Cheng et al., 2007), which is resistant to microbial de-
composition. Currently, most research into the SOC in estuaries has fo-
cused on the total SOC and its source rather than on SOC sub-pools
(Dubois et al., 2012; He et al., 2010; Hu et al., 2006a; Zhang et al.,
2009b). To better understand the processes responsible for SOC preser-
vation in estuarine and shallow coastal systems, it is necessary to also
study the labile organic carbon (LOC) and ROC pools.

The Pearl River is the largest river in southern China, and empties
into the South China Sea through eight outlets (Zhang et al., 2009b). A
large volume of terrigenous organic matter exported from the Pearl
River may be transported to the Pearl River Estuary (PRE) and adjacent
ocean areas (Dai et al., 2007; Zhang et al., 2009b),with about 80% of par-
ticles deposited within the PRE (Wai et al., 2004). The previous study
has revealed that the terrestrial OC is mainly deposited to the west of
the PRE (Chen et al., 2008; He et al., 2010; Hu et al., 2006a; Zhang
et al., 2009b). However, the SOC sequestration capacity in the PRE itself
remains poorly understood. The PRE is one of the core regions of eco-
nomic growth in China. Owing to rapid economic development in re-
cent decades, the PRE has received high loadings of anthropogenic
nutrients and pollutants (He et al., 2010; Zhang et al., 2009b). It is also
under constant threat from sea reclamation including agricultural and
industrial development and practices, aquaculture, town construction,
harbor, and wharf reclamation (Zhang et al., 2016). These activities
are capable of destroying wetlands, altering hydrodynamic conditions,
and enhancing water pollution. Statistical analyses have indicated that
the area of sea reclamation in the PRE increased by 27,286.68 ha from
1973 to 2015 (Zhang et al., 2016). This has undoubtedly induced loss
of coastal wetland areas as carbon sinks in the PRE. Additionally, sand
excavations have also been conducted in the PRE. For example, the
area of sand excavations was ~1926 ha between 2005 and 2009 due to
the need for rapid industrialization (South China Sea Institute of Ocean-
ology, Chinese Academy of Sciences, 2009). Do these human activities
influence the source of SOC and its labile and recalcitrant pools, thereby
affect SOC sequestration capacity in the estuarine ecosystem? Little in-
formation is currently available.

Sediment cores in the PRE were collected to analyse the δ13C of SOC
to determine the relative contribution of terrigenous OC. Additionally,
LOC (e.g. MBC, SEC, and WSOC) and ROC pools were also analysed
along with the SOC sequestration capacity. 210Pb was measured to de-
termine the sediment chronology, reflecting the changing trend in the
above parameters, while nutrients in the sediment and seawater were
also measured to assess their influence on SOC pools. The results of
this study may improve the understanding of the sources of SOC and
its sequestration capacity in the PRE, as well as the role of SOC sub-
pools in the C sequestration of subtropical fluvial and estuarine
ecosystems.

2. Materials and methods

2.1. Sample collection

Sediment cores were collected at four sites in July of 2013 using a
multi-corer (Fig. 1). Sites 1, 2, and 3 (e.g. S1, S2, and S3)were chiefly af-
fected by the nutrient input from the river, while Site 4 (S4)was located
in the adjacent coastal area beyond the PRE, with less nutrient input and
anthropogenic effects (Ma et al., 2009; Zhang et al., 2009a). Further-
more, S1 was also influenced by the activity of sand excavations. S2
and S3 were within the wetland area. Reclamation was mainly per-
formed in the wetland area, and may affect S2 and S3 indirectly by
changing the local hydrological conditions and sediment transport dy-
namics. The water depths in S1, S2, S3, and S4 were 11.0 m, 5.0 m,
5.8 m, and 29.0 m, respectively. The mean water velocity was 0.44 ±
0.13 m/s, and it was higher in S1 relative to the other three sites. The
length of the sediment cores in S1, S2, S3, and S4 were 75 cm, 100 cm,
110 cm, and 75 cm, respectively. Sediment cores were sliced at 5-cm in-
tervals, and divided into two sub-samples. The two sub-samples were
stored at 4 °C and −20 °C, respectively, before analysis. The overlying
seawater was also sampled simultaneously. Eachwater sample was im-
mediately filtered through Whatman GF/F filters (0.7 μm pore size) for
measuring dissolved inorganic nitrogen (DIN=nitrate+ nitrite+ am-
monium) and dissolved inorganic phosphate (DIP). The DIN and DIP
were measured by standard colorimetric techniques using a CANY
722s spectrophotometer.

2.2. Laboratory analyses

Seawater nitrate, nitrite, ammonium, andDIPwere determined using
zinc-cadmium reduction, hydrochloride naphthodiamide, hypobromite
oxidation, and phosphorus molybdenum blue spectrophotometry, re-
spectively (General Administration of Quality Supervision, 2008).

The sediment samples that stored at 4 °C were used for analysis of
bulk density (BD), WSOC, SEC, MBC, and ROC. BD was determined
after drying at 105 °C for 24 h. WSOC and SEC were both extracted
from 10 g moist sediment samples with additions of 30 mL deionized
water (Bijay-Singh and Whitchead, 1988) and 30 mL of 0.5 M K2SO4

(Fang et al., 2005; Liu et al., 2016), respectively. After shaking for
30 min, the mixtures were centrifuged for 10 min and then filtered
through GF/F filters (Whatman, 450 °C, 3 h) into a pre-combusted
Apragaz bottle (450 °C, 3 h) for analysis of total OC. MBC was deter-
mined using the chloroform fumigation–extraction method (Liu et al.,
2017; Vance et al., 1987; Yang et al., 2013). This method involved fumi-
gation of 10 g of moist sediment in a chloroform atmosphere for 24 h,
and then rapid extraction with 0.5 M K2SO4 as the SEC extraction
method. Sediment MBC was calculated according to the equation:
MBC = Ec/0.38, where Ec is the OC content difference between the
fumigation-treated and untreated sediments (Yang et al., 2013). The
untreated sediment filtrate was the SEC. A Shimadzu TOC analyser
(TOC-VCPH) for OC analysis was utilized for all of the filtrates. Potassium
hydrogen phthalatewasused as the reference, and theprecision of anal-
ysis was b2%. Additionally, the ROC was measured by acid hydrolysis



Fig. 1. Sampling sites of sediment cores in the Pearl River Estuary and the adjacent coastal area.
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(Cheng et al., 2007; Collins et al., 2000; Dodla et al., 2012). Sediment
samples with 6 mol/L HCl (1:10) were added to digestion tubes and in-
cubated for 16 h. After cooling to room temperature, samples were cen-
trifuged and then the overlying solution was discarded. The residual
samples, taken as the recalcitrant pool, were then washed with deion-
ized water and oven-dried at 40 °C. After drying, the residual samples
were weighed and analysed for OC analysis by a Vario EL-III CHN
analyser. Certified Reference Material of GBW07301a stream sedi-
ment was used as the reference, and the precision of analysis was
b0.2%.

Frozen sediment samples were used for analysis of δ13C and SOC.
The subsamples were freeze-dried, and then ground and homogenized
with a mortar and pestle. The sediment samples were acidified with
1 mol/L HCl overnight at room temperature to remove carbonate, and
this was followed by washing with distilled water and drying at 40 °C
in an oven. SOC was determined using an elemental analyser (Vario
EL-III CHN analyser). δ13C was analysed via an isotope ratio mass spec-
trometer (Thermo ScientificMAT 253). All isotopic datawere expressed
in the conventional delta notation (δ13C) relative to Peedee Belemnite.
The precision of duplicate analyses was b0.2‰.

A sample of 0.1 g was weighed and placed in a 50 mL colorimetric
tube. A 25 mL potassium persulfate-sodium hydroxide mixture solution
(NaOH: K2S2O8 = 0.15 mol/L: 0.15 mol/L) was added to the tube. The
tube was then autoclaved at 124 °C for 1 h. After natural cooling, during
which sediment particles settled down, the supernatantwas determined
for total nitrogen (TN) through sulfanilamide naphthylethylenediamine
spectrophotometry and for total phosphorus (TP) through phosphorus
molybdate blue spectrophotometry (Li et al., 2007).

Sediment age based on the 210Pbex dating techniques was only de-
rived from the core sediment sample in S4, which was less influenced
by human disturbance. The sedimentation rate was calculated using ex-
cess 210Pb, which was determined by alpha-spectrometry (via 210Po as
well as the added tracer of 209Po) at the Radioactivity Monitoring Labo-
ratory of South China Sea EnvironmentMonitoring Center, State Oceanic
Administration. Radiometric dates were calculated using the constant
initial 210Pb concentration model (Godoy et al., 1998; Goldberg, 1963).

The stock of SOC, WSOC, SEC, MBC, and ROC of the sediment cores
were estimated following the calculation of Howard et al. (2014)
(Table 1).

2.3. Statistical analyses

In this study, a two end-membermixingmodelwas used to calculate
the relative contributions of SOC sources with consideration of terres-
trial organic matter and aquatic organic matter (Zhang et al., 2009b).

δ13CSOC ¼ f1 � δ13CT þ f2 � δ13Ca:

δ13CSOC, δ13CT, and δ13Ca represent the carbon isotopic compositions
of the SOC, terrestrial, and aquatic OC, respectively. The proportion of
terrestrial OC was f1 and that of aquatic OC was f2, where f1 + f2 = 1.



Table 1
Process of calculating the stock of sediment organic carbon (SOC), water-soluble organic carbon (WSOC), salt-extractable carbon (SEC), microbial biomass carbon (MBC), and recalcitrant
organic carbon (ROC).

SOC/WSOC/SEC/MBC/ROC
(%)

Dry bulk density
(g/cm3)

Thickness interval of
core section (cm)

Sediment carbon
density (g/cm3)

Amount carbon in core
section (g/cm2)

Core carbon
content (g/cm2)

Total core carbon (Mg C ha−1)

A B C D = A/100 ∗ B E = D ∗ C F = E1 + E2 +
E3…

G= F ∗ (1 Mg/1,000,000 g) ∗ (100,000,000
cm2/1 ha)
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The previous study has shown that the δ13C of the terrestrial organic
matter imported by the Pearl Riverwas−25‰ (Yu et al., 2010), and that
the δ13C of the autochthonous sources (e.g. phytoplankton) was
−20.9‰ (Chen et al., 2008). The relative contribution of terrigenous
OC to SOC in this study was calculated according to the δ13C value of
the two potential SOC sources (Chen et al., 2008; Yu et al., 2010).
Pearson's correlation was used to assess the correlations among SOC,
WSOC, SEC, MBC, ROC, WSOC/SOC, SEC/SOC, MBC/SOC, ROC/SOC, δ13C,
BD, TN, and TP.

3. Results

3.1. Seawater nutrients

Nitratewas themain formof DIN in S1, S2, and S3,while ammonium
was the main form in S4. The concentrations of ammonium, nitrite, ni-
trate, DIN, and DIP in S1, S2, and S3 were all higher than in S4
(Table 2). In particular, nitrate concentration in S1, S2, and S3 were
about 42.9, 92.6, and 55.1 times that in S4, respectively, while ammo-
nium concentration in S1, S2, and S3 were about 1.7, 3.4, and 2.6
times that in S4, respectively. DIN concentration in S1, S2, and S3 were
about 10.8, 22.1, and 13.2 times that in S4, respectively.

3.2. Sediment physiochemical parameters

Sand composition in S4was significantly lower than in S1, S2, and S3
(Table 3). Furthermore, the combined composition of sand and silt ex-
hibited the trend: S1 N S2 N S4 N S3. No obvious trend was observed
for the sediment water content. The ratio of C/N in S1 was significantly
higher than in the other three sites.

The depth profile of 210Pb activity in the sediment core of S4 was
shown in Fig. 2. The In(210Pbex) activity depths can be fit reasonably to
simple linear equations with a slope of −0.0359 (r2 = 0.9157), corre-
sponding to sedimentation rates of about 1.149 cm/year. The 210Pb-
derived sedimentation rates indicated that the sediment core covered
approximately 52 years of sediment deposition.

3.3. Sediment organic carbon and its fraction

Vertical profiles of SOC and its fraction were depicted in Fig. 3. SOC,
WSOC, SEC, MBC, and ROC concentrations ranged from 4.37 to
10.4 g/kg, 0.569 to 1.39 g/kg, 0.608 to 1.86 g/kg, 0.522 to 1.53 g/kg,
and 1.59 to 5.42 g/kg, respectively, with their corresponding mean
values as 7.20 ± 1.43 g/kg, 0.893 ± 0.180 g/kg, 1.11 ± 0.264 g/kg,
0.896 ± 0.228 g/kg, and 3.71 ± 1.01 g/kg, respectively. SOC in S2 and
S3 were all higher than that in the same sediment layer in S1 and S4.
SOC in S2 and S4 exhibited a decreasing trend from the surface layer,
Table 2
Seawater nutrients in the Pearl River Estuary.

Parameters Ammonium
(mg/L)

Nitrite
(mg/L)

Nitrate
(mg/L)

DIN
(mg/L)

DIP
(mg/L)

S1 0.038 0.060 0.300 0.398 0.017
S2 0.075 0.095 0.648 0.818 0.028
S3 0.058 0.046 0.386 0.489 0.015
S4 0.022 0.008 0.007 0.037 0.013
while itfluctuatedmore in S1. TheminimumSOCconcentrationwas ob-
served in S1. Similarly, ROC concentration in S2 and S3 were also all
higher than that in the same sediment layer in S1 and S4. ROC remained
relatively stable in S2, S3, and S4, but it was more volatile in the upper
portion of the sediment core in S1. No apparent trend was observed
for WSOC and SEC in these sites. MBC concentration was higher in S3
and S4 than in S1 and S2. It exhibited a decreasing trend in the upper
portions of the sediment core and remained relatively stable in the
lower portions of the sediment core.

WSOC/SOC, SEC/SOC, MBC/SOC, and ROC/SOC ranged from 7.4% to
20.3%, 6.6% to 28.1%, 7.7% to 20.5%, and 30.8 to 65.3%, respectively,
with the corresponding average value as 13.0% ± 3.2%, 16.1% ± 4.9%,
12.6% ± 3.1%, and 51.2% ± 9.1%, respectively (Fig. 4). MBC/SOC de-
creased sharply in the upper 20 cm of sediment, and then remained rel-
atively stable in the deeper sediment layers, while ROC/SOC exhibited
an increasing trend with depth. Higher WSOC/SOC, SEC/SOC, and
MBC/SOC were observed within the same sediment layers in S4 com-
pared to the other three sediment cores, while lower ROC/SOC was ob-
served in S1.

3.4. δ13C of sediment organic carbon and its source

The δ13C of sediment ranged from −24.1‰ to −20.9‰, averaging
−22.3‰±0.9‰ (Fig.5a), while the relative contribution of terrigenous
source ranged between 0.4% and 78.0%, with themean value as 33.9%±
23.0% (Fig.5b). The vertical profile of sediment δ13C revealed an increas-
ing trend with depth, and it fluctuated the most in S1. A similar trend
was observed for the vertical distribution of the relative contribution
of terrigenous source. The sediment δ13C was all higher in S4 than in
the other stationswithin the same layer, while it exhibited a contrasting
trend for the relative contribution of terrigenous source.

3.5. Relationships between parameters

Relationships between parameters were also analysed (Table 4). A
significant positive relationship was observed between SOC and
WSOC, MBC and ROC, while the opposite was found between SOC and
WSOC/SOC, SEC/SOC and MBC/SEC. There was a significant positive re-
lationship between SEC and MBC, SEC/SOC, and MBC/SOC. δ13C exhib-
ited a markedly positive relationship with WSOC/SOC and SEC/SOC,
while showing a significant negative relationship with SOC, MBC, and
ROC. A significant negative relationship was also found between BD
and SEC, MBC, SEC/SOC and MBC/SOC. WSOC and SEC were positively
correlated with MBC. TN had a significant positive relationship with
SOC, WSOC, MBC, ROC, and ROC/SOC, while had a negative relationship
with WSOC/SOC, SEC/SOC, and δ13C. A significant positive correlation
Table 3
Sediment grain size, water content and C/N.

Sites S1 S2 S3 S4

Sand (%) 28.7 ± 3.9 34.5 ± 7.7 14.1 ± 5.6 9.7 ± 5.0
Silt (%) 67.8 ± 2.5 61.7 ± 6.3 75.8 ± 4.7 81.9 ± 5.7
Clay (%) 3.5 ± 3.6 3.9 ± 2.0 10.2 ± 3.2 8.5 ± 4.3
Water content (%) 0.43 ± 0.02 0.40 ± 0.02 0.44 ± 0.03 0.47 ± 0.03
C/N 27.37 ± 6.80 17.76 ± 1.69 14.37 ± 1.50 17.20 ± 2.29



Fig. 2. Depth profiles of 210Pb activity in the sediment core of S4.
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was found between TP and SOC, ROC, ROC/SOC, while the converse was
observed between TP and WSOC/SOC, SEC/SOC, MBC/SOC.
3.6. Sediment organic carbon stock

Vertical profiles of amount carbon in each core section (5 cm) were
shown in Fig. 6. The amount carbon in each core section ranged from1.1
to 5.2Mg C ha−1, averaging 2.4± 0.9Mg C ha−1. It was lower in S4 than
in other stations within the same core section. The stock of WSOC, SEC,
MBC, ROC, and SOC of the 75-cm sediment core ranged from 3.09 to
4.84 Mg C ha−1, 3.98 to 6.26 Mg C ha−1, 3.38 to 5.37 Mg C ha−1, 10.01
to 23.38 Mg C ha−1, and 19.60 to 44.33 Mg C ha−1, respectively, with
the mean value of 4.09 ± 0.77 Mg C ha−1, 5.38 ± 0.98 Mg C ha−1,
4.04 ± 0.90 Mg C ha−1, 16.98 ± 7.31 Mg C ha−1, and 34.03 ±
11.28 Mg C ha−1, respectively. SOC stock exhibited a trend in the
order: S2 N S3 N S1 N S4 (Fig. 7).
4. Discussion

The results presented here indicated that the sediment dating using
210Pb allowed an analysis of the urbanization and industrialization in
the PRE in recent decades (since 1961), and the sedimentation rate
was also similar to the ranges observed in the previous study (Ye
et al., 2012). With the rapid urbanization and industrial development
of the PRE in the past decades, human activities have induced larger nu-
trient inputs, wetland habitat loss, hydrological change and so on. For
example, seawater nutrient concentrations in the PRE exhibited a con-
tinuous increasing trend, with mean values of about 0.7 mg/L (Huang
et al., 2003), 1.06 mg/L (Ma et al., 2009) and 1.33 mg/L (this study) for
1998, 2006, and 2013, respectively. Particulate organic carbon (POC) ex-
hibited a similar trend as well. The POC concentration was 245 mg/L
(Chen et al., 1987), 541.9 mg/L (Liu et al., 2012), and 676 mg/L (Guo
et al., 2016) in 1987, 2010, and 2013, respectively. Higher SOC, δ13C,
and the calculated relative contribution of terrigenous organic matter
in the upper layers of sediment cores also indicated more terrestrial
OC had been delivered to the PRE in recent decades (Fig. S1 in
supporting material) (Jia and Peng, 2003; Zhang et al., 2009b).
4.1. Source and fraction of sediment organic carbon

The present study revealed that higher sediment δ13C in the outer
estuary indicated a higher contribution of marine organic matter.
Zhang et al. (2010) also found that organicmatter in the PREwasmainly
derived from mixed sources of terrestrial and aquatic origins, whereas
the organic matter in the adjacent shelves was predominantly algal-
derived. Furthermore, higher concentration of SOC was observed in
the northwestern part of the estuary, whichmay result from greater de-
position of terrestrial OC in this region induced by the Coriolis effect in
the PRE (He et al., 2010; Zhang et al., 2009b). Interestingly, the lowest
SOC content was found in S1 with more fluctuation in the trend of ver-
tical distribution. This was dominantly associated with sand excavation.
Since the middle of the 1980s, a large-scale of sand excavation in the
PRE has led to a great alteration of fluvial process and the hydrological
conditions (Han et al., 2005; Tang et al., 2011). During sand excavation,
larger materials descend to the seabed more rapidly than finer grained
material (Phua, 2002), and coarse sediments can induce lower OC con-
centration (Ricart et al., 2017). Furthermore, sand excavation also en-
hances the contact of the sediment and water with high dissolved
oxygen (DO), thereby increasing the instability and degradation of sed-
iment organic matter.

SOC is primarily divided into LOC (e.g. WSOC, SEC, and MBC) and
ROC, and it affects the carbon transformation and biogeochemical
cycle (Cheng et al., 2007; Dodla et al., 2012; Fang et al., 2005; Hicks,
2007; Liu et al., 2016; Yang et al., 2013). The SEC content in our study
(0.608–1.86 g/kg) was relatively lower than in the coastal wetland
soils of the Mississippi River (0.900–2.80 g/kg) (Dodla et al., 2012),
but was higher than in seagrass beds (0.212–0.292 g/kg) (Liu et al.,
2016). The concentration of MBC (0.522–1.53 g/kg) in our study was
also significantly higher than in seagrass bed (0.0573–0.694 g/kg) (Liu
et al., 2016) and in the coastal wetland of eastern China (Yang et al.,
2013). Significant positive relationships between SOC and WSOC,
MBC, and ROC were observed, suggesting they have similar sources. A
positive correlation between SOC and LOC fraction was also observed
in the coastal wetland soils of the Mississippi River deltaic plain
(Dodla et al., 2012) and forest soils (Wang and Wang, 2007). LOC frac-
tion increased with increasing amounts of SOC, and WSOC and MBC
could be used for assessing the lability of wetland SOC (Dodla et al.,



Fig. 3. Vertical profiles of SOC (a), WSOC (b), SEC (c), MBC (d), and ROC content (e) in the Pearl River Estuary and the adjacent coastal area.
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2012). The positive relationship observed betweenWSOCandMBC sug-
gestedWSOC was themost important substrate for sediment microbes,
microbial metabolites (e.g. polysaccharide mucilage) in turn contribute
substantially to sediment WSOC concentration (Yang et al., 2013).
Higher SEC, MBC, and their proportion to SOC in lower BD sediments
was associated with the depression of C mineralization in compacted
soils (Neve andHofman, 2000;Wang et al., 2009). A significant negative
relationship between δ13C and SOC, MBC, and ROC indicated that they
were influenced by the input of terrestrial organic matter and hydrody-
namic conditions. Similarly, a significant positive correlation between
sediment nutrients (TN and TP) and ROC, ROC/SOC, further suggested
that terrestrial plants rich in lignin and cellulose contributed to ROC in
the PRE. The mean ratios of WSOC, SEC, MBC, and ROC to SOC were
13.0%, 16.1%, 12.6%, and 51.2%, respectively, indicating that themajority



Fig. 4. Vertical profiles of the WSOC/SOC (a), SEC/SOC (b), MBC/SOC (c), and ROC/SOC (d) in the Pearl River Estuary and the adjacent coastal area.
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of SOC in the PRE was relatively recalcitrant. The ROC content tended to
be more stable in the whole core sediment than the other labile carbon
pool. Hu et al. (2006b) suggested that microbes within the sediments
dominantly utilized a labile pool of organic matter derived from algae
Fig. 5. Vertical profiles of the δ13C (a) in the sediment and the relative contribution of ter
for their growth in the PRE. Thismight explainwhy therewas a seaward
increasing trend in MBC content. MBC and MBC/SOC both exhibited a
declining trend in the upper layers of sediment core and remained rel-
atively stable in the lower layers. Similarly, the MBC/SOC value was
rigenous organic matter (b) in the Pearl River Estuary and the adjacent coastal area.



Table 4
The Pearson's correlation coefficients between parameters (n = 72).

parameters SOC WSOC SEC MBC ROC WSOC/SOC SEC/SOC MBC/SOC ROC/SOC δ13C BD TN TP

SOC 1.00 0.25⁎ −0.07 0.48⁎⁎ 0.80⁎⁎ −0.49⁎⁎ −0.68⁎⁎ −0.31⁎⁎ 0.20 −0.50⁎⁎ 0.15 0.83⁎⁎ 0.61⁎⁎

WSOC 0.25⁎ 1.00 −0.05 0.28⁎ 0.31⁎⁎ 0.70⁎⁎ −0.19 0.10 0.23⁎ 0.09 −0.12 0.30⁎ 0.16
SEC −0.07 −0.05 1.00 0.25⁎ −0.00 −0.01 0.76⁎⁎ 0.32⁎⁎ 0.08 0.12 −0.30⁎⁎ −0.04 −0.20
MBC 0.48⁎⁎ 0.28⁎ 0.25⁎ 1.00 0.36⁎⁎ −0.08 −0.10 0.68⁎⁎ 0.08 −0.39⁎⁎ −0.51⁎⁎ 0.57⁎⁎ −0.04
ROC 0.80⁎⁎ 0.31⁎⁎ −0.00 0.36⁎⁎ 1.00 −0.31⁎⁎ −0.53⁎⁎ −0.28⁎ 0.75⁎⁎ −0.26⁎ 0.21 0.81⁎⁎ 0.67⁎⁎

WSOC/SOC −0.49⁎⁎ 0.70⁎⁎ −0.01 −0.08 −0.31⁎⁎ 1.00 0.33⁎⁎ 0.34⁎⁎ 0.03 0.42⁎⁎ −0.23 −0.32⁎⁎ −0.31⁎⁎

SEC/SOC −0.68⁎⁎ −0.19 0.76⁎⁎ −0.10 −0.53⁎⁎ 0.33⁎⁎ 1.00 0.45⁎⁎ −0.13 0.40⁎⁎ −0.32⁎⁎ −0.55⁎⁎ −0.53⁎⁎

MBC/SOC −0.31⁎⁎ 0.10 0.32⁎⁎ 0.68⁎⁎ −0.28⁎ 0.34⁎⁎ 0.45⁎⁎ 1.00 −0.09 0.04 −0.69⁎⁎ −0.08 −0.53⁎⁎

ROC/SOC 0.20 0.23⁎ 0.08 0.08 0.75⁎⁎ 0.03 −0.13 −0.09 1.00 0.19 0.14 0.38⁎⁎ 0.42⁎⁎

δ13C −0.50⁎⁎ 0.09 0.12 −0.39⁎⁎ −0.26⁎ 0.42⁎⁎ 0.40⁎⁎ 0.04 0.17 1.00 −0.03 −0.46⁎⁎ −0.00
BD 0.15 −0.12 −0.30⁎⁎ −0.51⁎⁎ 0.21 −0.23 −0.32⁎⁎ −0.69⁎⁎ 0.14 −0.03 1.00 −0.00 0.47⁎⁎

TN 0.83⁎⁎ 0.30⁎ −0.04 0.57⁎⁎ 0.81⁎⁎ −0.32⁎⁎ −0.55⁎⁎ −0.08 0.38⁎⁎ −0.46⁎⁎ −0.00 1.00 0.58⁎⁎

TP 0.61⁎⁎ 0.16 −0.20 −0.04 0.67⁎⁎ −0.31⁎⁎ −0.53⁎⁎ −0.53⁎⁎ 0.42⁎⁎ −0.00 0.47⁎⁎ 0.58⁎⁎ 1.00

⁎ p b 0.05.
⁎⁎ p b 0.01.
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found to decrease in the soil profile with the depth (Lavahum et al.,
1996; Susyan et al., 2009). The increased seawater nutrients and POC
in the PRE in recent decades might enhanced OC available for microbial
use, thereby induced higherMBC in the upper sediment layers. Further-
more, ROC/SOC increased with depth. The portion of humified, less eas-
ily available soil organic matter also increased as a function of depth
(Lavahum et al., 1996). ROC in S2 and S3 were both higher than in S4,
which was associated with the higher exportation of terrestrial plants
rich in lignin and cellulose to S2 and S3 (Zhang et al., 2010). However,
the lowest ROC and ROC/SOC were both observed in S1. This was also
chiefly due to sand excavation. Furthermore, a higher proportion of
LOC (e.g. WSOC/SOC, SEC/SOC, and MBC/SOC) was observed in the
outer estuary than in the inner estuary, indicating a higher SOC turnover
rate in the outer estuary (Liu et al., 2016). Higher available C and mi-
crobial biomass were supported in per unit SOC in the outer estuary
(Yang et al., 2013). This was consistent with a higher autochthonous
contribution (e.g. phytoplankton), as phytoplankton was rich in
Fig. 6. Vertical profile of amount carbon in core section in the Pearl River Estuary.
labile compositions like carbohydrates, amino acids, sugars, and
low-molecular-weight organic acids (Hardison et al., 2013).
4.2. Sediment organic carbon sequestration

The estimated mean SOC stock of the top 75 cm of sediment core in
the PREwas 34.0Mg C ha−1. If this value ismultiplied two times (equal-
ing to the top 1.5 m), it was still remarkably less than in river deltas
of Moreton Bay, Australia (175–504 Mg C ha−1, the top 1.5 m)
(Hayes et al., 2017) and the riverine wetlands within La Encrucijada
Biosphere Reserve, Mexico (e.g. mangrove: 505.9 ± 72.6 Mg C ha−1;
Marsh: 298.3 ± 39.0 Mg C ha−1; peat seamp forest: 614.6 ±
85.7 Mg C ha−1) (Adame et al., 2015). Higher SOC stock was ob-
served in the inner estuary, which was associated with greater C se-
questration rates in the upper compared to the lower estuary
(Adame et al., 2015). Similarly, sites in river deltas exhibited larger
SOC stock than those in non-riverine settings, because of higher sed-
iment accretion and nutrients influx to these systems from riverine
sources (Hayes et al., 2017). Furthermore, sand excavation in S1
might weaken carbon sequestration. Therefore, sand excavation ac-
tivity in the PRE should be reduced or prohibited to maintain the car-
bon sequestration capacity in estuarine ecosystem. From the
increased sea reclamation area (27,286.68 ha) between 1973 and
2015 (Zhang et al., 2016) and the mean SOC stock of S2 and S3 in
the wetland area (42.92 Mg C ha−1), the overall reduction of SOC
stock (the upper 75 cm sediment) of the PRE due to sea reclamation
was 1,171,159.6 Mg C. It is critical for the local government to adjust
economic development plans to minimize sea reclamation activities
to preserve the carbon sinks in the PRE.
Fig. 7. The stock ofWSOC, SEC,MBC, ROC, and SOC of the 75-cm sediment core in the Pearl
River Estuary.
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5. Conclusion

In summary, ROC was the main fraction of SOC. The increased sea-
water nutrients and POC in recent decades might cause higher concen-
trations of SOC and MBC in the upper sediments of the PRE. Larger
terrigenous organic carbon contribution in the inner estuary enhanced
SOC, ROC, and SOC stock, while higher autochthonous contribution in
the outer estuary stimulated the δ13C and the proportion of LOC fraction
to SOC (e.g. WSOC/SOC, SEC/SOC, and MBC/SOC). Sand excavation
might decrease SOC, ROC, ROC/SOC, and SOC stock. Considering the im-
portance of the estuarine ecosystem, additional investigations of LOC
and ROC pools in the estuary along global coastlines should be con-
ducted to determine the overall carbon sequestration capacity.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.05.389.
Acknowledgments

This researchwas supported by theNational Basic Research Program
of China (2015CB452905, 2015CB452902), the National Natural Science
Foundation of China (nos. 41730529).

References

Adame, M.F., Santini, N.S., Tovilla, C., Vázquez-Lule, A., Castro, L., Guevara, M., 2015. Car-
bon stocks and soil sequestration rates of tropical riverine wetlands. Biogeosciences
12, 3805–3818.

Berner, R.A., 1982. Burial of organic carbon and pyrite sulfur in themodern ocean: its geo-
chemical and environmental significance. Am. J. Sci. 282, 451–473.

Bijay-Singh, Ryden J.C., Whitchead, D.C., 1988. Some relationships between denitrification
potential and fractions of organic carbon in air-dried and field-moist soils. Soil Biol.
Biochem. 20, 737–741.

Chen, S., Zheng, Z., Zheng, J., Lin, Z., 1987. Relationships between suspended particles of
organic carbon and environmental factors in Zhujiang River Estuary. Trop. Oceanol.
9, 54–57 (in Chinese with English abstract).

Chen, Fanrong, Zhang, Ling, Yang, Yongqiang, Zhang, Derong, 2008. Chemical and iso-
topic alteration of organic matter during early diagenesis: evidence from the
coastal area off-shore the Pearl River estuary, south China. J. Mar. Syst. 74,
372–380.

Cheng, L., Leavitt, S.W., Kimball Jr., B.A., P., J.P., Ottman, M.J., Matthias, A., Wall, G.W.,
Brooks, T., Williams, D.G., Thompson, T.L., 2007. Dynamics of labile and recalcitrant
soil carbon pools in a sorghum free-air CO2 enrichment (FACE) agroecosystem. Soil
Biol. Biochem. 39, 2250–2263.

Collins, H.P., Elliott, E.T., Paustian, K., Bundy, L.G., Dick, W.A., Huggins, D.R., Ajm, S., Paul,
E.M., 2000. Soil carbon pools and fluxes in long-term corn belt agroecosystems. Soil
Biol. Biochem. 32, 157–168.

Dai, S., Yang, S., Cai, A., 2007. Variation of sediment discharge of the Pearl River Basin
from 1955 to 2005. Acta Geograph. Sin. 62, 545–554 in Chinese with English
abstract.

Dodla, S.K., Wang, J.J., Delaune, R.D., 2012. Characterization of labile organic carbon in
coastal wetland soils of the Mississippi River deltaic plain: relationships to carbon
functionalities. Sci. Total Environ. 435–436, 151–158.

Dubois, S., Savoye, N., Gremare, A., Charlier, K., Beltoise, A., Blanchet, H., 2012. Origin
and composition of sediment organic matter in a coastal semi-enclosed ecosys-
tem: an elemental and isotopic study at the ecosystem space scale. J. Mar. Syst.
94, 64–73.

Fang, C., Smith, P., Moncrieff, J.B., Smith, J.U., 2005. Similar response of labile and resistant
soil organic matter pools to changes in temperature. Nature 433, 57–59.

General Administration of Quality Supervision I.a.Q.o.t.P.s.R.o.C., Standardization
Aministration of the People's Republic of China. GB17378.4-2007, 2008. The specifi-
cation for marine monitoring, part 4: seawateranalysis (in Chinese). Beijing: The
Standards Press of China.

Godoy, J.M., Moreira, I., Wanderley, C., Filho, F.F.S., Mozeto, A.A., 1998. An alternative
method for the determination of excess 210Pb in sediments. Radiat. Prot. Dosim.
57, 826–831.

Goldberg, E., 1963. Geochronology with 210Pb. Radioactive Dating. International Atomic
Energy, Vienna, pp. 121–130.

Guo, W., Ye, F., Lian, Z., Jia, G., 2016. Seasonal changes of organic carbon in the Pearl River
estuary. J. Trop. Oceanogr. 35, 40–50.

Han, L.X., Ji, H., Lu, Y.J., Mo, S.P., 2005. Impact of sand excavation in Pearl River delta on
hydrology and environment. Adv. Water Sci. 16, 685–690.

Hardison, A.K., Canuel, E.A., Anderson, I.C., Tobias, C.R., Veuger, B., Waters, M.N.,
2013. Microphytobenthos and benthic macroalgae determine sediment or-
ganic matter composition in shallow photic sediments. Biogeosciences 10,
5571–5588.

Hayes, M.A., Jesse, A., Hawke, B., Baldock, J., Tabet, B., Lockington, D., Lovelock, C.E., 2017.
Dynamics of sediment carbon stocks across intertidal wetland habitats of Moreton
Bay, Australia. Glob. Chang. Biol. 23, 4222–4234.
He, B., Dai, M., Huang, W., Liu, Q., Chen, H., Xu, L., 2010. Sources and accumulation of or-
ganic carbon in the Pearl River Estuary surface sediment as indicated by elemental,
stable carbon isotopic, and carbohydrate compositions. Biogeosci. Discuss. 7,
2889–2926.

Hedges, J.I., Keil, R.G., 1995. Sedimentary organic matter preservation: an assessment and
speculative synthesis. Mar. Chem. 49, 81–115.

Hicks, C.E., 2007. Sediment Organic Carbon Pools and Sources in a Recently Constructed
Mangrove and Seagrass Ecosystem. University of Florida.

Howard, J., Hoyt, S., Isensee, K., Telszewski, M., Pidgeon, E., 2014. Coastal Blue Carbon:
Methods for Assessing Carbon Stocks and Emissions Factors in Mangroves, Tidal
Salt Marshes, and Seagrasses. Conservation International, Intergovernmental Ocean-
ographic Commission of UNESCO, International Union for Conservation of Nature, Ar-
lington, VA, USA.

Hu, J., Peng, P.A., Jia, G., Mai, B., Zhang, G., 2006a. 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, J., Zhang, H., Peng, P.A., 2006b. Fatty acid composition of surface sediments in the sub-
tropical Pearl River estuary and adjacent shelf, Southern China. Estuar. Coast. Shelf
Sci. 66, 346–356.

Hu, L., Shi, X., Bai, Y., Qiao, S., Li, L., Yu, Y., Yang, G., Ma, D., Guo, Z., 2016. Recent organic
carbon sequestration in the shelf sediments of the Bohai Sea and Yellow Sea, China.
J. Mar. Syst. 155, 50–58.

Huang, X.P., Huang, L.M., Yue, W.Z., 2003. The characteristics of nutrients and eutrophica-
tion in the Pearl River estuary, South China. Mar. Pollut. Bull. 47, 30–36.

Jia, G.D., Peng, P.A., 2003. Temporal and spatial variations in signatures of sedimented
organic matter in Lingding Bay (Pearl estuary), southern China. Mar. Chem. 82,
47–54.

Lavahum, M.F.E., Joergensen, R.G., Meyer, B., 1996. Activity and biomass of soil microor-
ganisms at different depths. Biol. Fertil. Soils 23, 38–42.

Li, X., Song, J., Yuan, H., Dai, J., Li, N., 2007. Biogeochemical characteristics of nitro-
gen and phosphorus in Jiaozhou Bay sediments. Chin. J. Oceanol. Limnol. 25,
157–165.

Liu, Q., Huang, X., Zhang, X., Zhang, L., Ye, F., 2012. Distribution and sources of particulate
organic carbon in the Pearl River Estuary in summer 2010. Acta Ecol. Sin. 32,
4403–4412.

Liu, S., Jiang, Z., Zhang, J., Wu, Y., Lian, Z., Huang, X., 2016. Effect of nutrient
enrichment on the source and composition of sediment organic carbon
in tropical seagrass beds in the South China Sea. Mar. Pollut. Bull. 110,
274–280.

Liu, S., Jiang, Z., Zhang, J., Wu, Y., Huang, X., Macreadie, P.I., 2017. Sediment microbes me-
diate the impact of nutrient loading on blue carbon sequestration by mixed seagrass
meadows. Sci. Total Environ. 599–600, 1479–1484.

Ma, Y., Wei, W., Xia, H., Yu, B., Wang, D., Ma, Y., Wang, L., 2009. History change and influ-
ence factor of nutrient in Lingdingyang sea area of Zhujiang River Estuary. Acta
Oceanol. Sin. 31, 69–77.

Neve, S., Hofman, G., 2000. Influence of soil compaction on carbon and nitrogen
mineralization of soil organic matter and crop residues. Biol. Fertil. Soils 30,
544–549.

Phua, C., 2002. Ecological effects of sand extraction in the North Sea. Talanta 57,
393.

Ricart, A.M., Pérez, M., Romero, J., 2017. Landscape configuration modulates carbon stor-
age in seagrass sediments. Estuar. Coast. Shelf Sci. 185, 69–76.

Rochette, P., Gregorich, E.G., 1998. Dynamics of soil microbial biomass C, soluble organic C
and CO2 evolution after three years of manure application. Can. J. Soil Sci. 78,
283–290.

South China Sea Institute of Oceanology, Chinese Academy of Sciences, 2009. Demonstra-
tion Report on the Sand Excavation Project in Pearl River Estuary of Guangdong
Yiyuan Investment Development Company Limited.

Susyan, E.A., Ananyeva, N.D., Gavrilenko, E.G., Chernova, O.V., Bobrovskii, M.V., 2009. Mi-
crobial biomass carbon in the profiles of forest soils of the southern taiga zone. Eur-
asian Soil Sci. 42, 1148–1155.

Tang, M., Zhang, Z., Xing, Y., 2011. Environment monitoring of offshore sand mining in
Pearl River Estuary. Prog. Environ. Sci. 10, 1410–1415.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring soil
microbial biomass C. Soil Biol. Biochem. 19, 703–707.

Volkman, J.K., Revill, A.T., Holdsworth, D.G., Fredericks, D., 2008. Organic matter sources in
an enclosed coastal inlet assessed using lipid biomarkers and stable isotopes. Org.
Geochem. 39, 689–710.

Wai, O.W.H., Wang, C.H., Li, Y.S., Li, X.D., 2004. The formation mechanisms of turbidity
maximum in the Pearl River estuary, China. Mar. Pollut. Bull. 48, 441.

Wang, Q.K., Wang, S.L., 2007. Soil organic matter under different forest types in southern
China. Geoderma 142, 349–356.

Wang, Q., Yin, F., Hao, S.P., Li, C.H., 2009. Effect of subsoil bulk density on rhizospheric soil
microbial population, microbial biomass carbon and nitrogen of corn (Zea mays L.)
field. Acta Ecol. Sin. 29, 3096–3104.

Watanabe, K., Kuwae, T., 2015. How organic carbon derived from multiple sources con-
tributes to carbon sequestration processes in a shallow coastal system? Glob.
Chang. Biol. 21, 2612–2623.

Yang,W., Zhao, H., Chen, X., Yin, S., Cheng, X., An, S., 2013. Consequences of short-term C4
plant Spartina alterniflora invasions for soil organic carbon dynamics in a coastal wet-
land of Eastern China. Ecol. Eng. 61, 50–57.

Ye, F., Huang, X., Zhang, X., Zhang, D., Zeng, Y., Tian, L., 2012. Recent oxygen depletion in
the Pearl River Estuary, South China: geochemical and microfaunal evidence.
J. Oceanogr. 68, 387–400.

Yu, F., Zong, Y., Lloyd, J.M., Huang, G., Leng, M.J., Kendrick, C., Lamb, A.L., Yim, W.W.-
S., 2010. Bulk organic δ13C and C/N as indicators for sediment sources in the

https://doi.org/10.1016/j.scitotenv.2018.05.389
https://doi.org/10.1016/j.scitotenv.2018.05.389
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0005
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0005
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0005
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0010
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0010
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0015
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0015
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0015
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0020
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0020
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0020
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0035
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0035
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0040
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0040
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0040
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0045
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0045
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0045
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0060
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0060
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0060
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0065
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0065
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0065
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0070
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0070
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0070
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0075
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0075
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0080
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0080
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0085
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0085
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0085
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0090
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0090
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0095
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0095
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0095
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0095
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0100
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0100
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0105
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0105
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0110
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0110
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0110
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0110
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0110
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0115
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0115
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0115
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0125
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0125
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0125
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0130
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0130
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0135
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0135
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0135
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0140
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0140
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0145
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0145
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0145
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0150
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0150
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0150
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0155
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0155
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0155
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0155
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0160
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0160
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0160
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0165
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0165
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0165
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0170
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0170
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0170
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0175
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0175
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0180
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0180
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0185
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0185
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0185
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0185
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0190
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0190
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0190
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0195
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0195
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0195
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0200
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0200
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0205
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0205
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0210
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0210
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0210
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0215
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0215
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0220
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0220
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0225
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0225
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0225
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0230
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0230
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0230
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0235
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0235
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0235
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0240
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0240
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0240
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0245
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0245


1311Z. Lian et al. / Science of the Total Environment 640–641 (2018) 1302–1311
Pearl River delta and estuary, southern China. Estuar. Coast. Shelf Sci. 87,
618–630.

Zhang, J.P., Huang, X.P., Jiang, Z.J., Huang, D.J., 2009a. Seasonal variations of eutrophication
and the relationship with environmental factors in the Zhujiang Estuary in
2006–2007. Acta Oceanol. Sin. 31, 113–120.

Zhang, L., Yin, K., Wang, L., Chen, F., Zhang, D., Yang, Y., 2009b. The sources and accumu-
lation rate of sedimentary organic matter in the Pearl River Estuary and adjacent
coastal area, Southern China. Estuar. Coast. Shelf Sci. 85, 190–196.
Zhang, L., Chen, F.R., Yin, K.D., Ying, L., Yang, Y.Q., Zhang, D.R., 2010. The characteristics
and sources of surface sediments in the Pearl River Estuary and its adjacent shelves.
J. Trop. Oceanogr. 29, 98–103 (in Chinese with English abstract).

Zhang, X., Huang, H., Wang, P., Chen, M., Wang, J., Sun, Q., 2016. Change analysis of coast-
line and sea reclamation in Pearl River Estuary from 1973 to 2015. Trans. Oceanol.
Limnol 5, 9–15 in Chinese with English abstract.

http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0245
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0245
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0250
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0250
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0250
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0255
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0255
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0255
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0260
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0260
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0260
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0265
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0265
http://refhub.elsevier.com/S0048-9697(18)32046-1/rf0265

	Labile and recalcitrant sediment organic carbon pools in the Pearl River Estuary, southern China
	1. Introduction
	2. Materials and methods
	2.1. Sample collection
	2.2. Laboratory analyses
	2.3. Statistical analyses

	3. Results
	3.1. Seawater nutrients
	3.2. Sediment physiochemical parameters
	3.3. Sediment organic carbon and its fraction
	3.4. δ13C of sediment organic carbon and its source
	3.5. Relationships between parameters
	3.6. Sediment organic carbon stock

	4. Discussion
	4.1. Source and fraction of sediment organic carbon
	4.2. Sediment organic carbon sequestration

	5. Conclusion
	Acknowledgments
	References




