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Abstract The Pearl River plays an important role in transporting terrestrial organic carbon (OC) to the
South China Sea (SCS). However, the sources and compositional distribution of OC in the system are
poorly understood. This study focused on delineating the sources and determining the fate of surface
sedimentary OC from the Feilaixia Hydropower Station to the coastal SCS. Elemental, stable carbon/nitrogen
isotope (δ13C and δ15N), and lignin-phenol analyses have been conducted. The total OC (TOC) from the
upstream sites were generally derived from vascular plants (higher C/N and and depleted δ13C) and soils.
Additional input was attributed to riverine primary production (lower C/N and enriched δ13C), which was
enhanced near the dam-created reservoir. The C/N and δ13C values were not significantly different among
sites in the midstream. The estuary/coastal sites witnessed hydrodynamically sorted riverine OC, which was
diluted by marine primary production (lower C/N and more enriched δ13C). The lignin concentration was the
highest in the upstream sites, remained relatively unchanged in the midstream sites, and decreased
significantly along the estuary/coastal sites, which was corroborated by variation in TOC. A comprehensive
five-end-member Monte Carlo simulation suggested that previous studies had underestimated the C4 plant
input by 14 ± 11% and overestimated the riverbank soil input by 21 ± 17%. Thus, our study provided valuable
information for more accurate source and mass balance studies of terrestrial OC transported to the SCS,
which helped to further understand the carbon cycling in the large river-ocean continuum.

1. Introduction

Large rivers play a dominant role in transporting terrestrial organic materials to the ocean [Burdige, 2005]. The
riverine dissolved organic carbon (DOC) can actually account for the turnover time (circa 4000–6000 years) of
all the DOC in the marine environment [Bianchi, 2011; Hedges et al., 1997]. River discharge contributes about
0.9 Pg C to the marine environment, with 50% of it being in the form of organic carbon (OC) [Meybeck, 1982].
A particulate OC discharge rate of 0.2 Pg C yr�1 is estimated for degraded riverine OC being transported to
deltaic and nondeltaic continental margins [Schlünz and Schneider, 2000] and an estimate of 0.15 Pg C yr�1

for all the continental marginal sediments using the mass accumulation rate-weighted percent OC [Cui
et al., 2016b], which account for 18–65% of the terrestrial OC deposition globally [Cui et al., 2016b;
Smith et al., 2015]. However, biomarker and stable isotope data showed very little actual preservation
of terrestrial OC in these sediments [Bianchi, 2011; Hedges and Keil, 1995]. Therefore, the study of sources
and fate of OC delivered by large rivers to the ocean is of great importance in understanding global
carbon cycle.

The Pearl River is the second largest river in China and the thirteenth largest river in the world, discharging
∼330 × 109 m3 freshwater and ∼7 × 107 t of sediment annually to the South China Sea (SCS). The entire
drainage basin locates south of 27°N which has a subtropical climate with a long wet summer season and
short dry winter season [Dai et al., 2014]. Past studies in this dynamic and large river system have greatly
enhanced our understanding on the delivery of terrestrial OC and primary production and how these large
rivers influence continental shelves [Cai et al., 2004; McKee et al., 2004].

For example, earlier studies, using bulk δ13C isotopes in sediments of the Pearl River Delta and coastal SCS,
attempted to document dominant terrestrial and algal source inputs [Hu et al., 2006; Jia and Peng, 2003].
Fu et al. [2014] conducted a comprehensive survey from the East River to the estuary and showed that the
main sources of sedimentary OC were soils in summer but the processes were more complicated in winter.
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Similarly, Zhang et al. [2014] studied suspended sediment in the East River and surface sediment OC in the
northern SCS indicating three key sources (vascular C3 plants, soils, and marine organic materials) that
were widely distributed in the shelf and slope sedimentary carbon pool due to hydrodynamic sorting
effects. In particular, sedimentary OC of the East River tributary received large inputs from riverbank soils,
phytoplankton, and agricultural C3 plants in winter but switched to riverbank and mangrove soil inputs in
summer [Fu et al., 2014]. Remote sensing techniques and numerical model simulations have also been
used in the Pearl River estuary and have observed seasonal and spatial variation in the particulate OC
composition, which may be related to enhanced nutrient inputs, water circulation, and changing winds
[Liu et al., 2015].

Despite all of the aforementioned work in the Pearl River estuary and coasts, the fate and transport of OC
from the inland Pearl River tributaries are not well understood, largely because of heterogeneous source
inputs and complex biogeochemical processes in this dynamic subtropical river system. For example, about
49% of the Pearl River district is covered by a variety of plant types such as broad-leaved forests, coniferous
forests, and other trees such as tropical pines and cypress [Bureau, 2010] that use different metabolic path-
ways (C3 or C4) for photosynthesis. Additionally, riverbank and mangrove soils that contain different propor-
tions of C4 grasses contribute differently to riverine OC pool [Yu et al., 2010]. As the amount of fallen plant
organic matter in the southern tropical rain forest is 3 times that of temperate forests of China [Sweeting,
2012], and the C3 and C4 plants respond differently to CO2 enrichment [Ghannoum et al., 2000;
Tkemaladze and Makhashvili, 2016], knowledge is required on the link between vegetation type and OC
cycling and possible consequences of environmental changes. However, most studies have been focusing
on the estuary and adjacent continental shelf in the northern SCS, ignoring C4 plant as an important
OC source.

This study aimed to delineate the sources, transport, and preservation of sedimentary OC along a transect
from the Feilaixia Hydropower Station on the North River to the Pearl River estuary and coastal SCS. Our work-
ing hypothesis was that spatial distribution of OC composition in the surface sediment can be quantitatively
evaluated by using end-members of the freshwater primary production, terrestrial OC (including vascular C3
and C4 plants and soils), andmarine algae. For this purpose, we conductedmultiple biogeochemical analyses
such as bulk carbon including total organic carbon (TOC), total nitrogen (TN), and their stable isotopes (δ13C
and δ15N). Moreover, lignin composition was determined as a proxy of vascular plant inputs [Gleixner et al.,
2001]. This study also carried out a Monte Carlo model simulation using underdetermined system of linear
equations (the number of equations is less than the number of variables) to calculate contribution of five
different sources to the riverine and coastal sedimentary OC pool, especially quantifying the contribution
from C4 plants which has previously not been considered.

2. Material and Methods
2.1. Site Description and Sample Collection

Nearly half of the Pearl River water discharges into the SCS through the Lingdingyang Bay via three main
tributaries in the lower drainage basin: North River, West River, and East River (Figure 1). Surface sediment
samples were collected along the North River tributaries (upstream and midstream), estuary, and coastal SCS
(Figure 1) during a cruise in January 2012. Sediments (0–6 cm) were collected using a portable grab sampler.
Samples were stored onboard in 50 mL centrifuge tubes in a liquid nitrogen container and then to a �80°C
freezer in the lab. Prior to sediment collection, a YSI instrument (model YSI 650 MDS, YSI Incorporated Inc.,
USA) was used for in situ determination of salinity with depth. The detailed sampling sites are listed in
Table 1 and described in Figure 1. The practical salinity unit (psu) increased from ~0.1 in the upstream sites
to ~13.3 in the midstream sites to 31.2 in the coastal SCS (site 1).

2.2. Bulk Carbon, Nitrogen, and Stable Isotopes

About 40 mg of ground sediment was acidified with 12 N HCl vapor for 8 h in order to remove inorganic
carbon, mainly in the form of carbonate. Samples were then dried at 60°C for C and N and their isotope
analysis [Harris et al., 2001]. The analyses were conducted at the UC Davis Stable Isotope Facility
(Department of Plant Sciences, University of California at Davis, Davis, California) using a Europe Hydra
20/20 mass spectrometer equipped with a continuous flow isotope ratio monitoring device. Stable
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isotopes are reported in standard delta notation (δ13C or δ15N), defined as parts per thousand (‰) deviation
from a standard (Vienna Peedee belemnite for δ13C and atmospheric N2 for δ

15N):

δ ¼ Rsample � RSD
RSD

�1000 (1)

where RSD is the
13C/12C ratio of the Vienna Peedee belemnite for carbon and the 15N/14N ratio of air for nitro-

gen, respectively. Rsample is the ratio for sediment samples. The analytical precision (standard deviation for
repeated measurements of the internal standards) was 0.06‰ and 0.13‰ for δ13C and δ15N, respectively.

2.3. Lignin-Phenol Analyses

The CuO oxidation method was utilized to extract lignin phenols from sediment samples, according to the
method of Hedges and Ertel [1982] as modified by Goñi and Hedges [1992]. In short, ground sediments
containing approximately 3 to 5 mg of OC were digested at 150°C for 3 h with 330 mg (±4 mg) CuO and
2 N NaOH in the nitrogen atmosphere sealed in stainless-steel reaction vials. The products were neutralized
and extracted with 3 mL aliquots of diethyl ether (peroxides removed before usage) three times, filtered
through combusted glass wool, dried under N2, and converted to trimethylsilyl derivatives using
bis-(trimethylsilyl)-trifluoroacetamide. A quantitative amount of ethyl vanillin was applied as internal stan-
dard during the extraction. Lignin-phenol derivatives were analyzed with an Agilent 6890-gas
chromatograph/5973-mass spectrometer.

The response factors for the extracted lignin phenols were calculated from a mixed standard calibration
curve. The standard mixture contained 12 lignin reaction products of interest as well and known concentra-
tions of the internal standard, ethyl vanillin. Eight lignin-phenol oxidation monomer products: C (ferulic
acid + cinnamic acid), V (vanillin + acetovanillone + vanillic acid), and S (syringaldehyde + acetosyringone +
syringic acid) were quantified [Hedges andMann, 1979]. Byproducts were also derived after CuO and quantified
such as p-hydroxybenzenes (P: p-hydroxybenzaldehyde, p-hydroxyacetophenone, p-hydroxybenzoic acid),
and 3,5-dihydroxybenzoic acid (3,5-Bd). They were also derived from proteins and/or phenolic plant biomo-
lecules such as tannins [Goñi and Hedges, 1995]. The variability of triplicate analysis for the sum of lignin
phenols was less than 15%, while that for individual compounds ranged from 5% to 25%.

Lambda-8 (Λ8), defined as mg of the sum of C, V, and S phenols, normalized to 100 mg of organic carbon
(mg/100 mg OC), is commonly used as an indicator of terrestrial vascular plant material [Hedges and

Figure 1. Map of the sampling sites in the Pearl River tributaries (North River), estuary (Lingdingyang), and coastal South
China Sea. The numbers denote the sampling sites of the surface sediment.

Journal of Geophysical Research: Biogeosciences 10.1002/2017JG003981

LI ET AL. BIOGEOCHEMISTRY OF THE PEARL RIVER 3



Parker, 1976]. We also used Λ6, a similar index which does not include the C phenols. Acid to aldehyde ratios
of both V and S phenols: (Ad/Al)v, (Ad/Al)s, were used as indicators of degradation state of lignin [Barrick
and Hedges, 1981]. The phenol monomer ratios of C/V and S/V were used as indicators of woody/nonwoody
and gymnosperm/angiosperm sources of lignin in soils and river sediments [e.g., Bianchi et al., 2011; Goñi and
Thomas, 2000; Hedges and Mann, 1979]. The more sensitive lignin-phenol vegetation index (LPVI) derived
from V, S, and C was also applied to examine and compare different types of vascular plant materials [Tareq
et al., 2004]. P/(S + V) was used as an indicator of the brown-rot decay pathway [Dittmar and Lara, 2001]. We
used 3,5-Bd as a product of soil inputs and the 3,5-Bd/V ratio as an indicator of input of humified soil OC,
largely adsorbed on fine particles in rivers and soils [Cui et al., 2016a; Louchouarn et al., 1999; Prahl et al., 1994].

2.4. Data Analyses

Origin software (OriginLab Corporation) was used in the data analysis. Statistically, significant differences
were identified using one-way analysis of variance and discussed within the 95% confidence interval
(p< 0.05). Principal component analysis (PCA) was performed on a matrix of geochemical data to determine
which of the variables analyzed significantly affected the relative characteristics of the sedimentary OC.

A Monte Carlo simulation model was applied to track the source distribution and evaluate the sedimentary
OC cycling with consideration of the spread end-member parameter values [Andersson, 2011; P. Li et al.,
2012, and references therein]. End-member parameter (δ13C and N/C) values were assumed to follow a nor-
mal distribution (mean ± standard deviation) for different OC sources to the study system (Table 2). The N/C
was assigned rather than C/N as it is more sensitive as an end-member of terrestrial OC [Perdue and
Koprivnjak, 2007]. The δ15N is not distinctive and not designated as an end-member parameter. For example,
the typical δ15N values range from 3‰ to 12‰ (mean of ~6‰) for marine particulate organic carbon (POC)
and from �5‰ to +18‰ (mean of ~3‰) for the terrestrial vascular plants, showing significant overlap.

The program was run in Enthought Python Distribution 7.2. Briefly, 4000 out of 1,000,000 random samples
(size of 1000 at site 21 and 5000 at site 17 out of 40,000,000 random samples) from the normal

Table 1. Sampling Sites, Geochemical Parameters of the Sediment Samples From the Lower Pearl River to the Coastal SCS

Site ID
Distance From Feilaixia

Dam (km) Latitude Longitude Salinity Depth (m) δ13C (‰) δ15N (‰) TOC (%) TN (%) C/N
Porosity (Dry Sediment

Use 2.6 g/cm3)

Upstream Sites
21 13 23.701 113.17 0.1 4.3 �20.57 5.46 0.57 0.055 10.39 0.44
20 38 23.696 112.96 0.6 3 �23.50 4.34 0.73 0.085 8.58 0.53
17 46 23.508 112.92 0.1 11.8 �20.98 4.84 1.33 0.122 10.91 0.54
16 52 23.453 112.88 0.1 3 �24.23 5.68 1.67 0.195 8.59 0.67
15 72 23.703 112.89 0.1 9.6 �26.67 5.40 1.21 0.101 11.90 0.67
14 103 23.254 112.79 0.1 ND �29.04 4.08 3.07 0.162 18.92 0.61
Mean �24.29 5.09 1.57 0.13 12.14 0.59
SD 3.64 0.64 0.93 0.05 3.97 0.10

Midstream Sites
13 107 23.219 112.81 0.1 3 �25.27 4.40 1.08 0.095 11.28 0.65
12 114 23.161 112.83 0.1 3 �26.32 4.13 0.63 0.051 12.47 0.66
10 132 23.09 112.96 0.1 3 �25.84 5.11 1.53 0.152 10.05 0.76
8 159 23.003 113.16 0.2 10 �26.06 5.69 0.36 0.033 10.96 0.45
7 165 23.055 113.16 0.4 8 �27.12 4.30 2.25 0.203 11.06 0.68
27 180 23.047 113.52 3.2 9.8 �25.24 3.74 1.64 0.139 11.78 0.72
26 202 23.031 113.52 7.9 15.5 �25.36 5.20 0.88 0.067 13.05 0.59
Mean �25.89 4.65 1.19 0.11 11.36 0.64
SD 0.68 0.69 0.65 0.06 1.00 0.10

Estuary/Coastal Sites
25 203 22.974 113.56 9.2 10.9 �26.24 5.55 1.25 0.120 10.45 0.70
6 211 22.874 113.57 15 14.2 �25.43 5.16 1.00 0.094 10.65 0.64
5 237 22.747 113.55 4.4 10.1 �25.15 5.50 0.69 0.071 9.69 0.60
2 263 22.571 113.72 27 22.5 �24.79 4.99 0.66 0.062 10.52 0.66
3 278 22.454 113.75 27 6 �22.81 5.04 1.02 0.098 10.37 0.65
1 343 21.943 113.7 31 19.4 �21.20 4.97 0.43 0.057 7.48 0.52
Mean �24.27 5.20 0.84 0.08 9.86 0.63
SD 1.89 0.26 0.30 0.02 1.21 0.06
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distribution of each end-member were taken in order to simultaneously optimize the following
underdetermined system of linear equations (see codes in the supporting information):

Xi

1

f i ¼ 1 (2)

Xi

1

f i�δ13Ci ¼ δ13Csample (3)

Xi

1

f i� N=Cð Þi ¼ N=Cð Þsample (4)

where fi is the fraction of the i end-member and i = vascular C3 plant, C4 plant, soil OC, marine, and river
phytoplankton, respectively. The variation of the mean value for each end-member was less than 0.2‰ by
randomly sampling each parameter value five times, ensuring the statistical stability of the model.

Preliminary calculations were also carried out in order to quantitatively evaluate OC preservation in the
sediments. Generally, the sediment mass accumulation rate (MAR) was calculated as follows in this study
[He et al., 2010]:

Fs g cm�2yr�1
� � ¼ Rs cm yr�1

� �� ds g cm�3
� �

(5)

The OC MAR was estimated as

Foc mg cm�2yr�1
� � ¼ TOC %ð Þ� Fs=100�1000 (6)

The lignin MAR was

Flignin mg m�2yr�1
� � ¼ Foc mg cm�2yr�1

� ��Λ8 mg 100 mg�1OC
� �

=100�10; 000 (7)

where Rs is sediment AR and ds is arithmetic average “dry bulk density” (g cm�3) of the sediment. We used an
estimate of Rs of 2.65 cm yr�1 for the midstream sites of the Pearl River based on data on the west of the
Lingdingyang Bay, an average of 2.0 cm yr�1 in the estuary and 0.3–0.9 cm yr�1 in the coastal area (site 1).
The ds was equivalent to the dry sediment density (2.65 g cm�3)×(1-porosity) [He et al., 2010; Zhang et al.,
2009, and references therein]. The TOC and Λ8 were the average data for each area.

3. Results
3.1. Bulk Carbon/Nitrogen and Stable Isotopes

Site 14 and site 26 divided the sedimentary OC distribution into three groups along salinity gradients (Table 1
and Figure 2). The upstream sites were from the Feilaixia Hydropower Station downstream to Si Hui city (site
14, about 103 km distance) with salinities of ~0.1 (sites 21, 20, 17, 16, 15, and 14, n = 6). Porosity was not
significantly different and ranged between 0.44 (site 21) and 0.67 (sites 16 and 15) (mean = 0.59 ± 0.10)
(Table 1 and Figure 2a). There was a significant decrease in δ13C from �20.57‰ to �29.04‰
(�24.29 ± 3.64‰) downstream, indicating a decrease in the contribution of freshwater phytoplankton or
C4 plants. Site 14 showed the most depleted value of �29.04‰ of all sediment samples and likely indicated
more terrestrial sources from the tributary. A decrease in δ15N from 5.46‰ to 4.08‰ (5.09 ± 0.64‰) was
observed with an increase in TOC (0.57% to 3.07%, mean = 1.57 ± 0.93%) and TN (0.055% to 0.162%,

Table 2. δ13C and N/C Ratio of End-Members (N/C Is the Invertible of C/N Atomic Value)

OC Sources
δ13C (‰)
(Mean ± SD)

C/N
(Mean ± SD)

N/C
(Mean ± SD) References

C3 plant �29.10 ± 1.8 22.7 ± 11.6 0.060 ± 0.043 Yu et al. [2010]
Riverbank soil �24.10 ± 1.0 12.5 ± 2.3 0.083 ± 0.022 Yu et al. [2010]
River phytoplankton �28.6 ± 1.0 6.6 ± 2.6 0.146 ± 0.029 Cloern et al. [2002] and Meyers

[1994]
Marine algae �20.50 ± 1.0 6.46 ± 0.1 0.127 ± 0.022 Chen et al. [2008] and He et al.

[2010]
C4 plants �13.10 ± 0.5 24.6 ± 9.4 0.048 ± 0.026 Yu et al. [2010]
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mean = 0.13 ± 0.05%) (Table 1). The
C/N atomic ratio increased signi-
ficantly from 10.39 to 18.92
(12.14 ± 3.97, Table 1 and Figure 2b),
which likely reflected a mixture of
vascular plant and plankton/bacteria
OC source inputs.

The midstream sites included loca-
tions from Si Hui city to the edge of
the Pearl River estuary (sites 13, 12,
10, 8, 7, 27, and 26), which was about
107–202 km from Feilaixia
Hydropower Station. These sites had
salinities ranging from 0.1 to 7.9. The
porosity and bulk carbon data
showed no apparent spatial variation
patterns across these sites (Table 1
and Figure 1a). The C/N ratios and
δ13C were relatively consistent and
independent of TOC content
(Figure 2b). The porosity ranged from
0.45 to 0.76 (0.64 ± 0.10, n = 7) and
δ13C ranged from �27.12‰ to
�25.24‰ (�25.89 ± 0.68‰, n = 7).
Average δ15N, TOC, TN, and C/N were
4.65 ± 0.69‰, 1.19 ± 0.65%,
0.11 ± 0.06%, and 11.36 ± 1.00,
respectively (Table 1).

Variability in the sedimentary OC at
the estuary/coastal sites 25, 6, 5, 2, 3,
and 1 reflected effect of typical dilu-
tion processes on terrestrial-derived

OC in the transition from freshwater to the marine environment. The salinity increased from 9.2 (site 26) to
31 (site 1) with site 5 had the lowest salinity of 4.4. Porosity, TOC, TN, and the C/N ratio generally decreased
insignificantly downstream in this region (0.70 to 0.52, 1.25% to 0.43%, 0.12% to 0.057%, and 10.45 to 7.48,
respectively), with a significant increase in δ13C (�26.24‰ to �21.20‰) (Table 1 and Figure 2b). The δ15N
slightly decreased from 5.55‰ to 4.97‰ (Table 1), which was lower than that of the phytoplankton
(8.3‰) in this region [Chen et al., 2008]. The data indicated an increasing contribution from the degraded
marine phytoplankton and/or hydrodynamically sorted C4 plant materials with increasing salinities.

3.2. Lignin Phenols

Λ8 in the upstream sites increased significantly from 0.24 mg 100 mg�1 OC (site 21) to 5.48 mg 100 mg�1 OC
(site 14) with distance downstream, shown in Table 3 and Figure 2c. Λ6 also increased from 0.21 mg
100 mg�1 OC to 5.08 mg 100 mg�1 OC. There was little to no C phenols (0.03–0.30 mg 100 mg�1 OC), indi-
cating that nonwoody plant inputs were not important, and/or that C phenols were preferentially degraded
over V and S phenols [Hedges and Mann, 1979] prior to deposition. Site 14 at the tributary had the highestΛ8,
suggesting additional sources of vascular plant input relative to other OC sources. The degradation indices
decreased from 0.38 to 0.32 for (Ad/Al)v, from 0.55 to 0.21 for (Ad/Al)s, and from 0.29 to 0.09 for P/(S + V)
(Table 3 and Figure 2d).

There was no significant spatial variability in concentration and ratios of lignin phenols at the midstream sites
(Table 3). For example, the average values were 1.87 ± 0.50 for Λ8 and 1.75 ± 0.48 for Λ6. The average ratios
were 0.27 ± 0.06 for (Ad/Al)v, 0.19 ± 0.03 for (Ad/Al)s, and 0.12 ± 0.03 for P/(S + V).

Figure 2. (a–e) Parameters (see text) in the sediment samples with distance
from the Feilaixia Hydropower Station (km). The numbers in Figure 1a
represent sampling sites. The black labels the left Y axis, while the red labels
the right Y axis in Figures 2a–2e.
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For the estuary/coastal sites with salinities that ranged from 3.2 to 31.2, there was a significant (p < 0.05)
decrease in terrestrial-derived OC. For example, Λ8 decreased from 2.53 at site 25 to 0.36 at site 1 in the
SCS, while the Λ6 decreased from 2.41 to 0.33. Although not statistically significant, the (Ad/Al)s and
P/(S + V) ratios increased from 0.19 to 0.28, and 0.08 to 0.23, respectively, but remained relatively constant
for (Ad/Al)v (0.27 ± 0.05) (Figures 2c and 2d).

The 3,5-Bd significantly increased from 0.02 to 0.10 downstream at the upstream sites, with no significant
increase (0.05 ± 0.03) at the lower estuary/coastal sites (Table 3). The 3,5-Bd/V ratio showed similar patterns
with P/(S + V) downstream that decreased from 0.19 to 0.04 at the upstream freshwater sites, no change at
the midstream sites (mean = 0.03 ± 0.01), and an increase from 0.02 to 0.08 at the lower estuary/coastal sites
(Figure 2e). The LPVI values increased from 27 to 342 (115 ± 76, n = 19) (Table 3 and Figure 2c), indicative of
mixed woody and nonwoody angiosperm plants inputs. The LPVI results agreed well with vegetation sources
derived from the C/V versus S/V plot (Figure S1), where C/V ratios ranged from 0.06 to 0.47 (0.18 ± 0.12) and
S/V ratios ranged between 0.57 and 1.10 (0.85 ± 0.16, Table 3 and Figure S1). These values are consistent with
shelf sedimentary OC in the SCS [Zhang et al., 2014].

3.3. Data Synthesis

1. PCA analysis. The PCA biplot included 17 normalized variables, which showed significant spatial patterns
that indicated distribution and preservation of sedimentary OC with different properties across different
spatial scales (Figure 3). The first two axes explained 54.7% of the sedimentary OC (first axis: 35.2% and
second axis: 19.5%). Most of the upstream sites (excluding sites 14 and 15) were located in Quadrant I,
while most of the midstream sites (e.g., 107, 180, and 203 km distance) were located in Quadrants II
and III. Sediment samples from most of the coastal sites (e.g., 263, 278 km distance) were located in
Quadrant IV. The δ13C values were significantly correlated with lignin degradation ratios, such as 3,5Bd/
V (R2 = 0.68, p < 0.05), indicating contributions from river phytoplankton and/or degraded C4 plants in
the upstream sites. While at the midstream sites, vascular plant-derived OC contributed significantly to
the TOC pool—as was indicated by higher Λ8, associated with higher C/N ratios and bulk TOC content.

Table 3. Concentration and Ratios of the CuO Oxidation Products of the Sediment Sampled in 2012 From the Lower Pearl River to the Coastal South China Sea

Site ID
Distance from
Feilaixia Dam (km) Salinity 3,5-Bd/V P/(S + V)

3,5-Bd (mg 100
mg�1 OC)

Λ6 (mg 100
mg�1 OC) (Ad/xAl)v (Ad/Al)s

Λ8 (mg 100
mg�1 OC) LPVI C/V S/V

Upstream Sites
21 13 0.1 0.19 0.29 0.02 0.21 0.38 0.55 0.24 173.86 0.29 0.85
20 38 0.6 0.03 0.13 0.03 1.34 0.34 0.27 1.72 245.19 0.47 0.65
17 46 0.1 0.08 0.19 0.07 1.61 0.36 0.26 1.89 149.08 0.30 0.70
16 52 0.1 0.03 0.14 0.04 2.12 0.23 0.23 2.66 342.47 0.47 0.84
15 72 0.1 0.03 0.08 0.04 2.74 0.32 0.19 2.92 106.24 0.14 1.07
14 103 0.1 0.04 0.09 0.10 5.08 0.32 0.21 5.48 117.34 0.16 1.05
Mean 0.07 0.15 0.05 2.18 0.33 0.29 2.45 189 0.31 0.86
SD 0.06 0.07 0.03 1.65 0.05 0.13 1.74 90 0.14 0.17

Midstream Sites
13 107 0.1 0.03 0.13 0.04 1.90 0.32 0.22 2.12 109.56 0.21 0.80
12 114 0.1 0.03 0.11 0.03 2.12 0.28 0.19 2.28 83.51 0.14 0.88
10 132 0.1 0.05 0.17 0.04 1.44 0.35 0.22 1.59 137.91 0.21 0.97
8 159 0.2 0.02 0.15 0.01 1.30 0.16 0.15 1.35 77.44 0.08 1.10
7 165 0.4 0.02 0.13 0.01 1.24 0.25 0.19 1.35 70.71 0.16 0.71
27 202 7.9 0.02 0.07 0.03 2.56 0.27 0.16 2.66 27.33 0.06 0.58
26 203 9.2 0.03 0.10 0.03 1.69 0.25 0.17 1.76 41.54 0.07 0.74
Mean 0.03 0.12 0.03 1.75 0.27 0.19 1.87 79 0.13 0.83
SD 0.01 0.03 0.01 0.48 0.06 0.03 0.50 38 0.06 0.17

Estuary/Coastal Sites
25 211 14.6 0.03 0.08 0.03 2.41 0.32 0.19 2.53 86.57 0.10 1.11
6 220 3.2 0.03 0.12 0.03 1.93 0.27 0.17 2.06 68.72 0.12 0.83
5 237 4.4 0.03 0.13 0.03 1.31 0.30 0.22 1.38 39.32 0.08 0.66
2 263 27 0.03 0.28 0.02 1.82 0.29 0.17 1.87 55.37 0.06 0.95
3 278 26.7 0.05 0.14 0.03 1.01 0.18 0.22 1.12 126.47 0.22 0.86
1 343 31.2 0.08 0.23 0.01 0.33 0.27 0.28 0.36 133.55 0.20 0.98
Mean 0.04 0.16 0.03 1.47 0.27 0.21 1.55 85 0.13 0.90
SD 0.02 0.07 0.008 0.74 0.05 0.04 0.77 38 0.06 0.15
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However, properties of OC in
the estuary/coastal sites mainly
reflected in situ production and
were distinct from those of the
upstream and midstream sites.

2. Monte Carlo simulation. Based on
compositional OC distribution,
we chose end-members of vascu-
lar C3 plants, C4 plants, soil OC,
and riverine phytoplankton for
the upstream andmidstream sites
with salinities ranging from 0.1 to
9.2. While for the lower sites with
salinities between 14.6 and 31.2,
we added the marine algae as
the fifth end-member (Table S1
and Figure 4).

Distant from the hydropower station,
contribution of C3 plant derived OC

increased from 3.0% to 67.1% at site 14 (Si Hui city) that was characterized by the most δ13C-depleted OC.
The general trend of C3 plant contribution decreased from 34% to 4% at the coastal sites (Figure 4a).
Correspondingly, marine algae increased its contribution from 20% at site 26 to 67% at the farthest site 1.
The river phytoplankton contributed to about 21.2 ± 5% in most of the riverine sites but decreased to about
8% at the two coastal sites. The proportion of riverbank soil decreased with distance from about 81% to 65%
at the freshwater sites with the least contribution (14%) at site 14 (Si Hui city). At the marine influenced sites,
the contribution of riverbank soil varied between 32% and 20%.

When C4 plants were considered in the model (Figure 4b), their contribution reached as high as 44% at the
reservoir site and decreased to 4% at site 14 (Si Hui city) and gradually increased to 21% at the coastal site 1.
In contrast, the river phytoplankton did not vary significantly among all the sites with an average of 28 ± 7%.
The contribution of C3 plants increased from 9% to 65% at site 14 (Si Hui city) and decreased gradually to 5%
at the coastal site 1. The significant decrease (23 ± 4%) in riverbank soil contribution was compensated by C4
plants contribution, indicating that vegetation, not soil, was the main terrestrial source of sedimentary OC
(Figure 5b and see discussion in section 4.1). The contribution of marine algae at the estuary/coastal sites
decreased by 38% on average.

3. Mass accumulation rate (MAR). The estimated average MAR of the sediment, TOC, and lignin showed a
general decrease from the midstream river sites, to the estuary and the coastal/inner shelf region

Figure 3. Principal component analyses of parameters in this study. The
numbers show the distance from the hydropower station (km).

Figure 4. (a and b) End-member contributions based on the Monte Carlo simulation along the lower Pearl River to the
coastal South China Sea. Figure 4a has no C4 plant end-member included.
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(Table 4), suggesting that a large fraction of TOC discharged from rivers is remineralized within oceanmar-
gins [Bianchi, 2011; He et al., 2010; Hedges et al., 1997; Ward et al., 2013]. The sediment and TOC MAR
(g cm�2 yr�1) were comparable to those from other studies in the Pearl River system. Taking the
coastal/inner shelf as an example, the sediment MAR ranged between 0.156 and 0.468 g cm�2 yr�1, which
were of the same magnitude as those in the Gulf of Mexico (0.37–0.45 g cm�2 yr�1) and East China Sea
(0.61 ± 0.20 g cm�2 yr�1). The TOC MAR ranged between 0.67 and 2.01 mg cm�2 yr�1, which were about
less than half of the data reported in the Gulf of Mexico (4.5–5.4 mg cm�2 yr�1) but similar to that of the
East China Sea (2.84 ± 1.29 mg cm�2 yr�1). The lignin MAR (mg cm�2 yr�1) decreased from the highest
value of 0.52 at the midstream sites to 0.233 in the estuary and to 0.0024–0.007 at the coastal region.
The lignin MAR in the Pearl River estuary/coastal sediments was significantly lower than that in the Gulf
of Mexico shelf (0.083–0.10), the Changjiang Estuary in the East China Sea (0.11 ± 0.05, 0.37) or global aver-
age deltaic environments (Table 4). The terrestrial-derived OC accounted for 70 ± 4%, 60 ± 6% and 36%
(site 1) of TOC in the midstream, estuary, and coast sites (Table S1), which corresponded to MAR of
terrestrial-derived OC of 13.53 ± 5.87, 7.80 ± 0.77, and 0.24–0.72 mg cm�2 yr�1, respectively, showing sig-
nificantly lower MAR in the coastal area (Table 4).

4. Discussion
4.1. Compositional Distribution of OC Along the Salinity Gradients

The composition of riverine OC in general reflected a mixed input from terrestrial vascular plants, soil-derived
OC, and in situ primary production. The δ13C was not significantly correlated with C/N (Figure 5a), suggesting
complex mixtures of these OC sources (Table 2). Excluding site 14 that exhibited the highest TOC (3.07%),
TOC was significantly correlated with TN (R2 = 0.93, p < 0.05) with an intercept close to 0 (0.0026), indicating
that most of the nitrogen was associated with organic matter. The weak correlation between the δ13C andΛ8

Figure 5. (a–d) Correlations among the biogeochemical parameters. The N/C scale is made to be evenly distributed in
Figure 5a.
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(R2 = 0.26, p > 0.05) in the midstream sites (Figure 5b) likely resulted from inputs of soils (~27 ± 0.06%),
riverine phytoplankton (26%–37%), other than vascular plants (35%–45%, with C4 plant being considered,
see below; Figure 4).

In situ primary production, such as phytoplankton blooms, was an important OC source and likely influenced
the stable isotopic signals of bulk OC in sediments. As was modeled based on both δ13C and N/C ratios, the
river plankton contributed 12–45% to TOC pool in the upstream sites and 26–37% in the midstream sites. It
has been reported that sediment flux of the Pearl River has drastically decreased since the mid-1980s largely
due to construction of dam reservoirs [Dai et al., 2008; Sun et al., 2010]. Damming results in decreased turbid-
ity and increased algal production [X. Li et al., 2012], causing enrichment in δ13C of plankton biomass, espe-
cially in the reservoir site (Figure 2b). Algal blooms due to excessive use of fertilizers have been increasing in
the Pearl River coastal SCS system over the past 40 years, which has been accompanied by coastal hypoxia
[Cai et al., 2004].

In the lower estuary/coastal sites with the influence of seawater, the contribution of marine algal-derived OC
(10–38%) using the Monte Carlo model was comparable to that of the Lingdingyang Bay (22%) using a two-
end-member model [He et al., 2010] but less than those using three-end-member (C3 plant, soil, and marine)
[Zhang et al., 2009, 2014] or two-end-member (C3 plant and marine OC) [Hu et al., 2006; Yu et al., 2010] mod-
els. For a dynamic system with different OC sources, two- and three-end-member models likely overesti-
mated marine-derived OC contribution with less terrestrial end-members being considered. However, it
was unclear how extensive anthropogenic activities impacted the variability of phytoplankton-derived OC
in the Pearl River and many others in the world [Bianchi, 2016].

Vascular plant-derived OC represented the dominant fraction in the Pearl River sedimentary TOC pool. This
was illustrated by a much stronger negative correlation between Λ8 and δ13C in the upstream (R2 = 0.80,
P < 0.05) and estuary/coastal sites (R2 = 0.72, P < 0.05) (Figure 5b) than 3,5 Bd with δ13C (upstream sites:
R2 = 0.30, P > 0.05; estuary/coastal sites: R2 = 0.78, P > 0.05), of which 3,5 Bd was commonly used as a soil
biomarker. The simulated model results also indicated a larger contribution of vascular plant end-member

Table 4. Mass Accumulation Rate of Sediment, TOC, and Lignin in the Pearl River and Some Other World Rivers

Midstream Sites
(Sites 13, 12, 10, 8, 7, 27)

Estuary
(Sites 26, 25, 6, 5, 2, 3)

Coastal/Inner
Shelf (Site 1) References

Sediment mass accumulation
rate (g cm�2 yr�1)

Pearl River China 0.96–2.432 1.3 0.156–0.468 This study
1.68 (mg cm�2 yr�1??) 0.24 (mg cm�2 yr�1) Zhang et al. [2009]a

1.5 ± 0.9 He et al. [2010]
Gulf of Mexico 0.49 ± 0.19 Bianchi et al. [2013]b

0.37–0.45 Gordon and Goñi [2004]
East China Sea 0.99 Deng et al. [2006]

0.61 ± 0.20 Li et al. [2013]
TOC mass accumulation
rate (mg cm�2 yr�1)

Pearl River China 10.944–27.72 13.02 0.67–2.01 This study
15 ± 9 He et al. [2010]
18–27 0.84–3.6 Zhang et al. [2009]

Gulf of Mexico 27 ± 1.2 Bianchi et al. [2013]
4.46–5.4 Gordon and Goñi [2004]

Hudson River 90–180 Zhu and Olsen [2014]
East China Sea 2.84 ± 1.29 Li et al. [2013]

1.47 Deng et al. [2006]
Lignin mass accumulation
rate (mg cm�2 yr�1)

Pearl River China 0.21–0.52 0.233 0.0024–0.007 This study
9.7–16.3 0.02–0.14 Zhang et al. [2009]

Gulf of Mexico 2.01 ± 0.02 Bianchi et al. [2013]
0.083–0.10 Gordon and Goñi [2004]

East China Sea 0.37 Deng et al. [2006]
0.11 ± 0.05 Li et al. [2013]

Terrestrial OC mass
accumulation rate
(mg cm�2 yr�1)

Pearl River China 7.66–19.4 7.80 ± 0.77 0.24–0.72 This study
Deltaic sediments 2.6 ± 0.9 Cui et al. [2016b]

aThe results from Zhang et al. [2009] are listed here but questionable. For example, the sediment mass accumulation rate is 1.68 mg cm�2 yr�1, much less than
the TOC of 18–27 mg cm�2 yr�1 in the estuary in their research.

bData are from a mud island site along the GOM coast [Bianchi et al., 2013].
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(27–69%) than soil derived OC (10–27%) (Figure 4b). This is consistent with the fact that about 49% of the
Pearl River region is covered by natural forests and crop plants [Bureau, 2010], as well as submerged plants
[Liu et al., 2017]. The observation of greatly increased TOC and Λ8 but relatively consistent TN values at site
14 suggested that tributaries were significant in delivering nonpoint sources of vascular plant-derived OC
from sides of the drainage basin to the river system [Walsh et al., 2008] (Figure 1), while slightly lower values
at sites 8 and 7 indirectly showed the importance of tributaries in delivery of vascular plant-derived OC com-
pared to other sites (sites 13, 12, 10, 27, and 26). The decreasingΛ8 with increasing degradation ratios, such as
P/(S + V), (Ad/Al)s in the estuary, and adjacent SCS sites suggested a hydrodynamic sorting effect of vascular
plant-derived particles with fine silt that had different compositional properties. This is a mechanism that has
been widely observed in other coastal systems such as Gulf of Mexico [Bianchi et al., 2002; Gordon and Goñi,
2004] and fjords in New Zealand [Cui et al., 2016a; Smith et al., 2010].

4.2. Contribution of C4 Plants in the Marine Sediments

C4 plants remained in the coastal sediment indicated by small yields of lignin-derived phenols but with an
associated enriched δ13C signature (Figures 2c and 5b). They were chemically degraded with increased
lignin-phenol degradation ratios (Figure 2e). A gradual increase in δ13C toward coastal sites reflected the
increase in algal contribution, likely from species such as the dominant phytoplankton speciesMelosita gran-
ulate and widely distributed species Skeletonema costatum in the region [Li et al., 2008]. Hydrodynamically
sorted C4 plant materials from the Pearl River drainage basin were likely linked with 13C enrichment in the
coastal sediments, an input that has largely been ignored by previous studies [Jia and Peng, 2003; Zhang
et al., 2009]. Sugar cane and corn, which are C4 plants, accounted for approximately 9.7% of the vegetation
in the Pearl River region. Recent anthropogenic enhancement of C4 plants through modern urbanization has
been replacing grasses and broad-leaved forests with farmlands in the upper reach of the Pearl River
watershed [Zhang et al., 2008]. Additionally, the high δ13C value (�24.1‰) in soil samples in the Pearl
River catchment can lead to 30% of the soil OC being derived from C4 plant based on Yu et al. [2010]. In
the coastal sediments of the tidal flats of the Dutch North Sea coast δ13C values as high as�21.2‰ have been
reported originating from relatively coarse detritus from grasses with a C4 photosynthetic pathway [Dyer,
1991; Laane et al., 1990]. High δ13C values were also found in offshore sedimentary OC in the Gulf of
Mexico where C4 plant detritus was an important source to the carbon-isotope composition [Goñi et al.,
1997; Gordon and Goñi, 2003]. In the Madeira River of Bolivia, a contribution (<5%) of C4 grasses from the
savannas can explain about 0.5 to 1‰ of enrichment in POC δ13C values [Bouchez et al., 2014]. C4 photo-
synthesis is only found among the most advanced land plants, e.g., angiosperms, which are the major vege-
tation types in the study area but not among older taxonomic groups such as gymnosperms [Ehleringer et al.,
2006; Sage and Monson, 1999], further supporting the importance of C4 contribution to the sediment
OC pool.

Significant changes occurred in the proportion of each end-member with C4 plant being considered in the
Monte Carlo simulation (Figure 4 and Table S1). The model showed that the highest terrestrial OC (C3, C4
plants and soils) contribution was at site 14 (Si Hui city, 88 ± 8%) and the lowest (36 ± 6%) at site 1 (coast),
with an average of 66 ± 11% for all the study sites (Figure 4). In the estuary/coastal sites, contribution of
terrestrial-derived OC (60.5 ± 6%) are comparable to sediments in the Washington shelf (USA) sediments
(60%) [Prahl et al., 1994] and the fjords sediments (New Zealand) (55 ± 14%) [Cui et al., 2016b] (see
section 4.3). As a result, the simulation data suggested that C4 plant input has been significantly underesti-
mated by 14 ± 11% while the riverbank soil has been overestimated by 21 ± 17% (Table S1). Further work
needs to consolidate the results considering heterogeneous characteristics of terrigenous OC and difficulties
in defining their δ13C and N/C values due to spatial and temporal variability [Finlay et al., 2011].

4.3. Decay and Burial of Sedimentary OC

Organic carbon generally experiences extensive degradation in water columns during vertical deposition
[Wakeham et al., 1997]. In our study, this phenomenon was particularly evident in the hydropower reservoir
with a greater turnover time indicated by the highest degradation ratios, such as (Ad/Al)v and 3,5 Bd/V
(Figures 2d and 2e), with the lowest OC deposition (Figure 2a). With distance from the hydropower station
to site 14 (Si Hui city), the sedimentary TOC content increased significantly with diagenetic alteration indi-
cated from decrease of (Ad/Al)s as well as P/(S + V) (Figure 2). The degradation ratios did not vary
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significantly at the midstream sites indicating similar extent of degradation while increasing ratios demon-
strated further degradation during the transport of terrestrial OC off to the coasts (Figure 2). AsΛ8 decreased,
P/(S + V) increased insignificantly (Figure 5c, upstream sites: R2 = 0.53, P < 0.05; midstream sites: R2 = 0.47,
P> 0.05; and estuary/coastal sites R2 = 0.07, P> 0.05). The 3,5 Bd/V increased with (Ad/Al)s showing increas-
ing biogeochemical degradation of terrestrial OC accompanied by soil humification during the riverine deliv-
ery (Figures 5c and 5d). However, the 3,5 Bd/V (0.04 ± 0.03, <0.1) and (Ad/Al)v (0.29 ± 0.05, <0.4) ratios were
low (Table 3 and Figure 5d) that suggested vascular plants were relatively fresh and undegraded [Hedges et al.,
1988; Kuzyk et al., 2008].

The coastal sediments buried the same amount of terrestrial OC as average deltaic sediments but signifi-
cantly lower than the fjords areas (22.5 ± 15.6 g C m�2 yr�1) [Cui et al., 2016b] where organic materials are
rapidly deposited through events such as slope transport of soil and vegetation before they can be degraded
[Smith et al., 2010]. Because the measured lignin phenols only represent a small proportion of the terrestrial
OC pool [Boerjan et al., 2003], further work is needed to determine composition of TOC and sediment accu-
mulation rate in different locations of this region using other terrestrial biomarkers. Overall, the TOC and lig-
nin MAR in the coastal area were only 1–5% of that in the estuary. This might suggest positive priming
[Bianchi et al., 2015; Ward et al., 2016] that efficient terrestrial OC degradation occurred in the coastal sedi-
ments stimulated by fresh marine algae bloom and macrophytic materials from floodplains and enhanced
microbial (bacteria and archaea) activities (W. Xie, personal communication, 2017).

5. Conclusion

The elemental and lignin biomarker analyses in the lower Pearl River to the adjacent SCS clearly indicated dif-
ferent sources and diagenetic status of OC along the salinity gradient. The compositional distribution of sedi-
mentary OC varied geographically with five different contributions from C3 plants, C4 plants, soil-derived OC,
riverine phytoplankton, and marine algae. Comprehensive Monte Carlo model simulation suggested that
contribution of C4 plants in the Pearl River system has been underestimated by 14 ± 11%, and this needs
to be considered in future biogeochemistry studies in this region. The TOC and lignin MAR in the coastal sites
were estimated to be about 1–5% of that in the estuary, which added to our quantitative understanding of
sources and MAR of OC in sediments from the Pearl River to the coastal SCS. Location-specific sediment accu-
mulation rates are needed to determine the accurate OCMAR. Themeasured lignin phenols only represented
a small proportion of the terrestrial OC pool which does not allow a complete understanding of the sources of
OC. This work further emphasizes the need for multiple approaches to better understand and interpret
sources, fates, burial, and controls of OC distribution in the large rivers and river dominated marginal seas.
Long-term studies are also needed to learn how climate change (i.e., dry/wet conditions) affect the OC bio-
geochemistry in this system, especially that C3 and C4 plants may respond differently to climate change
[Du et al., 2015].
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