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a b s t r a c t

The photosynthetic conversion of dissolved inorganic carbon (DIC) into organic carbon (OC) by using
aquatic phototrophs in rivers may serve as a potential carbon sink, especially in the carbonate rock areas,
thereby offering a clue for finding the missing carbon sink. However, primary-produced autochthonous
OC is erroneously considered as terrestrial-derived allochthonous OC. Thus, carbonate weathering-
related carbon sink is underestimated if only DIC concentrations sampled at river mouths are consid-
ered, and the transformation of DIC to autochthonous OC is neglected. Therefore, distinguishing sources
of autochthonous and allochthonous OC is vital in the assessment of carbon sink. In this study, source-
specific biomarkers, in association with chemical compositions and phytoplankton proxies in water
samples collected from the Pearl River, were analyzed to determine OC sources. Results showed that
biomarkers in the Pearl River were quite abundant, and the calculated average autochthonous OC was
approximately 65% of the total OC, indicating intense in-river primary productivity. Moreover, phyto-
plankton biomass and DIC concentration were positively related, indicating the DIC fertilization effect on
aquatic photosynthesis. High total suspended solid (TSS) on the water surface blocked the sunlight and
then reduced phytoplankton production. However, in situ photosynthesis of phytoplankton could also
produce autochthonous OC, even larger than the allochthonous source at sites with high DIC, and even
with higher TSS concentrations. These findings comprehensively elucidated the formation of autoch-
thonous OC based on the coupling action of rock weathering and photosynthetic activity in the riverine
system, suggesting a potential direction for finding the missing carbon sink.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate assessment of carbon budget in nature is one of the
major prerequisites of global warming studies (Houghton, 2007;
Giering et al., 2014; Poulter et al., 2014). However, the 2.8 Pg C/a
residual terrestrial carbon sink remains a challenge to comprehen-
sively understand the processes that control the carbon cycle and
accurately predict variation in the atmospheric temperature
(Melnikov and O'Neill, 2006). Thus, exploring the residual terrestrial
carbon sink has emerged as the priority issue in global warming.
Rock weathering, especially carbonate weathering, can consume
atmospheric CO2 and hence produce carbon sink (Liu and Zhao,
2000; Gombert, 2002; Liu et al., 2010, 2011; Liu and Wolfgang,
2015). However, whether calcite deposition will release CO2 back
into the atmosphere and cause no net carbon sequestration during
karst processes remain ambiguous. Hence, traditional carbon
budget models may underestimate carbonate weathering-related
carbon sink (Meybeck, 1993). Numerous studies have proved that
DIC (dissolved inorganic carbon, including CO2(aq), HCO3

�, CO3
2�,

mainly HCO3
� at pH ¼ 7e9) can be preserved in the relatively stable

form of organic carbon (OC) through photosynthesis of phyto-
plankton in aquatic ecosystems (ocean, river, lake, etc.) (Einsele
et al., 2001; Cole et al., 2007; Montety et al., 2011; Nimick et al.,
2011). Liu et al. presented a H2OecarbonateeCO2eaquatic photo-
troph interaction model, which showed that carbonate weathering
could contribute to the long-term carbon sink as sedimentary
organic carbon according to the following equation (Liu et al., 2010,
2011; Liu and Wolfgang, 2015):

H2Oþ CaCO3 þ CO2/Ca2þ þ 2HCO�
3 �����������!Aquatic photosynthesis

CaCO3

þ xðCO2 þ H2OÞ þ ð1� xÞðCH2Oþ O2Þ:
(1)
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The key mechanism of this model lies in the transformation of DIC
into OC by aquatic phototrophs, which produces autochthonous OC
that is different from terrestrial allochthonous OC. These two types
of OC represent the internal and external boundaries of an aquatic
system, respectively.

Autochthonous OC is generally derived from primary produc-
tion caused by aquatic photosynthetic uptake of DIC, whereas
allochthonous OC represents terrigenous source such as vascular
plant tissues and detritus from marshes and upland sources
(Bianchi, 2007; O'Reilly et al., 2014). However, the ratios of
autochthonous and allochthonous OCs are quite difficult to deter-
mine because of their mixing. Autochthonous OC is often mistak-
enly regarded as allochthonous OC, resulting in the
underestimation of carbonate weathering-related carbon sink.
Therefore, distinguishing sources of autochthonous and allochth-
onous OC is crucial for carbon sink assessment.

Several methods, such as elemental analysis (C/N ratios), iso-
topic (d13C) composition, and chemical biomarker methods, have
been employed to distinguish the OC sources in aquatic ecosystems.
C/N ratios are used to infer algal and vascular plant sources
(Meyers, 1997). Generally, C/N ratios for vascular plants (>17) and
microalgae (5e7) largely differ based on the structural compo-
nents. However, C/N ratios are highly variable and influenced by
remineralization and decomposition processes, which result in the
misidentification of OC sources (Bianchi and Canuel, 2011). Stable
isotopes have been used to evaluate sources of particulate and
dissolved organic matter (Raymond and Bauer, 2001; Gordon and
Go~ni, 2003; McCallister et al., 2004) in aquatic ecosystems. How-
ever, identifying organic matter sources is difficult when using
single isotope in complex systems because of the overlaps in the
stable isotopic signatures of source materials (Cloern et al., 2002).

By contrast, lipid biomarkers comprise a group of natural mol-
ecules that store energy and act as structural components of cell
membranes. Different lipid compositions are associated with
diverse biosynthesis pathways (Guschina and Harwood, 2013;
Mohanty et al., 2013). Hence, lipid biomarkers with distinct struc-
tural features (number and position of double bonds, functional
group composition, etc.) can provide source-specific information.
These biomarkers have been extensively used in studies that
elucidated organic matter sources in aquatic systems (Yunker et al.,
1995; Waterson and Canuel, 2008; Tue et al., 2012).

Fatty acids represent a significant fraction of total lipid and have
been widely used to trace sources of organic matter (Dalsgaard
et al., 2003; Burns et al., 2008; Rontani, 2008). Long-chain satu-
rated fatty acids are generally inferred to indicate terrestrial organic
sources (vascular plants), whereas short-chain saturated fatty acids
can be derived from aquatic sources (algal and microbial). Mono-
unsaturated fatty acids (MUFA) indicate the presence of fresh algal
sources, such as C16:1u and C18:1u (Dunstan et al., 1993b). Higher
plant sources of polyunsaturated fatty acids (PUFA) are generally
represented by C18:2u and C18:3u (Harwood and Russell, 1984).

Sterol, which is a group of cyclic alcohols, is another commonly
used biomarker (Conte et al., 1995). Terrestrial plants are abundant
in 24-ethylcholest-5-en-3b-ol (sitosterol) (29D5) and 24-
methylcholest-5-en-3b-ol (campesterol) (28D5) sterols. 24a-
methylcholesta-5,22E-dien-3b-ol (epi-brassicasterol) (28D5,22) is
particularly contained in phytoplankton (especially diatoms)
(Volkman, 1986; Jaff�e et al., 1995). Other phytoplankton markers
are dinoflagellates and 24-methylcholesta-5,24(28)-dien-3b-ol
(24-methylenecholesterol) (28D5,24) (Volkman, 1986).

Hydrocarbons are also used as biomarker compounds to
differentiate organic sources (Yunker et al., 1994, 1995). For
example, the presence of C27, C29, and C31 n-alkanes indicates the
land-plant wax sources (Eglinton and Hamilton, 1967). By contrast,
algal contributions are indicated by the presence of C17 (Blumer
et al., 1971; Robinson et al., 1987).
In the present study, molecular-level source-specific biomarkers

such as fatty acids, sterols, and n-alkanes, in association with
geochemical and biological indicators in river water collected from
Pearl River basin were analyzed (1) to decipher the autochthonous
and allochthonous OC sources; (2) to elucidate the relationship
between aquatic photosynthesis and DIC concentrations; and (3) to
illustrate the environmental factors that can control their organic
carbon compositions.
2. Materials and methods

2.1. Study area

The Pearl River basin is the third longest (2214 km) and second
largest (in terms of streamflow rate) river in South China. It has a
drainage area of 4.42 � 105 km2, which is an economically highly
developed region with crucial position in the social-economic in
South China (23�410e29�150N; 97�390e117�180E). The basin is
located in the tropical and sub-tropical climate zones, with an
annual average temperature of about 22 �C and an annual precip-
itation of about 1500mm. The Pearl River basin is an extensive river
system and consists of three major tributaries: Xijiang, Beijiang,
and Dongjiang. Xijiang is the largest tributary that comprises the
Nanpanjiang, Hongshuihe, Qianjiang, and Xijiang, and its main
recharge sources are from Beipanjiang, Liujiang, Yujiang, and Gui-
jiang (Fig. 1). Xijiang has a drainage area of 3.53 � 105 km2, ac-
counting for 77.8% of the total Pearl River basin drainage area, and
its total length is 2075 km. Beijiang is the second largest tributary of
the Pearl River with a length of 468 km and drainage area of
0.47 � 105 km2. Dongjiang is approximately 520 km long with
drainage area of 0.27 � 105 km2, accounting for 6.6% of the total
area of the Pearl River basin. The Pearl River is a typical carbonate
rock area, which covers 1.58 � 105 km2 and accounts for 35% of the
total basin (Zhang et al., 2015). Xijiang basin is dominated by
limestone and its upstream is the world famous karstic limestone
area in south China. While the Dongjiang basin is mainly composed
of granite and characterized as a silicate area. Rock types of Beijiang
basin include limestone, dolomite and quaternary deposits.
2.2. Sample collection

Water samples were collected at 10 cm below the water surface
during January to February 2015 when the basin was in the dry
season. The sampling sites were set along the Pearl River, including
its several main distributaries (Beipanjiang, Nanpanjiang, Hon-
gshuihe, Xijiang, Liujiang, Guijiang, Beijiang, and Dongjiang)
(Table 1). The sites were grouped according to the location of dis-
tributaries to represent different lithological, climatic and hydro-
logical impacts. At each site, 500 mL of water were collected into
the brown bottle. HCl was added to the samples to lower the pH to
below 2. The samples were stored for GCeMS analysis. The bulk
water chemical analysis was immediately performed by the WTW
(WissenschaftlicheTechnischeeWerkstaetten) Technology Multi-
Line 350i to detect in situ water temperature (T), pH, dissolved
oxygen (DO), and electrical conductivity (EC). The meters were
calibrated prior to deployment using pH (4, 7, and 10), EC (1412 s/
cm), and DO (0% and 100%) standards. The resolutions of pH, T, DO,
and EC were 0.01, 0.01 �C, 0.01 mg/L and 1 ms/cm, respectively.
Phytoplankton indicators were also analyzed in addition to
geochemical and lipid indices. Chlorophyll a (Chl a) and biomass
samples were collected and stored by adding 1% MgCO3 and Lugols
solution, respectively.



Fig. 1. Geology of the Pearl River and sampling sites.

Table 1
Information of sampling sites in the Pearl River.

Site Location Tributary description TSSa (mg/L) Ta (�C) Precipitationa (mm/a)

XJ1 25�3601800N; 103�4903300E Upstream of Nanpanjiang 1290 18.6 1000.0
XJ2 24�0101300N; 103�3602000E Midstream of Nanpanjiang 680 20.2 963.7
BPJ1 26�2905900N; 103�4400700E Upstream of Beipanjiang 2610 18.7 1127.6
XJ3 24�5704700N; 106�0805500E Junction of Nanpanjiang and Beipanjiang 170 19.1 921.1
XJ4 23�4400400N; 109�1304300E Downstream of Hongshuihe 628 20.8 1499.8
YJ1 22�4803800N; 108�1804600E Junction of Zuojiang and Youjiang 241 21.6 1304.2
LQJ1 24�2400900N; 109�3602500E Downstream of Luoqingjiang 132 20.0 1257.7
LJ1 25�1300700N; 109�2304700E Upstream of Liujiang 143 19.0 1493.0
LJ2 24�1403600N; 109�4301300E Junction of Liujiang and Luoqingjiang 132 21.6 1304.2
XJ5 23�2705000N; 110�0903900E Junction of Qianjiang and Yujiang 350 21.4 1726.7
GJ1 25�3101700N; 110�1104100E Upstream of Guijiang 67 18.0 2052.0
GJ2 25�0601900N; 110�2405500E Upstream of Guijiang 92 18.7 1926.0
GJ3 25�1604000N; 110�1801400E Midstream of Guijiang 105 19.0 1894.4
XJ6 23�2804000N; 111�1701100E Downstream of Xijiang 311 21.1 1503.6
BJ 23�4102100N; 113�0302600E Downstream of Beijiang 129 20.7 1900.1
DJ 23�0902800N; 114�1601200E Downstream of Dongjiang 107 22.1 1821.2

a Annual mean value, reference from Pearl River Water Resource Commission of the Ministry of Water Resources (http://www.pearlwater.gov.cn).
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2.3. Bulk chemical analysis

The concentrations of HCO3
� and Ca2þ represent the intensity of

rock weathering and chemical processes in the aquatic system. The
in situ measurement kit by Merck (German) was used to precisely
measure these two parameters and the resolutions were 0.1 mmol/
L (HCO3

�) and 4 mg/L (Ca2þ), respectively (Liu et al., 2007). Anion
concentrations of F�, Cl�, NO3

�, and SO4
2� were measured in the

laboratory using the ion chromatograph ICSe90 Dionex. The cat-
ions were analyzed through ICPeOES Vista MPX (Varian, USA). Ion
concentrations were used to calculate the CO2 partial pressure
(pCO2) and calcite saturation index (SIc) from a geochemical model
with pH, temperature, and seven major ions concentrations using
the WATSPECT program (Wigley, 1977).

Chl a was concentrated from water sample through filtration
with vacuum filtration and then extracted using an acetone 90%
solution. Concentrations of Chl a were determined through UV
spectrometer according to standard methods established by the
Ministry of Environmental Protection of China (MEP, 2002). Addi-
tionally, the biomass amount of each water sample was counted
through blood counting chamber. The TSS concentrations were
collected by filtering thewater samples immediately with GF/F glass
fiber filters (47 mm diameter; Whatman International) that were
pre-combusted at 450 �C for at least 5 h. The filters loadedwith SPM
were then stored in plastic bags at �20 �C and re-weighed in the
laboratory to obtain TSS concentrations. OD680, and turbidity of
water samples were determined through UVespectrophotometer
according to the standard methods (MEP, 2002).

2.4. Lipid biomarker analysis

Total organic compounds in water samples were extracted in a

http://www.pearlwater.gov.cn


Fig. 2. Geochemical characteristics of the Pearl River water at different sites. EC:
specific electrical conductivity (ms/cm); T: water temperature (�C); SIc: calculated
calcite saturation index; pCO2: calculated CO2 partial pressure (ppm).
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solution of dichloromethane: methanol (MeOH) using a liquid-
eliquid extractor. Extracts were divided into two phases, and the
lower organic phase was collected. Then, the samples were re-
extracted by hexane, and the combined organic phase sat over
anhydrous Na2SO4 overnight to reduce traces of water. The samples
were concentrated to 1 mL using rote-evaporation. A portion of the
extract was saponified using 1 M KOH in aqueous MeOH. Neutral
and acidic lipids were extracted into hexane from the saponified
sample. Fatty acids were converted to methyl esters using BF3e-

MeOH. Both fatty acids and neutral lipids were separated from other
lipid classes by silica gel chromatography. Sterols were derivatized
to trimethylsilyl (TMS) ethers using BSTFA and acetonitrile and
heating at 70 �C for 30 min (Waterson and Canuel, 2008).

Fatty acid (as methyl esters), sterols (as TMS ethers), and n-al-
kanes were analyzed using gas chromatography (GC) (Agilent
7890A) with FID (flame ionization detection) using a
30 m � 0.32 mm � 0.25 mm DB5 column. Individual compounds
were identified by comparing the retention time to the results
obtained from external standards (fatty acid methyl esters mixture
standard, sterols mixture standard and C8eC40 n-alkanes standard,
SigmaeAldrich Company). Compounds were quantified using total
ion current (TIC) peak area and converted to compound mass using
calibration curves of external standards. The GC conditions were as
follows: For fatty acids, temperature was programmed from 60 �C
to 150 �C at 40 �C/min. Then, the temperature was increased to
240 �C (held for 15 min) at 3 �C/min; For sterols, temperature was
raised from 80 �C (held for 1 min) to 200 �C at 25 �C/min, and then
at 3 �C/min to 250 �C, followed by 1.8 �C/min to 300 �C (held for
2 min); For n-Alkanes, temperature was raised from 70 �C (held for
1 min) to 140 �C at 10 �C/min, and then at 3 �C/min to 310 �C (held
for 15 min) (Mortillaro et al., 2011).

2.5. Data analysis

Principal Component Analysis (PCA) is a multivariate statistical
technique that is used to analyze environmental variations (Faucon
et al., 2011; Grenouillet et al., 2011) based on the investigated
species and community characteristics, sometimes in combination
with canonical correspondence analysis (CCA) (Marmion et al.,
2009; Mezger and Pfeiffer, 2011). PCA has been applied in ecolog-
ical environment research. This analytical method assists in eval-
uating aquatic habitat suitability, as well as in interpreting seasonal
and spatial variation and change in ecosystem organization, in
aquatic system studies (Ahmadi-Nedushan et al., 2006; Blanck
et al., 2007). PCA and CCA were conducted using lipid bio-
markers, phytoplankton, and geochemical characteristics from 16
sites to analyze the mutual influences of the environmental
geochemical parameters and their relation with the carbon sink.

3. Results

3.1. Geochemical compositions of riverine water

The results are shown in Fig. 2. HCO3
� concentrations in the Pearl

River exhibited large spatial difference. The highest value was
4.6 mmol/L at XJ1 site located in the upper Nanpanjiang, with a
primarily carbonate bed rock (Fig. 1). The lowest value was
0.4 mmol/L at GJ1 site (upper Guijiang), which was in a silicate area
(Fig. 1). Remarkably decreased HCO3

� concentration was observed
from the mountainous topography in Guizhou and Yunnan prov-
inces to the estuary area of Guangzhou province. Average Ca2þ

concentration was 46.1 mg/L, ranging from 88.0 mg/L (XJ1) to
10.0 mg/L (GJ1), which was consistent with the DIC concentration.
Thus, HCO3

� concentration in the Pearl River was primarily
controlled by dissolution of carbonate minerals.
Calculated pCO2 in the Pearl River displayed obvious spatial
differences, ranging from 4.1 ppm to 8629.8 ppm (average
2118.2 ppm). SIc ranged from �2.14 to 1.51 (average, �0.13). Sig-
nificant positive correlationwas found between EC values andHCO3

�

concentrations in the Pearl River (R2 ¼ 0.92, P < 0.0001), demon-
strating that the primary mechanism for the chemical composition
of river water was rock weathering. Overall, the monitoring sites
could be divided into three groups based on the HCO3

� concentra-
tions: high HCO3

� group (XJ1, XJ2, XJ3, XJ4, and BPJ1), moderate
HCO3

� group (YJ1, LJ2, XJ5, and XJ6) and low HCO3
� group (LJ1, LQJ1,

GJ1, GJ2, GJ3, BJ, and DJ). This classificationwas further confirmed by
the phytoplankton indices described in section 3.2.
3.2. Lipid biomarker compositions of river water

3.2.1. Fatty acids
The total fatty acid (TFA) concentrations were between 11.4 mg/L

and 311.8 mg/L, with average of 75.9 mg/L. The highest and lowest
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values were obtained at XJ2 and GJ1, respectively. The TFA con-
centrations varied with those of HCO3

�, from 129.7 mg/L (ranging
from 62.7 mg/L to 311.8 mg/L) at sites with high HCO3

� concentrations
to 35.1 mg/L (ranging from 11.4 mg/L to 56.1 mg/L) at sites with low
HCO3

� concentrations. Fatty acids were composed of saturated and
unsaturated fatty acids. Saturated fatty acids were divided into
straight saturated fatty acids (SSFA) and branched saturated fatty
acids (BSFA). SSFA, the most abundant class with dominated by
short-chain saturated fatty acids over long-chain saturated fatty
acids, accounted for 63.8% of the TFAs. Unsaturated fatty acids
included MUFA and PUFA. Mean percentage of MUFA was 13.2%,
whereas those of PUFA and BSFA were 13.1% and 9.9% of the TFA,
respectively (Table 2). Individual compounds of fatty acids also
showed difference among sites. C16:0 (Palmitic acid) was the most
abundant compound, which accounted for an average of 20.0% of
the TFA. The MUFA usually represent the activity of diatom growth
in aquatic systems and have been used to evaluate the autochtho-
nous production capacity (Dunstan et al., 1993a). C16:1u (Palmi-
toleic acid) was the major MUFA and considered as indicator of
autochthonous production. This fatty acid was observed in all water
samples of the Pearl River. Water sample at XJ3 contained the most
abundant C16:1u (23.5 mg/L), whereas DJ had the lowest value
(3.6 mg/L). The presence of C16:1u indicated that the photosyn-
thesis of phytoplankton was intense in the Pearl River (Viso and
Marty, 1993). By contrast, C18:2u (Linoleic acid) indicated carbon
source derived from terrestrial plant via fluvial erosion. The con-
centration of C18:2u ranged from 0.2 mg/L to 17.9 mg/L.

3.2.2. Sterols
Concentrations of total sterol ranged from 1.1 mg/L to 3.6 mg/L,

with an average value of 2.4 mg/L. The most abundant sterol at all
sites was 24a-methylcholesta-5,22E-dien-3b-ol (28D5,22), which
varied from 0.3 mg/L to 1.7 mg/L. Highest concentration of 28D5,22

was detected in the upstream major tributaries (XJ3) which was
covered mainly by carbonate rocks (Fig. 1). By contrast, the lowest
concentration was observed at DJ, which was dominated by silicate
rock (Fig. 1). Cholest-5-en-3b-ol (27D5) had the same distribution
pattern with 28D5,22, and its average value was 0.8 mg/L 24-
methylcholest-5-en-3b-ol (28D5) and 24-ethylcholesta-5,22E-
Table 2
Detected lipid biomarkers and calculated proxies in the Pearl River.

Site Fatty acids Sterols

SSFA (%) BSFA (%) MUFA (%) PUFA (%) 28D5,22 (mg/L)

XJ1 72.0 2.2 19.7 6.1 1.2
XJ2 66.5 8.3 17.5 7.7 1.5
BPJ1 60.3 8.4 16.5 14.7 0.9
XJ3 61.2 4.1 23.8 10.8 1.7
XJ4 65.4 3.8 19.2 11.6 0.9
YJ1 53.5 10.8 13.7 22.1 1.5
LQJ1 62.9 12.7 6.6 17.8 1.1
LJ1 55.0 21.7 10.0 13.4 0.4
LJ2 77.1 3.7 14.8 4.4 0.4
XJ5 62.2 4.8 12.8 20.1 0.6
GJ1 62.7 17.2 8.7 11.4 0.4
GJ2 63.3 16.5 7.2 13.0 0.7
GJ3 63.2 16.1 4.5 16.3 0.7
XJ6 58.6 12.2 15.6 13.6 1.3
BJ 72.5 6.4 11.7 9.5 0.9
DJ 63.9 10.1 9.9 16.0 0.3
mean 63.8 9.9 13.3 13.0 0.9

SSFA (straight saturated fatty acids), BSFA (branched saturated fatty acids), MUFA (mono
their concentration normalized to total fatty acids, respectively; 28D5,22: 24a-methylchol
29D5,22: 24-ethylcholesta-5,22E-dien-3b-ol; TARHC ¼ (C27 þ C29 þ C31)/(C15 þ C17 þ C
dominance of hydrocarbons of aquatic origin (Meyers, 1997); The CP
C24 þ C26 þ C28 þ C30 þ C32) þ (C25 þ C27 þ C29 þ C31 þ C33/C26 þ C28 þ C30 þ
terrestrial plants (high CPIHC) or aquatic sources (low CPIHC) (Bianchi, 2007); C17: Hepta
dien-3b-ol (29D5,22) were particular proxies for terrestrial plants
sources (Li et al., 1995). Their concentrations in the Pearl River
ranged from 0.2 mg/L to 0.8 mg/L (average, 0.4 mg/L) and 0.1 mg/L to
0.4 mg/L (average, 0.3 mg/L), respectively. Concentrations of 28D5

and 29D5,22 were found to be enriched at downstream sites where
various materials were drained, contrary to 28D5,22 and 27D5.

3.2.3. n-Alkanes
n-Alkane concentrations ranged from 601.3 mg/L to 2316.5 mg/L

(average, 1311.8 mg/L) and contained compounds from C12 to C34,
with C17 as the most abundant compound (35.6 mg/L to 311.2 mg/L;
average,149.3 mg/L). CPIHC, which was defined using the equation of
Bianchi (2007), was 2.99 on average and ranged from 1.18 to 4.99
(Table 2). CPIHC was highest in the upstream tributaries with high
flow rates. TARHC represents the terrestrial-to-aquatic ratio, which
was developed as a proxy for assessing the relative contributions of
autochthonous and allochthonous hydrocarbons in aquatic envi-
ronments (Meyers, 1997). Calculated TARHC in the Pearl River water
ranged from 0.26 to 0.63 with average value of 0.52.

3.3. Phytoplankton features of river waters

DIC (mainly HCO3
�) is utilized to form OC and release O2 during

the photosynthesis in the aquatic ecosystem (ref. Eq. (1)). Phyto-
planktons, especially algae, are the typical products of these
coupled interactions and serve as a potential carbon sink. Thus,
elucidating the features of phytoplankton and their relation with
DIC distribution is of interest.

Chl a is amajor parameter to explain the primary products in the
aquatic system because it participates in photosynthesis. The
average concentration of Chl a in the different samples from the
Pearl River was 6.3 mg/m3, which was higher than that in Yangtze
River, showing the intense photosynthesis process (Zheng et al.,
2013). However, the high concentration of Chl a may not have
been fully caused by in situ aquatic photosynthesis but may also be
derived from terrestrial flushing materials. For example, Chl a
concentrations at XJ2 and XJ3 were 9.9 and 9.0 mg/m3 (Fig. 3),
respectively. However, the phytoplankton biomass showed large
differences (2.2� 106 cell/L and 3.5� 106 cell/L, respectively, Fig. 3).
n-Alkanes

29D5 (mg/L) 27D5/29D5,22 þ 29D5 TARHC CPIHC C17 (mg/L)

0.2 4.79 0.38 1.56 296.3
0.4 4.32 0.61 2.09 255.3
0.2 3.53 0.55 2.12 266.3
0.1 7.29 0.26 1.18 311.2
0.2 3.90 0.47 2.92 216.3
0.2 1.89 0.59 3.43 243.2
0.3 2.79 0.61 3.79 163.2
0.2 1.45 0.48 2.28 35.6
0.2 0.81 0.52 4.99 35.6
0.3 2.02 0.52 2.88 189.0
0.2 0.67 0.49 3.32 47.7
0.2 1.59 0.46 3.52 69.9
0.2 2.00 0.43 3.71 57.0
0.3 1.99 0.51 2.33 68.0
0.4 0.89 0.68 4.71 88.8
0.4 1.11 0.72 3.16 45.2
0.3 2.57 0.52 2.99 149.3

unsaturated fatty acids), and PUFA (polyunsaturated fatty acids) were calculated by
esta-5,22E-dien-3b-ol; 29D5: 24-ethylcholest-5-en-3b-ol; 27D5: cholest-5-en-3b-ol;
19). TARHC > 1 indicates vascular plants derived source, while TARHC < 1 reflects a
IHC proxy (CPIHC ¼ 0.5[(C25 þ C27 þ C29 þ C31 þ C33/
C32 þ C34)]) shows whether hydrocarbon biomarkers reflect contributions from

decane.
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This Chl a concentrations at XJ2 may have been caused by the
terrestrial plants, which also contained Chl a, flowed into the river
by fluvial erosion. This process resulted in the relatively high Chl a
concentration, but low phytoplankton biomass.

Photosynthesis in aquatic system can result in high accumula-
tion of biomass in a short period of time and over a relatively large
area. The average phytoplankton biomass from 16 sites was
2.0 � 106 cell/L. The highest phytoplankton biomass (3.5 � 106 cell/
L) was detected at XJ3 (Fig. 3) that was characterized by high DIC,
low water flow, and low TSS concentration, which provided suffi-
cient carbon source and suitable environment for photosynthesis.
By contrast, DJ was recharged with low DIC and high water flow,
and the biomass was low at 1.0 � 106 cell/L (Fig. 3).

OD680, which is another parameter in phytoplankton research,
was used to trace the growth state of aquatic phytoplankton. The
OD680 values were consistent with biomass (Fig. 3), which showed
that phytoplankton at upstream sites with high DIC concentrations
grew more rapidly. However, downstream sites with low DIC
concentrations also offered suitable growth environment for
phytoplankton but the OD680 at DJ was 2.88 times lower than that
at XJ3 (Fig. 3).

4. Discussion

The H2OecarbonateeCO2eaquatic phototroph interaction
Fig. 3. Phytoplankton characteristics of Pearl River water at different sites. HCO3
�: the

concentration of HCO3
� in water sample (mmol/L); Chl a: the concentration of Chlo-

rophyll a in water sample (mg/m3); Biomass: the concentration of phytoplankton in
water sample (�106 cell/L); OD680: the optical density at 680 nm; DO: the concen-
tration of dissolved oxygen in water sample (mg/L); TSS: the concentration of total
suspended solid in water sample (mg/L).
model (Eq. (1)) was established to determine whether carbonate
weathering-derived DIC could be converted into stable carbon sink
and finally offer a new direction for finding the missing carbon sink
(Liu et al., 2010, 2011; Liu and Wolfgang, 2015). Photosynthetic
uptake of DIC by aquatic phototroph was the fundamental part of
this model, with emphasis on the introduction of autochthonous
OC in the calculation of carbonate weathering-related carbon sink.
We first traced the OC sources using lipid biomarkers and discussed
their relation with DIC concentrations. PCA analysis was then
conducted to explore the regional diversity of chemical composi-
tions, and finally, influences of environmental factors were
investigated.

4.1. OC sources and DIC fertilization effect on aquatic
photosynthesis

Organic carbon sourcing in the Pearl River is complex in terms of
amount, type, and distribution subject to processes including rock
weathering, photosynthetic activity, and fluvial erosion. Source-
specific-based lipid biomarker is extensively used to distinguish
between autochthonous and allochthonous OC sources. The ratio of
autochthonous and allochthonous OCs represents the in situ pro-
ductivity of aquatic system over allochthonous input. Results
showed that autochthonous organic source in the Pearl River was
the dominant input with ratio larger than 65% on average (Fig. 4).
This value was comparable with the calculation conducted by
Waterson and Canuel (2008), which showed that the contribution
of autochthonous OC was larger than 62% in the Mississippi River.
The autochthonous percentage showed a positive correlation with
the biomass of phytoplankton (R2 ¼ 0.7710, P < 0.0001), which
indicated that in situ primary productivity was the major contrib-
utor to the autochthonous OC.

Biomass, autochthonous percentage, and C16:1u/C18:2u were
all positively correlated with HCO3

� concentrations in the Pearl
River (Fig. 5). This finding indicates the DIC fertilization effect on
the in-river primary production.

DIC apparently significantly promoted the growth of phyto-
plankton as shown by the positive correlation between biomass
and HCO3

� (R2 ¼ 0.6685). Phytoplankton gained more carbon sup-
plement and then bloomed rapidly, especially at XJ1 and XJ3, with
high HCO3

� concentrations. Meanwhile, biomarkers derived from
phytoplankton were produced and their concentrations can also
indicate the photosynthesis process. For example, C16:1u/C18:2u
was positively correlated with HCO3

� (R2 ¼ 0.6479), indicating that
high HCO3

� concentration in the aquatic system caused the high
autochthonous OC percentage.

4.2. Autochthonous and allochthonous sources of OC and their
geochemical indications

In order to understand the potential inherent connection be-
tween numerous biomarkers and a large number of samples, PCA
and CCA were conducted to provide a robust classification of bio-
markers according to their primary sources and illustrate the in-
fluences of environmental features (Fig. 6). As shown in Fig. 6,
factor 1 explained 65.8% of the variance in the data set, apparently
to separate the data based on the relative abundance of autoch-
thonous versus allochthonous sources of organic matter and their
relative proxies. Positive factor 1 included lipid biomarkers, namely,
C16:1u/C18:2u, MUFA(%), 28D5,22, 27D5, 27D5/29D5,22 þ 29D5, and
C17, and phytoplankton proxies, namely, Chl a, OD680, and
biomass. These parameters were positively correlated and showed
that the sources were characterized by autochthonous (also at the
same direction). On the contrary, the negative factor 1 then re-
flected the allochthonous source shown by the indices BSFA (%),



Fig. 4. Spatial distributions of percentages of autochthonous and allochthonous OC and the hydrochemical (HCO3
�) and biological (C16:1u/C18:2u and biomass) indices. C16:1u/

C18:2u ratio was used to evaluate the relative contribution of algal vs. terrestrial plants; Autochthonous (%) and Allochthonous (%) are percentages of even and odd numbered
saturated short chain fatty acids (C12eC18) and even and odd numbered saturated long chain fatty acids (C22eC30) normalized to total saturated fatty acids, respectively (Waterson
and Canuel, 2008).

Fig. 5. Relationship between biomass, autochthonous (%), or lipid biomarker (C16:1u/C18:2u) indices and HCO3
�.
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28D5, 29D5,22, TARHC, and CPIHC. TARHC ratios were below 1
throughout the Pearl River, indicating that the dominant OC source
was aquatic autochthonous. Higher TARHC ratios were found at BJ
and DJ (TARHC ¼ 0.68 and 0.72, respectively), where high flow rates
were detected during sample collection. These sites demonstrated
almost equal contributions from both allochthonous and autoch-
thonous sources. Characteristics, such as TSS, Chl a, and SSFA (%),
plotted intermediate between the autochthonous and allochtho-
nous indices, suggesting a mixed source.

Score plots were used to examine the relationships between the
factors and each sample. Although XJ2 had the highest TSS con-
centration, DIC was also high, which indicated that fluvial erosion
offered terrestrial organic source, and DIC was uptaken to synthe-
size autochthonous sources. The other constrains also proved this
pattern. For example, 28D5,22 and 29D5,22 were high at this site,
indicating the mixed input of autochthonous and allochthonous
sources. Samples collected from high DIC areas had the most pos-
itive factor 1 scores, which demonstrated that OC at these sites
could be attributed to autochthonous source. XJ3, for example, was
upstream of the Pearl River in Guizhou province, where karst
process was quite intense and considered as the primary region of
carbonate weathering in China. XJ3 was a typical site characterized
by high DIC concentration and EC, which offered continuous carbon
source for photosynthetic activity and increased the amount of
autochthonous source. In addition, low flow rate and additional
sunshine penetration in the river water enhanced the primary
production. Similar sites, such as XJ1, XJ4, and BPJ1 indicate the
autochthonous input source.

By contrast, water samples with low DIC had negative scores of
factor 1 (Fig. 6). Sites with negative factor 1 scores were LJ1, LQJ1,
GJ1, GJ2, GJ3, BJ and DJ. Their lipid compositions were characterized
by higher PUFA(%). Additionally, 28D5 and 29D5,22 were biomarkers
originating from terrestrial plants and located at the negative factor
1, which were positively correlated with BSFA(%) and mainly
formed by fluvial erosion.

The remaining sites were plotted at an intermediate position,
with negative scores on factor 1, especially at sites located down-
stream that received multiple materials coming along with the
river flow.

The TARHC ratio, autochthonous (%), biomass, etc. under the
three DIC patterns were compared in Fig. 7. Three patterns based on
the DIC concentration had obvious distinction, indicating that DIC
in riverine system is the driving force for chemical and aquatic
photosynthetic activities.



Fig. 6. Results from the PCA and CCA analysis. Factor 1 explained 65.8% of the variance and distinguished between autochthonous and allochthonous organic sources. Biomarkers
representing autochthonous organic sources (e. g., C16:1u/C18:2u, MUFA(%), 28D5,22, 27D5, 27D5/29D5,22 þ 29D5, and C17) had positive loadings while allochthonous organic
sources (e. g., BSFA(%), 28D5, 29D5,22, TARHC, and CPIHC) had negative values. Factor 2 explained 19.6% of the variance and indicated the influence of fluvial erosion by using the TSS
and turbidity. Sampling sites XJ1, XJ2, XJ3, XJ4, and BPJ1 belong to high HCO3

� group, YJ1, LJ2, XJ5, and XJ6 belong to moderate HCO3
� group, and LJ1, LQJ1, GJ1, GJ2, GJ3, BJ, and DJ

belong to low HCO3
� group.
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4.3. Impacts of TSS on phytoplankton photosynthesis

TSS was at the moderate position of factor 1 axis (Fig. 6) with
high score, indicating its significant influence on the supplement of
OC in riverine system, particularly at regions characterized by
intense fluvial erosion. The influence of TSS on in situ primary
production in the Pearl River could be divided into two patterns,
namely, inhibiting and promoting patterns (Fig. 8). The inhibiting
pattern was caused by the following: 1) TSS reflected the intensity
of fluvial erosion that delivered the terrestrial OC into river and
increased the amount of allochthonous source; and 2) high TSS
concentration (TSS > 150 mg/L) on the water surface blocked the
light and then reduced the production of phytoplankton. Thus, light
limitation was a major constrain on phytoplankton production. The
two processes mixed together and finally increased the allochtho-
nous proportion. For example, YJ1 had a very high TSS concentra-
tion, but its autochthonous (%) was as low as 63.34%, which proved
the negative TSS effect. However, evenwith high TSS concentration,
the in situ photosynthesis of phytoplankton could also produce
autochthonous OC. XJ2 was the typical site for such conditions, in
which autochthonous (%) was as high as 68.93%, which also showed
the dominant role of in situ primary produced organic carbon.

Interestingly, low TSS concentration (TSS < 150 mg/L) seems to
promote the photosynthesis activity according to the positive cor-
relation between autochthonous percentage or phytoplankton
biomass and TSS (Fig. 8). This phenomenon occurred at XJ3, LQJ1,
LJ1, LJ2, GJ1, GJ2, GJ3, BJ and DJ. A certain amount of TSS could have
adsorbed the phytoplankton, which provided the nutrients and
growing room, hence increasing the phytoplankton biomass. This
process was consistent with previous results that bacteria were
transported and attached onto suspended particles (Mahler et al.,
2000). Thus, TSS impacts on the phytoplankton photosynthesis
should be assessed on the basis of fluvial erosion and photosyn-
thesis activity.

5. Conclusion

Measurements of biomarker, phytoplankton, and geochemical
features of surface river water demonstrated spatial variation in the
sources of inorganic and organic carbon within the Pearl River. DIC
sources were mainly controlled by lithological characters and river-
flow dynamics because DIC in riverine system primarily originated
from soil CO2 and atmospheric CO2. Specifically, DIC distributions in
16 sites in the Pearl River had three patterns, namely, high (XJ1, XJ2,
XJ3, XJ4, and BPJ1), low (LJ1, LQJ1, GJ1, GJ2, GJ3, BJ, and DJ), and
moderate (YJ1, LJ2, XJ5, and XJ6) DIC areas. Quantitative organic
source assignments of water samples were conducted using lipid
biomarkers (fatty acids, sterols, and n-alkanes) and the percentage
contributions of allochthonous and autochthonous sources were
calculated to create a synopsis of the sources of organic material
throughout the region. The following conclusions could be drawn:

Lipid biomarkers can be a useful tool in tracing organic sources.
The calculated average autochthonous OC (based on fatty acids)
was approximately 65% of the total OC, indicating intense in-river
primary productivity in the Pearl River. SSFA, C16:0, C16:1u,
28D5,22, and C17 were positively correlated with phytoplankton
proxies (biomass and OD680). Hence, these parameters are attrib-
uted to aquatic organic sources. By contrast, PUFA, 28D5, and
29D5,22 were derived predominantly from terrestrial contributions,
which sensitively responded to fluvial erosion.

Autochthonous organic sources were positively correlated with
DIC concentrations, which could be a DIC fertilization effect. This
phenomenon is also shown by the growth of phytoplankton, which
demonstrated a coupled process that consumed DIC source for
their bloom and produced specific lipid organic sources.

TSS reflected the fluvial erosion that delivered the terrestrial OC
into the river and increased the amount of allochthonous sources.
High TSS (TSS > 150 mg/L) on the water surface blocked sunlight
and then reduced the production of phytoplankton. However, in
situ photosynthesis of phytoplankton could also produce autoch-
thonous OC, even larger than the allochthonous source at sites with
high DIC concentrations, evenwith higher TSS concentrations. Low
TSS concentration (TSS < 150 mg/L) apparently promoted photo-
synthesis activity by offering nutrients and growth room. There-
fore, DIC could be converted into OC, whose amount was even
larger than the allochthonous source. These findings comprehen-
sively elucidated the formation of autochthonous OC based on the
coupling action of rock weathering and photosynthetic activity in



Fig. 7. Comparison of lipid biomarkers, phytoplankton, and geochemical proxies under the three DIC patterns. High DIC pattern represented sites with HCO3
� concentration higher

than 3.3 mmol/L; Low DIC pattern represented sites with HCO3
� concentration lower than 1.7 mmol/L; Moderate DIC pattern represented sites with HCO3

� concentration between the
two extreme values.

Fig. 8. Influence of TSS on the photosynthesis of phytoplankton. Low TSS represented concentration of TSS lower than 150 mg/L; High TSS represented concentration of TSS higher
than 150 mg/L.
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the riverine system, suggesting a potential direction for finding the
missing carbon sink.
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