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Abstract. Organic matter in surface sediments from the up- shelf indicated a considerable bacterial source of these car-
per reach of the Pearl River Estuary and Lingdingyang Baybohydrates, implying that sediment organic matter had un-
as well as the adjacent northern South China Sea shelf wadergone extensive degradation and/or transformation during
characterized using a variety of techniques, including eletransport. Sediment budget based on calculated regional ac-
mental (C and N) ratio, bulk stable organic carbon isotopiccumulation rates showed that only50% of the influxes of
composition §13C), and carbohydrate composition analyses. terrestrial organic carbon were accumulated in the estuary.
Total organic carbon (TOC) content wa21+0.45% inthe  This relatively low accumulation efficiency of terrestrial or-
upper reach, down t0.00+0.22% in Lingdingyang Bay and  ganic matter as compared to the total suspended solids (accu-
to 0.80+0.10% on the inner shelf and®B+0.06% on the  mulation efficiency~73%) suggested significant degradation
outer shelf. $13C values ranged from-25.1%0 to—21.3%  of the terrestrial organic carbon within the estuarine system
in Lingdingyang Bay and the South China Sea shelf, with aafter its discharge from the river. This study demonstrated
trend of enrichment seawards. The spatial trend in C/N rathat the combination of the bulk organic matter properties
tios mirrored that 0813C, with a substantial decrease in C/N together with the isotopic composition and molecular-level
ratio offshore. Total carbohydrate yields ranged from 22.1 tocarbohydrate compositions can be an efficient way to track
26.7mg (100 mg OC), and typically followed TOC con- down the source and fate of organic matter in highly dy-
centrations in the estuarine and shelf sediments. Total neuaamic estuarine and coastal systems. The predominance of
tral sugars, as detected by the nine major monosacchariddsrrestrially originated organic matter in the sediment and its
(lyxose, rhamnose, ribose, arabinose, fucose, xylose, galagenerally low accumulation efficiency within the estuary is
tose, mannose, and glucose), were between 4.0 and 18.6 mgpt surprising, and yet it may have important implications
(100mg OC)1 in the same sediments, suggesting that sig-in light of the heavy anthropogenic discharges into the Pearl
nificant amounts of carbohydrates were not neutral aldosesRiver Estuary during the past thirty years.

Using a two end-member mixing model basedséfC val-
ues and C/N ratios, we estimated that the terrestrial organic

carbon contribution to the surface sediment TOC was ca. ]
78+11% for Lingdingyang Bay, 34 4% for the inner shelf, 1 Introduction

and 55+ 1% for the outer shelf. The molecular composition ) . . .
of the carbohydrate in the surface sediments also suggesté&nderSta”d'ng the fate of terrestrial organic matter in the

that the inner estuary was rich in terrestrially derived car-°c€2n is vitally important to a better understanding of the
bohydrates but that their contribution decreased offshore. A°C€an carbon cycle (Hedges etal., 1997). Itis estimated that

: ; 41
relatively high abundance of deoxyhexoses in the estuary anfe'S transport approximately.8x 10'gyr— of terres-
trial particulate organic carbon (POC) to the world’s oceans

(Meybeck, 1982), which is around twice the rate it accu-

Correspondence td¥l. Dai mulates in ocean sediment (Keil et al., 1997, and references
BY

(mdai@xmu.edu.cn) therein). Thus, the efficiency of riverine terrestrial particulate

Published by Copernicus Publications on behalf of the European Geosciences Union.



https://core.ac.uk/display/41342178?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by/3.0/

3344 B. He et al.: Sources and accumulation of organic carbon in the Pearl River Estuary surface sediment

organic matter (POM) burial is thought to be quite low. It ing upon the original sources (Cowie and Hedges, 1984a;
is reported that<30% Amazon riverine POM is buried in Degens and Mopper, 1976; Hernes et al., 1996). Such a
deltaic sediment (Aller et al., 1996; Keil et al., 1997). This composition at the molecular level is, therefore, potentially
low burial efficiency is enigmatic because most riverine POM powerful in order to distinguish between organic matter with
is highly degraded soil organic matter (Hedges et al., 1994 terrestrial or a marine source (Biersmith and Benner, 1998;
and should presumably be recalcitrant to further degradatiotCowie and Hedges, 1984b; da Cunha et al., 2002). More-
when delivered to the estuary and the ocean (Hedges andver, the molecular composition of carbohydrates may also
Keil, 1995). provide insights into the diagnosis of different organic matter
Estuarine and continental shelf sediments have been longiogeochemical processes (Benner and Opsahl, 2001; Keil
recognized as the dominant reservoir for organic carboret al., 1998). For example, during sediment diagenesis, the
burial in the marine environment, and an accurate estimate ofleoxysugars fucose (FUC) and rhamnose (RHA), and glu-
the sources of organic carbon in these sediments is essentiabse (GLU) have distinct trends of variation in their relative
in order to understand the transformation and the fate of terabundance, while neutral sugar yields typically decline dur-
restrial organic matter in the ocean. Although there has beeing organic matter decomposition (Amon and Benner, 2003;
abundant research attempting to tackle the questions relatddedges et al., 1994; Ittekkot and Arain, 1986). The applica-
to the sources and fate of organic matter in coastal environtion of carbohydrate indicators to source identification and to
ments (Berner, 1982; Goni et al., 1997; Gordon and Goni,diagenesis characterization is exemplified in Table 1.
2004; Hedges et al., 1986; Hedges and Parker, 1976; Kuwae Bulk indices such as elemental and bulk isotopic composi-
et al., 2007; Ramaswamy et al., 2008), our understandindion are widely adopted to characterize the source of organic
remains limited, and sometimes inconsistent. For examplematter (Hedges and Parker, 1976; Hu et al., 2006a; Kuwae
Berner (1982) estimates thaB0% of terrestrial organic car- et al., 2007; Meyers, 1994; Middelburg and Nieuwenhuize,
bon (TrOC) is buried in deltaic and shelf sediments, while 1998; Ramaswamy et al., 2008; Yu et al., 2010). Studies
follow-up studies suggest that a significant fraction of theusing a combination of these bulk properties with molecu-
TrOC may be transported to the outer shelf and slope (ddar biomarker techniques (as the present study adopted) have
Haas et al., 2002; Goni et al., 1998; Prahl et al., 1994).been limited however. Boschker et al. (1995) apply such
Recent studies based on stable and radiocarbon isotopes mmethodologies in Lake Gooimer, and Marchand et al. (2005)
combination with biomarkers reveal that the organic matterapply a similar approach to study the sediment in a man-
discharged into the Gulf of Mexico is of high heterogeneity grove system. Relatively comprehensive studies using mul-
(Goni et al., 1997; Gordon and Goni, 2003), and is com-tiple markers are reported in the Amazon system (Bernardes
posed of at least two groups of organic matter with contrast-et al., 2004; Hedges et al., 1994). It must be pointed out
ing source terms. One of them is of land plant origin charac-that due to the complexity of the composition/source terms of
terized by lower3C, which tends to deposit in the estuary organic matter and the biogeochemical evolvement they un-
and delta areas, and the other one is characterized by highigergo in the estuarine environments, such multiple markers
degraded soil-derived material with high#fC, which can  are important because each individual marker may be subject
be transported farther offshore. As such, using end-membert limitations.
only with land plan813C could have underestimated the con-  The Pearl River Estuary is a large discharge dominated
tribution of terrestrial input to the shelf systems. Gordon andestuary which, during the past thirty years, has also been
Goni (2004) therefore call for a reassessment of the burial okubject to the high impact of anthropogenic activities asso-
TrOC in the ocean. ciated with the fast development in the deltaic region (Dai
Carbohydrates occur in polymer structure forms in which et al., 2006, and references therein). The Pearl River pro-
monosaccharide residues are bound to each other via glycaddes~ 3.26 x 101 m? of fresh water and- 7 x 10’ tons of
sidic bonds. They are ubiquitous in the marine environmentsediment annually to the South China Sea (SCS) (Dai et al.,
with primary importance as both structural and storage com22007). About 80% of the particles discharged by the Pearl
pounds of organisms. Together with amino acids, they rep-River are believed to be deposited within the Pearl River Es-
resent the most abundant constituents of organic matter ituary (Wai et al., 2004). Several studies have shown that the
marine organisms, suspended and sinking particles, and digsrganic matter deposited in Pearl River Estuary sediments
solved organic matter (Cowie and Hedges, 1992; Hernes eand on the adjacent SCS shelf has significant spatial variabil-
al., 1996). In marine sediments, carbohydrates typically acity as evidenced by bulk parameters such as TOC, total ni-
count for 3~ 10% of sedimentary TOC (Bergamaschi et al., trogen (TN), and stable isotopic compositiod$3C, §1°N).
1999; Burdige et al., 2000; Kerherve et al., 2002; Skoog andThis spatial variability appears to be related to complex hy-
Benner, 1997), and are important energy and carbon sourcedrodynamics and variable phytoplankton production (Hu et
for various heterotrophic organisms in the sediment (Dechoal., 2006a; Jia and Peng, 2003; Yu et al., 2010; Zhang et
1990; Tibbles et al., 1994). Carbohydrates preserved in sedial., 2009). Therefore our understanding to the sources and
ments are predominantly structural polysaccharides (Hernefate of organic matter in this highly dynamic estuarine sys-
etal., 1996), the compositions of which are different depend-tem remains very limited. No studies, for example have thus
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Table 1. Summary of carbohydrate composition and the neutral sugar ratio as indicators of organic matter sources and diagenetic state in
natural samples.

Parameters Meaning Applications References

%(FUC+RIB); relative percentage of fu- >10 for marine plankton or bacteriak5 Cowie and Hedges (1984a)
cose and ribose to total neu-for vascular plant tissues
tral sugars

GLU/RIB* the ratio of glucose to ri- high ratio indicating terrestrial source; Degens and Mopper (1976)
bose low ratio indicating marine source

MAN/XYL * the ratio of mannose to xy- <1 for angiosperm wood, leaves andCowie and Hedges (1984a)
lose grass; between 1.5-3.5 for phytoplankton;

between 3.6-8.5 for gymnosperm woods
and non woody tissues;6 for bacteria
and zooplankton
(FUC+RHA)/(ARA+XYL)*  the ratio of (fu- <0.5 for plant-derived carbohydrates?2  Guggenberger et al. (1994);
cose +rhamnose)/(xylose + for microbial carbohydrates da Cunha et al. (2002)
arabinose)

TNS yielo# total neutral sugar yield high yield indicating fresh labile organic Amon and Benner (2003);
normalize to total TOC matter; low yield indicating refractory or- Ittekkot and Arain (1986);
ganic matter Hedges et al. (1994)
%(FUC+RHAY* relative percentage of fu- high value of % (FUC+RHA) indicating Hedges et al. (1994);
cose and rhamnose to totalintensively diagenetic alteration Ittekkot and Arain (1986)
neutral sugars
Hexose/Pentode the ratio of (glu- high ratio indicating labile organic mat- Ittekkot and Arain (1986)
cose + galacose + mannose)ter; low ratio indicating refractory organic
(xylose +arabinose) matter

Superscript *” represents sources indicator; superscript fepresents diagenetic indicator; subscript ihdicates the parameter calculated without glucose

far been published concerning sediment organic matter witl2 Materials and methods
respect to the molecular composition of carbohydrates. In
this paper, we present the spatial distribution of elemental (2.1 Site description
and N),813C, and carbohydrate compositions of the organic
matter in surface sediments collected from the upper reach ofhe Pearl River consists of three main tributaries — the
the Pearl River Estuary, Lingdingyang Bay, and the northernNorth River (Beijiang), East River (Dongjiang), and West
SCS shelf. These bulk organic geochemical parameters iRiver (Xijiang), which empty into the Pearl River Estu-
combination with carbohydrate biomarkers were used to fur-ary, and subsequently into the SCS (Guo et al., 2009, and
ther evaluate the sources of the organic matter deposited, an@éferences therein). The Pearl River Estuary consists of
to estimate the accumulation flux of the terrestrial organicthree sub-estuaries, namely Modaomen, Huangmaohai and
matter in the areas studied. Moreover, we used carbohydrateingdingyang Bay, among which Lingdingyang Bay is the
composition and its relative abundance as biomarkers to ditargest and traditionally regarded as being the Pearl River Es-
agnose organic matter diagenesis. This study has shown theary. This study focuses on Lingdingyang Bay, which con-
predominance of terrestrially originating organic matter in sists of four major outlets — Humen, Jiaomen, Honggimen
the sediment and its generally low accumulation efficiencyand Hengmen (Fig. 1). Sediment types in the Pearl River
within the estuarine system. Such a finding is in line with Estuary vary, depending upon the hydrodynamics of the sed-
findings from other estuaries, and yet it may have importantimentation environment. Overall, the western side of the es-
implications in light of the heavy anthropogenic dischargestuary accumulates fine sand due to the dynamic hydrology
into the Pearl River Estuary during the past thirty years. induced by the water flow from the four outlets, while the
eastern side of the estuary is dominated by silty clays and
clay silts (Chen, 1994; Jia and Peng, 2003). Off the Pearl
River Estuary and on the SCS shelf, sediments are character-
ized with clayey silt around 1142Z and 21.8N, and with a
mixture of sand/silt/clay around 118.8 and 21.0N (Chen,
1994).
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Fig. 1. Map of the Pearl River Estuary and the adjacent South China Sea (SCS) shelf showing the sampling(stgiticthe upper reach
(freshwater part) of the Pearl River Estuafly) in Lingdingyang Bay. The SCS shelf is defined as inner shelf (open squares) and outer shelf
(closed squares) for convenience of discussion. The upper reach samples were collected in January 2005; Lingdingyang Bay and SCS she
samples were collected in November 2002 (closed circles and squares) and May 2001 (open circle and triangles).

2.2 Sampling sieve (250 um in pore size). TOC and TN were detected
using dry combustion with a Perkin-Elmer 2400 CHNS/O
Surface sediment samples were collected from 16 sites a|0ngna|yzer after removal of inorganic carbon. Sediment sam-
the Pearl River Estuary and SCS continental shelf duringples were soaked in 1 mof! HCI at room temperature
two cruises on board the R/Vanping Ilin May 2001 and  for 24h (Prahl et al., 1994), rinsed with Milli-Q water
November 2002, within which three regions have been detg remove salts, and then oven-dried at°60 This de-
fined for the purposes of this paper: Lingdingyang Bay, thecarbonation method gave almost identical C/N ratios as the
inner shelf, and the outer shelf (Fig. 1). Eight additional sur-de-carbonation method using concentrated HCI fumes for
face sediments were collected in January 2005 in the frestp4h. The relative standard deviations (RSDs) of TOC and
water part of the Pearl River Estuary and Dongjiang tribu- TN determinations were5%.
taries (hereafter referred to as the upper reach of the Pearl The stable isotopic composition of the bulk organic matter
River Estuary) as the river input end-member (Fig. 1 and Ta-in sediments was determined using ratio mass spectrometry.
ble 2). A grab sampler was used to collect surface sediment®rganic carbon was oxidized to G@sing high-temperature
in higher sedimentation rate areas. The sampling depth waguO catalysis after removal of inorganic carbon with 1 mol
~0-10cm, representing an average~eB-10 year's sedi- | ~1 HC| (Prahl et al., 1994). The GOwas purified using
mentation. A box sampler was used for sample collectioncryogenic traps in a vacuum line and collected and sealed
in lower sedimentation rate areas. The top 3 or 5¢m, repin glass tubes; and the ratio 8#C/A2C was analyzed us-
resenting again an average ©6-10 year's sedimentation, ing MAT252 mass spectrometry (Finnigan MAT, USA}3C
was sub-sampled and regarded as surface samples. All safjalues were expressed as the per mil (%o) deviation from
ples were kept frozen at20°C on board upon collection, the Vienna Pee Dee Belemnite standard. The standard de-
and until subsequent sample processing. viation of carbon isotope determination for both a working

. . . standard (the reagent grade histidine) and field samples was
2.3 Elemental and stable carbon isotopic composition better than 0.2%o.

(613C) analysis

Sediments were oven-dried at 8D, ground and homoge-
nized with a pestle and mortar, then passed through a mesh

Biogeosciences, 7, 3343362 2010 www.biogeosciences.net/7/3343/2010/
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Table 2. Geochemical data for surface sediments in the upper reach of the Pearl River Estuary, Lingdingyang Bay and the SCS shelf.

Site Stations  Sampling datL Ilzzt(i:?ut:jog Longitude ‘ De[;);h Surface water salinity Sediment type
RO1 Jan 2005 23.115 113.219 8.5
R02 Jan 2005 23.086 113.434 6
RO3 Jan 2005 23.058 113.492 5
R0O4 Jan 2005 23.042 113.514 10
Upper reach RO5 Jan 2005 23.050 113.525 8
R0O6 Nov 2002 22.905 113.558 5
RO7 Jan 2005 22.943 113.614 75
RO8 Jan 2005 22.891 113.573 12.5
E7A May 2001 22.170 113.852 16 25.31 mixture of sand and clay
E8-1 May 2001 22.228 113.797 23 8.5 mixture of sand and clay
E8-2 Nov 2002 22.264 113.785 14.5 26.46 silty clay
E12 May 2001 22.423 113.876 12 195 -
E14 Nov 2002 22.365 113.637 9.5 11.77 fine sand
Lingdingyang Bay E18 Nov 2002 22.432 113.674 - 1.82 find sand
E15 May 2001 22.555 113.721 9 4.87 mixture of sand and clay
E21 Nov 2002 22.510 113.737 8.5 9.5 mixture of sand and clay
E30 Nov 2002 22.572 113.699 10 2.6 mixture of sand and clay
E29 Nov 2002 22.752 113.639 12 0.6 sandy clay
S6A-1 May 2001 21.798 114.205 45 32.93 clayer silt
S6A-2 Nov 2002 21.801 114.208 45 33.26 clayer silt
Inner Shelf S7-1 May 2001 22.000 113.996 33 31.85 silty clay
S7-2 Nov 2002 22.001 113.995 35 32.63 silty clay
Outer Shelf S5 Nov 2002 21.002 114.99 100 33.61 sandy clay
S5A Nov 2002 21.258 114.747 80 33.55 sandy clay

2 Sediment types were cited from the previous studies (Chen 1994; Jia and Peng, 2003).

2.4 Carbohydrate analysis Upon hydrolysis a certain amount of adonitol (Sigma Co.)
was added to the hydrolysate as a gas chromatography (GC)
internal standard. The solution was completely homoge-
nized, and then centrifuged for 20 min at 3000 rpm and the
) _ o ) supernatant was collected in a 100 mL pear-shaped flask.
Analysis of carbohydrates is generally initiated with a hy- The solution was then rotary evaporated to remove TFA at
drolysis step that yields a pool of monomers (monosaccha~ggec. The dried hydrolysate was redissolved-i2 mL
rides), which are subsequently detected by either coIorimetMi"i_Q water, and the solution (pH=2-3) was then run
ric or chromatographic methods. Hydrolysis is, therefore, 8through a~25 mL cation/anion mixed column at a flow rate
critical process in the determination of sugar composition.q¢ 9 8_1.0mL mir! to desalt. The ion exchange column
Various hydrolysis techniques have been employed, dependya packed with mixed (1:1v/v) cation 08 (732, Lvyin

ing on the type of sample (Panagiotopoulos and SB&P  co. China) and anion resins 207 (717, Lvyin Co., China)
2005, and references therein). We chose “mild” hydroly- gnq the sugar fraction was eluted with at least three bed vol-

sis, using 4.0 mol = trifluoroacetic acid (TFA) to release mes of Milli-Q water. The deionized hydrolysate was again
monosaccharide from the marine surface sediments. Apfotary evaporated to dryness.

proximately 0.5¢g dried sediment was weighed into a pre-

combusted 50 mL glass tube with a Teflon-lined cap. A We preconditioned the resins as follows: first, the resins
4.0mol L1 TFA solution (5.0 mL) was added to each tube, were washed thoroughly with Milli-Q water, and then soaked
after which the sample was hydrolyzed at 2@5with mag-  in Milli-Q water for 12 h. After the water was removed, the
netic stirring for 4h. The comparison between this “mild” resins were soaked in ethanol for 4 h to remove any alcohol-
hydrolysis method and the “strong” hydrolysis method is pre-soluble substances. After the ethanol was washed out, the
sented in Sect. 2.5. cationic resins were transformed into hydrogen-type resins

2.4.1 Individual sugar analysis

www.biogeosciences.net/7/3343/2010/ Biogeosciences, 7, 3363-2010
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4 maintained at a constant temperature of 3D0The injec-
tion volume was 1 puL with a split of 5:1. Hydrogen was em-
] ployed as the carrier gasatl.5 mL min in a constant flow
; H “ mode. Column temperature was programmed from°T50
after an initial delay of 15 min, then increasing &Gmin—1
T10 1 ’ to 200°C, and after that increasing at 16 min—! to 280°C

= L \ ; . o
. | and holding for 5min. Under these conditions the best peak

28 + U
K _h,i_,ww\b I JJ  aneas resolution could be obtained, and quantification on the basis
20 2‘5 30

5] |
Wil
26
p Tk possible (Fig. 2). Each monosaccharide was identified using
| i 2 its relative retention time compared to the internal standard
\
\
\
\
|
|
|
[

32 7 PA

31 4

=)

10

' of a single clearly resolved peak for each sugar was made

30 2 pa

N adonitol, and quantified using an internal standard. Total
" neutral sugar (TNS) concentration was calculated as the sum
of the individual sugars, and normalized to TOC (in units of

i mg neutral sugar (100 mg OCY)).

28 + 1
i

27 4

26 A,

2.4.2 Total carbohydrate

25

Retention time (min)
Total carbohydrate (TCHO) concentrations in the sediments
Fig. 2. Gas chromatograms of TMS derivatives of monosaccha-were determined using a method modified from the phenol-
rides. (a) a standard mixture(b) a hydrolysate from the Pearl sylfuric acid (PSA) assay (Miyajima et al., 2001). Briefly,
River Estuary sediment. Twenty five peaks are identified, and thecarpohydrates were first hydrolyzed to individual monosac-
peaks with “*" are isomers used for quantification: 1. LYX1*; charides using 4.0molt! TFA following the same hydrol-
2. ARAL; 3. ARA2*; 4. LYX2, RHA1L, XYL1; 5. RIB1; 6. FUC1,; . T . :
7 ARAZ: 8. RIB2, LYX3: 9. LYX4: 10. RIB3* 11, FUC2* ysis protocol as for_the individual sugar analysis. The hy
drolysate was centrifuged and the supernatant was collected

12. ARA4; 13. RHA2*; 14. XYL2, FUC3; 15. FUCA4; 16. Adonitol; . o
17. XYL3* 18. MAN1*: 19. GAL1: 20. GAL2* 21. GLU1; and diluted. The dilution was used to analyze TCHO fol-

22. MAN2: 23. GAL3: 24. Sorbitol: 25. GLU2*. (LYX _ Iyxose; Iowing this PSA procedure. The TCHO y|E|dS reported here
ARA — arabinose: RIB — ribose; RHA — rhamnose: FUC — fucose: Were based on standard curves constructed from GLU stan-
XYL — xylose; MAN — mannose; GAL — galactose; GLU — glu- dards and presented in units of mg carbohydrate (100 mg
cose). If there are several isomers for a compound, they are name@C)‘l.

with different numbers according to the retention time of the iso-
mers. For example, glucose has two isomers, namicose and
B-glucose. The isomer with short retention time is named GLU1,
and the other one is named GLU2.

2.5 Quality controls and assessment

In order to control the quality of our elemental and isotope
analysis, we chose three sediments from the west Pacific as
by soaking in~1 mol L~1 HCI solution for 4 h. Finally, the  our working reference material for quality control on a daily
resins were washed with Milli-Q water until the pH=5-6. basis during the sample preparation and analysis. These Pa-
The anionic resins were then soaked~id mol L~ NaOH cific sediments are reported to have very uniform C/N ra-
solution for 4 h to transform them into OH-type resins, fol- tios and organic carbon isotopic composition, identical to the
lowed by Milli-Q water wash to pH =7-8. typical values of marine phytoplankton (e.g., Goering et al.,
The equilibration and derivatization of sugar were based1990). Our measured carbon isotope compositions of these
on the method of Cowie and Hedges (1984b). Briefly, sediments ranged from20.2 to—20.9%., which agreed well
the deionized dried sample was dissolved in double disWith the reported value of-20.8+0.8%. (Goering et al.,
tilled pyridine. An absolute recovery standard (sorbitol) 1990). The standard deviation &°C during our long term
(Sigma Co.) was added to the solution followed by ansample analysis was better than 0.2%o.
equal volume of 0.4% (w/v) LiCIQin pyridine. The sugar A complete description of the QA/QC measures and the
anomers were equilibrated at 80 for 48h and deriva- results for the measurement of monosaccharide compositions
tized with Regisil reagent (bis (trimethylsilyl) trifluoroac- has been published (He et al., 2003). The RSD of analysis
etamide +1% trimethylchorosilane) for 20 min at °&D to was 0.1-14% for nine monosaccharides. A spiked recovery
form trimethylsilyl ether (TMS) derivatives. Analysis of in- (sample + spike) was 77-115% with an RSD of 1.8-11%,
dividual sugars was carried out using a Hewlett-Packard (HPjand the detection limits of the TMS-monosaccharide ranged
6890 gas chromatograph equipped with a 30 m by 0.32 mnfrom 0.02—0.06 mg L with a signal to noise ratio of 3. The
i.d. fused-silica capillary column (HP-5) with a flame ioniza- recovery of the internal standard, adonitol, was 79.8% 6,
tion detector (FID). Both the injection port and the FID were RSD =5.2%) throughout the sample processing procedure.
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Fig. 3. Monosaccharide yields (mgd dry sediment weightfa) and neutral sugar compositions (wt ) from surface sediments using
different hydrolytic procedures. The error bars represent the standard deviatics).(

Table 3. Organic geochemical data for surface sediments, and the fraction of terrigenous organic matter contribution to sediment TOC in the
upper reach of the Pearl River Estuary, Lingdingyang Bay and the SCS shelf.

Site Stations TOC (%) TN (%)  Atomic C/IN  §13C (%o) fi (%) Ft (%)
RO1 4.41 0.23 22.4 —24.9
RO2 0.95 0.08 13.9 -26.1
RO3 1.97 0.18 12.9 —255
RO4 0.95 0.07 15.8 —24.3
RO5 0.60 0.06 11.7 —23.1
Upper reach RO6 1.34 0.13 11.8 —255
RO7 1.52 0.13 13.6 —25.4
RO8 1.14 0.10 13.3 —24.6
Meantsd 121+045 011+0.04 133+14  —249+10
E7A 0.67 0.07 10.8 -22.3 55 72
E8-1 0.67 0.06 13.0 —-23.6 88 94
E8-2 0.84 0.08 11.9 —-23.1 71 83
E12 0.86 0.12 8.4 —24.9 38 56
E14 1.32 0.15 10.5 235 57 74
Lingdingyang Bay E18 1.11 0.13 9.7 —-25.1 56 72
E15 1.24 0.12 12.3 —25.0 88 94
E21 0.93 0.10 10.7 233 58 74
E30 1.12 0.12 11.4 —23.4 67 81
E29 1.26 0.14 10.4 —245 61 77
meantsd 10+0.22 011+0.03 109+13  —239+10 64+15 78+11
S6A-1 0.66 0.11 8.4 -21.5 23 38
S6A-2 0.91 0.13 8.1 —21.4 20 33
Inner Shelf S7-1 0.79 0.13 6.9 n.a. n.a n.a.
S7-2 0.84 0.12 7.9 -215 18 31
meantsd 080+0.10 012+0.01  78+0.6  —215+0.04 2043 34+4
S5 0.54 0.10 6.6 -21.3 3.2 6.4
Outer Shelf S5A 0.62 0.11 6.5 —21.4 2.3 4.7
meantsd 058+0.06 010+0.01 654+0.09 —214+01 28+06 55+12

ft =the fraction of terrigenous organic nitrogef;= the fraction of terrigenous organic carbon; n.a. =no analysis; the mean values of the parameters in the upper reach of the Pearl
River Estuary were calculated with the exclusion of the highly polluted station RO1.

Given the primary importance of hydrolysis in the deter- (Cowie and Hedges, 1984b). The latter was recommended
mination of individual sugars, we compared the 4.0 ot L
TFA hydrolysis method with the strong sulfuric acid method may also be used for marine samples containing “refractory”
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Fig. 4. Spatial distribution of TOC (%fa), C/N ratios(b), §13C (%o) (c) and TNS (mg neutral sugar (100 mg O@) (d) in the surface
sediment in Lingdingyang Bay and on the shelf of the South China Sea.

structural polysaccharides (Kerherve et al., 2002; Pakulski Strong hydrolysis generally gives a higher yield of GLU
and Benner, 1992). Strong hydrolysis is usually performeddue to the more efficient cleavage wfcellulose. However,

in two steps. Samples were treated with 12 not lsulfu- for our sediment samples, strong hydrolysis did not give a
ric acid at room temperature, after which the acid was di-higher yield of GLU. This result was probably due to the fact
luted to 1.2 mol =1 and heated in a boiling water bath with that our sediment samples for the comparison experiments
stirring. The individual neutral monosaccharide yields andcontained a low content ef-cellulose because the sediment
their relative composition in the same sediment samples ussamples were collected from the inner shelf (station S7-1),
ing these two hydrolysis methods are presented in Fig. 3. Thevhich contained no more than 31% terrestrial organic matter
results showed that the TFA hydrolysis method gave compafsee discussion below). It should be noted that TFA hydroly-
rable yields of lyxose (LYX), arabinose (ARA), FUC, RHA, sis might underestimate the GLU content in the upper reach
galactose (GAL) and GLU, but significantly higher yields of the estuary when compared to strong hydrolysis, if the
of xylose (XYL) and ribose (RIB), than those of the strong sediment samples contained a large amount-oéllulose.
H>SOy hydrolysis method (Fig. 3a). Previous studies also

find that hydrolysis with 2 mol L1 TFA for spruce holocel- 2.6  Statistical analysis

lulose and with 4 mol £ TFA for soil samples give higher o . )
yields of all monosaccharides (except GLU) than 12mdiL  Principal component analysis (PCA) was employed to iden-

H,SO; (Amelung et al., 1996: Fengel and Wegener, 1979).tify 'Fhe sources of carbohydrate. Ning monqsaccharide com-
Pentoses are reported to be more fragile than hexoses arRPSition (wt %) dataset for 14 stations (including upper
are partially destroyed after strong hydrolysis, especially RIB'€ach, estuary, and SCS shelf) were used for analysis. Val-
(Mopper, 1977; Panagiotopoulos and Sémp 2005). The ues less thap the_ dgtectlor} limit were substituted by one half
higher yields of XYL and RIB are likely to be due to less de- of the detection limit (Harrison et al., 1996; Buhamra et al.,
struction of these monosaccharides during mild hydrolysis 1998)- The SPSS 11.0 software package was used for data
As for sugar compositions (wt %), TFA hydrolysis gave a reatment.

comparable relative abundance for all monosaccharides (ex-

cept for a significantly higher percentage of RIB) than those

of the strong HSOy hydrolysis method (Fig. 3b).
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3 Results ton and sewage-derived POM was preserved in the sediment
o _ was low due to selective degradation.
3.1 Bulk characteristics of the sediments In the Pearl River Estuary and on the SCS shelf, both TOC

f the eight riveri , contents and C/N ratios showed a similar trend. Relatively
TOC and TN contents of the eight riverine sediments andigh TOC was observed along the west side of Lingdingyang

lyzed in this study spanne'd a range from 0'60,% to 4'4,1%Bay, which decreased gradually offshore (Fig. 4a), with a
and 0.06% to 0.23% by weight (Table 3), reflecting the Wldemean value of DO+ 0.22% in Lingdingyang Bay decreas-

variet_y of sedimentary environments and sediment texturesing to 058+ 0.06% on the outer shelf (Table 3). Similarly
Atomlc C/N raths ranged from 11'7_ to 22.4 (Table 3). The the atomic C/N ratio (Fig. 4b), which ranged from 8.4-13.0
highest C/N ratio along Wlth_ the highest content of TOC in Lingdingyang Bay to 6.9-8.4 on the inner shelf, and to
and TN was qbserved at stat'lo.n RO1 near Guangzhou Whe,r§.5—6.6 on the outer shelf (Table 3), showed the relative en-
wastewater discharge containing large amounts of organi¢;.pment of nitrogen seawards. Meanwhil3C became

ma@ter and ammonia occurred (!—|e etal., 2010). _The ConC?nf)rogressively heavier from the estuary43.9+ 1.0%o) to the
trations of TOC and TN were highly correlated in the sedi- inner shelf (21.5+0.04%) and outer shelf{214+0.1%o)
ments collected from the upper reach of the estuary exceplogiments (Fig. 4c, Table 3), indicating an increase in the
f‘?f the highly polluted stat!on RO1, |nd|gat|ng thelsame or- proportion of marine organic matter towards the outer shelf,
gin of TOC and TN. The linear regression equation was At is interesting that at two stations (stations E12 and E8-1)
follows: we observed “abnormal” C/N ratios adé®C values with a
TN%6=0.092TOC%-0.004 R=0.96 (1)  remarkably depletedf-°C of —24.9%. at station E12, and the
highest C/N ratio among all samples of 13.0 at station E8-1,
The intercept of the regression line wa$®, suggesting that the reason for which is presented in the discussion section.
most of the nitrogen measured by our method was related tdlote that station E12 is located at the east side of the Bay,
sedimentary organic carbon and probably in the organic formwhereas station E8-1 is located near Dayushan Island.
(Hedges et al., 1986). The slope of the regression line indi-
cated a best-fit atomic C/N ratio of 12.7, suggesting that mos8.2 Carbohydrate composition of the sediments
of the TOC in the upper reach of the Pearl River Estuary was
attributable to soil derived organic matter. Soil organic mat-Samples from the upper reach of the estuary were also ana-
ter tends to have a lower C/N ratio (8—14) than plant organiclyzed for TCHO and individual neutral carbohydrate. Nine
matter &20) due to the retention of nitrogen by microbes major neutral sugars in the sediment samples were identified
during organic matter remineralization in soils (Hedges andand quantified (Fig. 2a, b). TCHO yields, TNS yields, indi-
Oades, 1997). The'3C values 0f—23.1%0~ —26.1%o with vidual neutral carbohydrate composition (wt% of individual
an average of-24.9+ 1.0% (when excluding station R01) aldose relative to the total aldoses), and the ratios of individ-
also closely matched soil attributes (Prahl et al., 1994), im-ual sugars are reported in Table 4.
plying that the bulk organic carbon preserved in the river sed- TNS yields of the sediments in the upper reach of the
iments was mostly land-derived organic matter. This con-Pearl River Estuary ranged from 4.3 to 10.8 mg (100 mg
clusion seemed surprising, since there were other potentiall@C)~* with a mean of B+ 2.4 mg (100 mg OC)?, which
significant sources of organic carbon for these sediments, inwere much lower than the TCHO yields analyzed using the
cluding phytoplankton production and the sewage input inPSA method for the same sediment samples (10.3—26.5mg
the upper reach of the estuary. We attributed this to selectiv100 mg OC)1, Table 4). The TNS yields observed here
degradation of autochthonous and sewage-derived POM, rewere consistent with the values reported in other riverine
sulting in dominant preservation of stable TrOC in the sedi-sediments (Jennerjahn and Ittekkot, 1999). The most abun-
ments. High Chls concentration£20 ug L-1) coupled with ~ dant neutral sugar was GLU (Z9+5.7%), followed by
high bacterial oxygen consumption rates (2.8-5.8 umpl O RHA (17.5+7.8%), GAL (146+ 3.3%) mannose (MAN,
L=1h1) in the water column in this area may lend addi- 12.4+ 3.3%), XYL (8.3+3.4%), FUC (79+ 1.2%) and
tional evidence for the selective removal of autochthonousARA (7.7 +£2.8%). RIB and LYX were minor compo-
labile POM in the water column or at the sediment water in-nents and present only in small amount9) 2 0.8% and
terface (He et al., 2010). Compared to ##€C and C/N ra-  0.840.1%, respectively (Table 4).
tio of the in situ phytoplanktons¢3C: —31.2%o to—25.8%o, Surface sediments of seven stations (E7A, E8-1, E15, E30,
C/N ratio: 6.5 to 8.4) and POM in sewagd{C: —25.9%.to  S6A-1 S7-1, and S5) along the salinity gradient from the
—22.8%o0, C/N ratio: 5.8 to 7.1, Dai et al., unpublished data), Pearl River Estuary to the SCS shelf were also chosen to
sediment TOC had isotopic compositiod$3C: —26.1%to  analyze TCHO and individual neutral sugars. At these se-
—23.1%0) between those of phytoplankton and sewage delected stations, TCHO yields generally followed TOC con-
rived POM but significantly higher C/N ratios (C/N: 11.7— centrations and ranged from 22.1 to 26.7 mg (100 mgGC)
22.4). Such an elevation in the C/N ratio of the sediments(Table 4), being slightly depleted downstream Lingdingyang
suggested again that the efficiency with which phytoplank-Bay (stations E7A and E8-1) and enhanced in the inner shelf

Biogeosciences, 7, 3343362 2010 www.biogeosciences.net/7/3343/2010/
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4 Discussion

o LYX
E15 B ARA . i . i i
o1 o R 4.1 Terrestrial organic carbon contribution to sedi-
o FUC .
— a RHA ments from the Pearl River Estuary and SCS shelf
s71 @ XYL
o AN The sources of sediment organic matter can be indicated by
S6A-1 GAL
| |

6LU the C/N ratio and the carbon isotopic composition (Hayes,
1993; Middelburg and Nieuwenhuize, 1998). In order to
determine the potential sources for the sedimentary organic
matter, a simple mixing model based on C/N ratio &HtC
Fig. 5. Normalized distribution of monosaccarides in surface sed-Of the sediment was used to estimate the contribution of ter-
iments collected from Lingdinyang Bay and the shelf of the Southrigenous organic matter to the sediment samples from the
China Sea. Pearl River Estuary and SCS shelf. This two end-member
mixing model has been successfully used to estimate rela-
tive contribution of organic carbon from terrestrial and ma-
(stations S7-1 and S6A-1). TNS yields ranged from 4.0 torine sources in estuarine and ocean margin systems (Cai et
18.6 mg (100 mg OC)}, which were similar to the typi- al., 1988; Hedges and Parker, 1976; Liu et al., 2007; Prahl
cal values reported for coastal surface sediments (5-20mgt al., 1994). It was assumed that our sedimentary system
(100mg OC)y1) (Bergamaschi et al., 1997; Burdige et al., received terrigenous organic matter input from a single river-
2000; Cowie and Hedges, 1984a; Kerherve et al., 2002). Thée source, followed by mixing with marine organic matter
highest yield of TNS was found in the vicinity of the river inthe estuary. This postulate was probably reasonable in this
outlet, while the lowest yield was found near Dayushan Is-discharge dominated estuary. Then both the C/N ratip (
land (Fig. 4d). The contribution of TNS to TCHO varied sub- and thes'*C value §) of the mixture may be expressed as a
stantially, ranging 18—-80%. High variability of TNS/TCHO function of the terrigenous organic nitrogen fractiof) (as
(18-47%) was also reported elsewhere in the Mandovi Estufollows:
ary sediment with more than half of the bulk carbohydrates
were not neutral aldoses (Khodse et al., 2008). A probabIeR =Refit (1= f0Rm 2)
reason which may explain this difference between TNS ands — ( £, Rs;+ (1— f;) Rném)/R A3)
TCHO is that carbohydrates determined by the PSA method
include neutral monosaccharides and their methyl derivativesvhere R, and R; represent the marine and terrestrial C/N
including uronic acids (Dubois et al., 1956). Moreover, the ratios; ands,, and §; represent the marine and terrestrial
differences may also be due to structural changes of individ$3C values. It is noted that the fraction of terrestrial ni-
ual aldoses incorporated into refractory DOC molecules thatrogen (f;) was used in Egs. (2) and (3) so as to match the
can still be characterized by the PSA method but not by theC/N ratio to make the calculation more straightforward (Liu
GC method (Khodse et al., 2008). et al., 2007). The terrestrial organic nitrogen fraction was

The neutral sugar composition of the Pearl River Estuarythen transformed into the terrestrial carbon fractiép (s-
and SCS shelf showed a high spatial variation (Fig. 5). GLU,ind Eq. (4):
GAL and RIB were enhanced seawards, whereas ARA de-.
ceased seawards except at stations E8-1 and E7A (Fig. Sft = Rft/(Refit Rm(1= /0) @)
Station E8-1 was characterized by the highest abundance dfhe mixing curves are shown in Fig. 6. For the model cal-
ARA and RHA, and the lowest abundance of GAL, MAN culation, surface sediments collected from the upper reach of
and BIB, while station E7A had the highest abundance ofthe Pearl River Estuary (with the exclusion of highly polluted
GLU and the lowest abundance of XYL. Except for these station R01) were chosen as the riverine end-member and
two stations, the abundance of MAN and XYL was similar represented the relatively long term compositional average of
at other stations (Fig. 5). LYX was the least abundant, and acthe potential riverine input (TrOC) to the ocean, similar to the
counted for no more than 1% in all samples (Fig. 5, Table 4).method described by Prahl et al. (1994). This end-member
On average, GLU was the major monosaccharideO(26  may provide a better representation of the bulk property of
6.4%), which was followed by GAL (18+ 5.8%), RHA riverine input to the ocean than the universal vascular plant
(15.0£5.4%), MAN (1114 3.1%), XYL (10.6 &+ 2.4%), debris end-member, because recent investigations show that
ARA (9.4+4.3%), FUC (58+1.5%), RIB (33+1.2%) and terrigenous organic matter is heterogeneous in compaosition,
LYX (0.8+0.1%) (Table 4). Station E7A and E8-1 had the including at least soils and plant debris sources (Gordon and
lowest yields of TNS (4.0 mg (100 mg OCY) with distinct ~ Goni, 2004, and the references therein). Meanwhile, phyto-
differences in carbohydrate composition (Fig. 5 and Table 4) plankton collected from the northern SCS was chosen as the
suggesting that these carbohydrates might have undergomearine end-member. The C/N ratio afidC of the terrestrial
extensive biodegradation and/or biotransformation. end-member and the marine end-member wer@ 3.4

Seaward S5

0% 20% 40% 60% 80% 100%
Relative Percentage
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ing to an average 0f30-40 years based on tR¥Pb data.
¢ Outer shelf .. .. .
-20 - Inner shelf A similar two end-member mixing model based &3C is
Lingdingyang Bay used to calculate the contribution of TrOC to sediment TOC
29 | by Zhang et al. (2009). The higher contribution of TrOC to
0 surface sediment TOC in our study may thus suggest an in-
S creasing input of TrOC from the Pearl River in recent years,
O 24 4 Ry which is consistent with the rapid urbanization, industrializa-
o 4 tion and reclamation in this area.
~
-26 ‘ 4.2 Source characterization of carbohydrates in the
Pearl River Estuary and on the SCS shelf
-28 : : : : : :

Carbohydrates are classified as storage and structural poly-
i mers. Storage carbohydrates are labile and are rapidly uti-
C/N Molar ratio lized by the in situ heterotrophic organisms. This results in
the accumulation of relatively inert structural carbohydrates
River Estuary and on the shelf of the South China Sea. The curve'{ mf?mne sediments (Burdige et al., 2000; _Hernes et aI
represent mixing lines between the terrigenous end-memﬂ)&( 996; Jensen et a_l., 200_5)' Th_e monosaccharide _compo_smon
— 249+ 1.0%, C/N=133+ 1.4, down-right shadow) and ma- of carbohydrates in sediment is a useful tool for identifying

Fig. 6. 813C value of organic carbon versus C/N ratio in the Pearl

rine end-membene3C = —20.8+0.4%., C/N=646+0.1, up-left  the sources of carbohydrates (Campiano and Romano, 1998;
shadow). Given that both end-members of the terrestrial and marinéowie and Hedges, 1984a; Ittekkot et al., 1984, Kerherve et
organic carbon had uncentainties, the mixing curves are also showal., 2002; Khodse et al., 2008).
with ranges (i.e., different curves). Sediments from the upper reach Based on thé13C and C/N ratio, we estimated the con-
(excluding RO1) of the estuary were served as the terrigenous endribution of terrigenous organic carbon to sediment TOC in
member, while net phytopla_nkton from the northern South Chinathe Pearl River Estuary and the adjacent SCS shelf as sum-
Sea were served as the marine end-member (see text for details). narized in Table 3. We categorized sediment samples into
two groups, one with highX70%, including stations E7A,
E8-1, E15 and E30) and one with low40%, including sta-
and —24.94-1.0%., and 6464+0.1 and—20.8+0.4%o, re-  tions S7-1, S6A and S5) contributions of terrigenous organic
spectively. carbon. The average neutral sugar compositions of sediment
Field observations of carbon isotope composition and C/NS@MPIes rich in TrOC were compared to those poor in TrOC
ratio plot (Fig. 6) showed that the mixing of the riverine end- (Fig- 7). Statistical comparisons (t-test) of the means showed
member with the marine end-member could well explain thethat TrOC-rich sediment was enriched in % ARA £ 0.1)
carbon isotope composition and C/N ratio variations of the@1d % GLU (p=0.05); but depleted in % RIBy(< 0.05) and
sediments along the estuary and continental shelf. The grad?? GAL (p < 0.01) relative to TrOC poor sediment. This

ual decrease of C/N ratios, consistent with progressive en0mparison clearly showed the differences in neutral sugar
richment in13C from the estuary to the inner shelf and then composition between sediments from different sources (ter-

to the outer shelf sediments (Fig. 4), suggested a higher frad€Strial versus marine). o
tion of marine organic matter offshore. Based on the two CAL was the second most abundant monosaccharide in
end-member mixing model, Egs. (2) and (3), we can esti_s,urface sediments from the estuary and the shelf, and was en-

mate the fraction of terrigenous organic nitrogef) (con- riched seawards (Fig. 5). GAL is abundant in terrestrial non-

tributed to the sediments from the Pearl River Estuary and¥00dy plant tissues (Cowie and Hedges, 1984a), and is one
the SCS shelf, as summarized in Table 3. The contribution of the major constituents of some phytoplankton cell walls
terrigenous organic nitrogen to sediment TN (mostly in the@nd also bacteria (Cowie and Hedges, 1984a; Hecky et al.,
organic form, see discussion above) accounted for, on avert973)- Moreover, the relative abundance of GAL increases
age, 64t 15% in Lingdingyang Bay, 2& 3% on the inner during a phytoplankton bloom (Ittekkot et al., 1982). This

shelf, and 8+ 0.6% on the outer shelf. Correspondingly, monosaccharide may have been derived from the mixture

the contributions of terrigenous organic carbon were, on av-°f Phytoplankton, bacteria and/or terrestrial plant sources,

erage, 78 11% in Lingdingyang Bay, 34 4% on the inner based on the fact that GAL was elevated in the inner shelf
shelf, and S+ 1.2% on the outer shelf. Our data concerning (Stations S7-1 and S6A-1, Fig. 5), where primlary productiv-
TrOC contribution to the sediment TOC were relatively high 'Y Was much higher (3000-4300mg C ") as com-

. . et
but comparable to the results of Zhang et al. (2009), who rePared to in the Pearl River Estuary100mg C m“d )
port that an average of55% bulk TOC in the estuarine sed- (Yin et al., 2004). It is thus suggested that phytoplankton

iment is terrestrially sourced. Note that the data reported bysnould be the main source of GAL in this area.
Zhang et al. (2009) are based on sediment cores, correspond-

Biogeosciences, 7, 3343362 2010 www.biogeosciences.net/7/3343/2010/
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ARA (%)

HEEm TrOC-poor sediment
3 TrOC-rich sediment

30 +
y=1.21x-2.02

Neutral sugar (%)
GLU/RIB

Fig. 7. Average neutral sugar composition (wt %) of surface sed-

iments showing that sediments from Lingdingyang Bay were en-gig g wt % arabinose versus glucose/ribose ratio in the surface

riched in terrestrial organic carbos {0%) and sediments collected  gegiments collected from Lingdingyang Bay and the shelf of the
from the shelf of the South China Sea had lower terrestrial organicsgth China Sea.

carbon contents<40%). The distinction between TrOC-rich and
TrOC-poor is explained in the text. Error bars represent the stan-
dard deviation. Sugars marked with “*” signify that statistically
significant difference occurred between TrOC-rich and TrOC-poor
(see text for details).

could be preserved better than XYL in the sediments. More-
over, a positive correlation between the % ARA and the ra-
tio of GLU/RIB was found in the estuarine and SCS shelf
sediments (Fig. 8). Previous studies suggest that terrestrial

ARA accounted for 4.8—-17.6% of the TNS across the stud-carbohydrates have a higher GLU/RIB ratio than marine car-
ied area. A relatively high % ARA was observed in the estu-bohydrates (Cowie and Hedges, 1984a; Degens and Mopper,
arine sediments as compared to the inner shelf and outer shel©76). A high GLU/RIB ratio coupled with a high % ARA
sediments (Fig. 5 and Table 4). This relatively high contribu-Was observed in Lingdingyang Bay (stations E15, E30 and
tion of ARA in the estuarine sediments might be associatedE8-1), whereas a low GLU/RIB ratio along with a low %
with the presence of more structural polysaccharides or araARA was observed on the SCS shelf (stations S7-1, S6A-
binogalactans and arabinoxylans in pectin therein (Moers et and S5), indicating that terrestrially derived carbohydrate
al., 1989). contributed a higher portion to the estuarine sediment and de-

XYL accounted for 7.2-15.2% of the TNS, with almost creased seawards. This notion was further supported by the
uniform distribution except at station E8-1. This homogene-enrichment o813C and decrease of the C/N ratio offshore.
ity of XYL (9.6—14.6%) is also observed in surface sediment Relatively high RHA (10.3-24.0%) was observed in the
samples collected from the Mediterranean Sea (Kerherve ePearl River Estuary and SCS shelf sediments as compared
al., 2002). The homogeneity of this sugar could have beerto Mandovi Estuary sediments (5.6—-11.2%) and Dabob Bay
explained by the balance between various biological sourcesediments (9.3-10.3%) (Cowie and Hedges, 1984a; Khodse
XYL is the second most abundant sugar in terrestrial plantset al., 2008). RHA is abundant in bacteria and/or fungi
as a constituent of arabinoxylan and arabino-glucuronoxylar{Cowie and Hedges, 1984a; D’'Souza et al., 2005; Hicks
(Cowie and Hedges, 1984a; Guggenberger et al., 1994; Ogiest al., 1994), but it is a relatively minor constituent of
etal., 2001). Relatively high XYL (10-23%)) is also observed phytoplanktonic carbohydrate (Biersmith and Benner, 1998;
in the cell lysate organic matter from phytoplanktoBichux-  Cowie and Hedges, 1984a). An unusually high value of
leyi (Biersmith and Benner, 1998). The homogeneity of XYL RHA was found at station E8-1 (20.9%) and at station S5
could also have been due to selective biodegradation of te24.0%). These high values should not be related to our hy-
restrial XYL during the transfer of organic particles through drolysis methods, since these did not show any significant
the estuary. Opsahl and Benner (1999), in a study of carinfluence on the yields of RHA (Fig. 3). According to Hicks
bohydrate composition of different degraded vascular plantet al. (1994), only bacteria contain such a high proportion
tissues, demonstrate that there is a “selective loss” of mairof RHA. Alternatively, Biersmith and Benner (1998) found
GLU and XYL with time. Arnosti (2000), investigating the a significant enhancement of RHA in the surface ocean ul-
potential hydrolysis of structurally distinct polysaccharides trafiltered dissolved organic matter (UDOM) due to diage-
by extracellular enzymes in bottom water and surface sedinetic alteration as compared to the phytoplankton cultured
ment, found that the hydrolysis of xylan is much higher than UDOM. We suggest therefore that the relatively high abun-
that of arabinogalactan. That might be the reason why ARAdance of RHA at stations E8-1 and S5 were associated with a
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gestion was also supported by the relatively high ratios
of (FUC+RHA)/(ARA+XYL) (Table 4). Guggenberger et
al. (1994) state that (FUC+RHA)/(ARA+XYL) ratios ex-
ceeding 0.5 correspond to microbially-altered organic matter.
It is interesting to note that the highest percentage abun-
dance of ARA and XYL along with the lowest percentage
of RIB and FUC among the estuarine and shelf sediment
samples was found at station E8-1 in Lingdingyang Bay. As
shown above, the high ARA abundance was likely to be asso-
ciated with the dominant contribution of terrestrial carbohy-
drate. This conclusion was further supported by the highest

1.0 - Terrestrial

Loading on PC2

Bacterial

Loading on PC1

@ES-1
A S

2 Terrestrial ~~.

Scores on PC2
o
T

R02  Bacterial

3 1 I
-2 -1

0 1 2

Scores on PC1

GLU/RIB and the lowest % (RIB + FUC) observed at this
station. The ratio of GLU/RIB is suggested as an indicator
to distinguish the inputs from terrestrial and marine sources,
with a high ratio indicating a terrestrial source (Cowie and
Hedges, 1984a; Degens and Mopper, 1976). Plant tissues are
depleted in % (RIB+FUC) as compared with plankton and
bacteria (Cowie and Hedges, 1984a). The highest GLU/RIB
and the lowest % (RIB + FUC) in this area strongly suggested
that carbohydrate was dominantly terrestrially sourced. In
addition, this conclusion deduced from carbohydrate compo-
sition agreed well with the organic source estimated from the
bulk propertys13C and C/N ratio at this station (Table 3).
Station E8-1 is located downstream in Lingdingyang Bay
near Dayushan Island, and the sediment in this area is char-
acterized as a mixture of sand and clay (Jia and Peng, 2003).
This sandy sediment appeared to fail to preserve labile or-
ganic matter, resulting in accumulation of degraded refrac-
tory TrOC. The low TOC content (0.67%) along with the

lowest yield of TNS (4.0 mg (100 mg} OC) and the low-
Fig. 9. (a) The loadings on the two principal components for all est percentage of TNS in the TCHO pool (18%) observed

neutral sugars, angb) the scores of the two principal components at this station strongly supported such extensive biodegrada-
for each sampling site. tion. This degradation of TrOC might also have been derived

from the soil erosion from Dayushan Island due to the heavy

development of this area at the end of the last century, in-
bacterial origin and/or bacterial related diagenetic alterationcluding the construction of Hong Kong International Airport
This notion is also supported by the high percentage of bacteand the Tsing Ma Bridge, as well as Hong Kong Disneyland.
rial fatty acids in the sediments of the Pearl River Estuary and Principal component analysis (PCA) was used to further
SCS shelf (Hu et al., 2006b). According to Hu et al. (2006b), identify the sources of carbohydrates. Two principal com-
total bacterial fatty acids (the sum of odd carbon-numberedponents were identified with eigenvalued summing ac-
and branched-chain fatty acids) account for 19.8-50.9% otounting for almost 63% of the total variance in the sed-
the total fat acids in the surface sediment in the Pearl Riveiiment monosaccharide composition dataset (Table 5). The
estuary and SCS shelf, and a relatively high percentage dfirst principal component (PC), accounting for 34.1% of the
fatty acids are observed in the SCS shelf. total variance was positively correlated with GAL, RIB and

Compared to plant tissues (Cowie and Hedges, 1984aMan, and negatively correlated with RHA. It is well known

and phytoplankton (Hernes et al., 1996), the Pearl Riverthat GAL, RIB, and MAN are the dominant components in
Estuary sediments had a significantly higher percentage ophytoplankton derived carbohydrates. PC1, therefore, may
FUC. Although FUC is the monomer of a storage polysac-be categorized as “fresh marine sourced”. PC2, account-
charide in phytoplankton (Cowie and Hedges, 1984a), theing for 28.5% of the total variance was primarily correlated
association of high FUC with high RHA strongly sug- with XYL, ARA, and LYX, which may represent “terrestrial
gested that bacteria could be the important source of botlsourced material”. The loadings of two principal components
these deoxyhexoses (Bhosle et al., 1992; Ogier et al.(Fig. 9a) showed that nine neutral sugars in the sediments
2001). This high abundance of deoxysugars further confrom the Pear River Estuary and SCS shelf had three different
firmed that the organic matter in this area has undergonaources. GAL, RIB, and MAN had identical sources, likely
extensive biodegradation or biotransformation. This sug-derived from marine phytoplankton. Similarly, ARA, XYL,
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Table 5. Varimax rotated factor matrix for the whole neutral sugar
o dataset.
Inner shelf Lingdingyang Bay
< : . Component

% 2’Outershelf% ] - o Variable 1 2

[©] ' ' —
z GAL 0.937 -0.012
> ; RIB 0.828  0.040
S 1 MAN 0.654 —0.085
3 14 | § RHA ~0.641 —0.355
e i i GLU -0.561 —0.457
§ § XYL 0.283  0.932
i ! ﬂ ARA -0.140  0.881
. 3 3 LYX -0.433  0.627
S5 SeA-l  S7-1 E7A E8-1 E15  E30 FUC —0.255 -0.423

Explained Variance 34.10% 28.50%

Fig. 10. The ratio of (GAL+MAN)/(FUC+RHA) in the surface sed-

iments collected from Lingdingyang Bay and the SCS shelf. Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.
Significant factor loadings are bold faced.

and LYX may be derived from terrestrial sources, and RHA
and FUC may be associated with bacterial sourced materiakt al., 2002, and the references therein), which are easily

Note that these PCA results agreed well with what were dedegraded by heterotrophic organisms (Cowie and Hedges,
duced from the individual neutral sugar analysis (see above 992; Hama and Yanagi, 2001; Hernes et al., 1996). Another
discussion). It is interesting to note that GLU had the samenhexose, MAN, is rich in the high molecular weight fraction
source with RHA and FUC. At the same time, GLU is the of dissolved organic matter derived from a marine diatom
dominant neutral sugar in storage polysaccharides, like gluThalassiosira weissflogin culture, and is preferentially re-
can, which appear to be degraded faster than heteropolysagnoved during heterotrophic decomposition (Aluwihare et al.,
charides (Hama and Yanagi, 2001). These authors also sug-997). Therefore, a high abundance of hexoses might sug-
gest that GLU may be the dominant neutral sugar in highlygest more “fresh” organic matter. In contrast, fucoidan is
degraded and biorefractory DOM (Hama and Yanagi, 2001) resistant to hydrolysis in bottom water as well as in the sur-
The similar origin of GLU and deoxysugars (RHA and FUC) face sediment (Arnosti, 2000), and the deoxysugars FUC and
in the Pearl River Estuary might suggest the highly degradedqRHA are suggested as good indicators of degraded organic
organic carbon therein. The plot of the scores of the two prin-matter (da Cunha et al., 2002; Hedges et al., 1994; Ittekkot
cipal components (Fig. 9b) showed a mixture of terrestrialand Arain, 1986). Therefore, the ratio of hexoses/deoxysugar
and marine sources of sugars in the Pearl River Estuary anghay be used as an indicator to discriminate between fresh
an enhancement of marine sugars along the shelf. The PCAnd refractory organic matter. We excluded the GLU from
also showed that the carbohydrates in the upper reach of thgexoses by using the (GAL+MAN)/(RHA+FUC) ratio, be-
estuary had been heavily influenced by bacterial reworkingcause the composition of GLU might vary with sources,

processes. environmental conditions, diagenetic status, and hydrolysis
methods.
4.3 Carbohydrate remineralization and diagenesis The ratios of (GAL+MAN)/(RHA+FUC) in the TrOC rich

sediments collected from the northwest of Lingdingyang
Given their abundance in living organisms, together withBay (stations E30 and E15) were 1.8-1.9, significantly
their diversity and their biodegradation, carbohydrates havdower than that for terrestrial plant tissues4) (Cowie and
potential as tracers of source and of alteration processes iHedges, 1984a), indicating that the TrOC transported by
natural waters. Previous research shows that the distributiothe river had undergone extensive biotransformation within
and molecular composition of hydrolysable neutral sugarsthe river and/or before entering the river. The lowest value
may reflect the preferential utilization of monosaccharidesof (GAL+MAN)/(RHA+FUC) was found at station E8-1
by microorganisms (Biersmith and Benner, 1998; Kerherve(Fig. 10). The lowest level of GAL and MAN at this sta-
et al., 2002; Skoog and Benner, 1997). In addition, neutration (Table 4) might have been associated with the selec-
sugars are proposed as indicators of the bioactivity and diative degradation of these two monosaccharides. Selective
genetic status of natural samples (Amon and Benner, 2003jegradation of hexoses was also observed for POM in a
Skoog and Benner, 1997). For example, GLU and GAL areMediterranean river (da Cunha et al., 2002) and for vas-
abundant as cellular storage produgisgfucan and galactan cular plant tissues (Opsahl and Benner, 1999). It has also
polymers) in vascular plants and phytoplankton (Kerhervebeen demonstrated that molecular structure can significantly
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affect the degradation rates of carbohydrates (Arnosti, 2000; An approximation of the sediment deposition flux can be
Arnosti and Repeta, 1994). For example, homopolysacchaestimated using Eq. (5):

ride can be degraded much more quickly than heteropolysacl—: — Red ®)
charide in bottom water and surface sediments (Arnosti, ST SIS

2000). In addition, station E8-1 had the lowest neutral The organic carbon accumulation flux can be estimated using
sugar yields (4.0mg (100mg OC) and the lowest TNS  Eq. (6):

to TCHO proportion, indicating that carbohydrates in this
area had undergone intensive bio-alteration or biodegradaforg:Corg'RS'dS/ 100 ©)

tion. This decease in TNS and (GAL+MAN)/(RHA+FUC) where Fs and Forg represent the sediment and organic car-
along the estuary (Table 4, Fig. 10), as well as the sig-bon accumulation flux (gcrfyr—1); Corg is the spatially
nificant decrease in the percentage abundance of TrOC iweighted average organic carbon concentration (wt%) of the
sediments seawards suggested that TrOC had further biodsediments in Lingdingyang BaRs is the spatially weighted
graded within the estuary. Downstream of station E8-1, theaverage sediment accumulation rate (cmiyrin the Bay;

ratio of (GAL+MAN)/(RHA+FUC) gradually increased to andds is the arithmetic average “dry bulk density” (g cf

a value of 1.9-2.0 in the inner shelf, which was consistentof the sediment. The “dry bulk density” of the sediment is
with the lower limit of the ratio of net marine phytoplankton equivalent to dry sediment densi®(1 — porosity), and cal-

of 2.0-4.0 in the Pacific Ocean (Hernes et al., 1996), indi-culated from the dry weight and the initial volume of the
cating the enhanced contribution of phytoplankton—derivedsediment samples (Lin et al., 1998; Haas et al., 1997). The
carbohydrate to sediment TOC on the inner shelf. In ad-deviation of Forg was calculated using an error propagation
dition, the simultaneous increase in the yields of TNS sug-formula. We used the arithmetic average sediment dry den-
gested that the relatively labile phytoplankton-derived or-sity to estimate the organic carbon accumulation, because the
ganic matter accumulated on the inner shelf. A relatively low spatial variation of the sediment density was not significant,
(GAL+MAN)/(RHA+FUC) ratio and TNS yield was found and the coefficient of the variation was no more than 16%.

on the outer shelf (station S5), indicating that the higher dia- Based on the sedimentation rates summarized above, a
genetic alteration of this organic matter was due to the relaspatially weighted average sedimentation rate was calculated
tively deep water. as 19+ 1.2cmyr ! for Lingdingyang Bay. The average dry
bulk density of the sediment isT@+0.13gcnt3 for the

Bay (Lin et al., 1998). As a first order estimation the sed-
iment deposition flux could be.34+0.9gcnT2yr1. The
spatially weighted average organic concentration of the Lind-
ingyang Bay was ®8+0.12%. The organic matter sedi-
Lingdingyang Bay is a large sub-estuary of the Pearl Rivermentary flux in the Bay was then calculated ast1%mg
Estuary. The four outlets are located close together to the&C cm2yr—1. The surface area of Lingdingyang Bay is
north or west of the Bay. Freshwater outflow from the Pearl~1600 kn? (digitization from the navigation map, 2005 ver-
River sets up a strong density gradient and results in a westsion), and thus the sediment accumulation in this area was
ward flowing coastal current, usually to the western coastestimated as.2+ 1.5 x 10'3gyr—1, while the organic mat-

of Lingdingyang Bay. Coarse sediment is deposited in theter accumulation was estimated ag21.5x 101 g C yr 1.

west part of the Bay due to the relatively strong currents.Given that TrOC accounted for 2811% of the TOC in this

In contrast, fine silt is deposited in the east part of the Bayarea, the TrOC accumulation in Lingdingyang Bay would
(Chen, 1994; Liu et al., 1998). Sedimentation rates basedhave been B+1.1x 10'1g C yr 1.

on 21%pp data differ significantly throughout the estuary: In  Long term (1993-2002) average river transport of sus-
the west part of the Bay, the sedimentation rates are 1.5pended substances to Lingdingyang Bay is estimated as
3.8cmyr? (Lin et al., 1998), while in the east part, the sed- 3.3x 103 gyr—1 (Dai et al., 2007), most (92-96%) of which
imentation rates are 0.4—-0.5cnmyr(Liu et al., 1998; Dai  occurs during the wet season (April to September) (Wai et
et al., unpublished data). Between the west and east padl., 2004, and the reference therein). The particulate organic
there is a mid-rate sedimentary area with a sedimentatiortontent (%POC) of the lower Pearl River i92+0.29% in

rate of 1.5-2.5cmyr! (Chen, 1992). In the north of the Bay summer, 219+ 0.12% in spring, 2004 0.46% in autumn,

the sedimentation rate is 0.9 cnmyr(Dai et al., unpublished  and 469+ 1.51% in winter (Dai et al., unpublished data).
data). An extremely high sedimentation rate (9.1cmyr Here we adopted a %POC 0f0B+0.29% as a lower limit
was observed in a shallow area near an island, Inner Lingdingo estimate TrOC input to Lingdingyang Bay, which was at
Island, an area with the highest sedimentation rate (Chenlgast~ 3.6 x 1011g C yr-1. So the accumulation of TrOC
1992). The sedimentation rates decrease to 0.3-0.9¢hyr in the Bay accounted for50% of the total POC loads at

on the inner shelf (Zhang et al., 2009; Zhang et al., 1998) andnost, whereas sediment deposition accounted-ft8% of

to 0.15cmyr?! (Dai et al., unpublished data) on the outer the suspended substances transported to the Bay. The accu-
shelf. mulation efficiency of TrOC was significantly lower than the

4.4 Accumulation of terrestrial organic carbon in the
Pearl River Estuary and SCS shelf
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sediment burial efficiency in the Bay. A low accumulation qualitatively and quantitatively the sources of organic matter
efficiency of riverine POC is also found in the Amazon Delta within the Pearl River Estuary and the adjacent SCS shelf.
(~25%), Columbia and Fly<£50%) deltaic systems (Keil
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