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Abstract. The objective of this study was to investigate extensive effort has been taken to determine its origins, pro-
the diagenetic alteration of sediment organic matter (OM)ductions, and diagenetic alterations.
in the upper Pearl River Estuary. Sediment analyses were Several studies have confirmed the occurrence and origin
conducted for three size fractions of OM, including coarseof bacterial biomarkers in OM from water columns and sed-
particulate OM (CPOM), fine particulate OM (FPOM), and iments (Jgrgensen and Middelboe, 2006; Lomstein et al.,
ultrafiltered dissolved OM (UDOM). Results showed that the 2006: Lomstein et al., 2009: Pedersen et al., 2001; Trem-
highest and lowest carbon (C): nitrogen (N) ratios were inblay and Benner, 2009). Among these biomarkers are amino
CPOM and UDOM, respectively, indicating that CPOM was acids and the respective D-enantiomers. Amino acid-based
relatively enriched in organic C. The highest average total Nparameters have been shown to be useful as source indi-
content in the FPOM fraction showed that FPOM was en-cators of particulate OM through the comparison of the
riched in N-containing molecules. Our study showed thatyields and compositions of amino acids and the associated
the “size-reactivity continuum” model was applicable to sed- D-enantiomers between OM samples and source materials
iment particulate and dissolved OM. Distributions of amino (Cowie and Hedges, 1992; Lomstein et al., 2006; Pedersen
acids and their D-isomers among the sediment fractions indiet al., 2001).
cated that the amino acid-based diagenetic index, C:N ratio, The yields and compositions of total hydrolysable amino
and percentage of total N represented by total hydrolysableycids (THAA) pool have been used successfully as diage-
amino acids could be used as diagenetic indicators. Furnetic indicators because they are selectively decomposed or
thermore, the diagenetic state of sediment OM could alsqyreferentially preserved during diagenesis, and seem uncom-
be characterized by C- and N-normalized yields of total D- promised to source variations (Amon et al., 2001; Dauwe
amino acids, and C- and N-normalized yields of D-alanine,and Middelburg, 1998; Keil et al., 2000; Vandewiele et al.,
D-glutamic acid, and D-serine. 2009). Based on microbial decomposition of dissolved OM
in a marine water column on a short time scale, Davis et
al. (2009) reported that carbon (C)-normalized amino acid
yields were the most effective indicator for early dissolved
1 Introduction OM diagenesis, relative abundances of amino acid yields for
intermediate stages of diagenesis, and the mole percent com-
Bio-molecules undergo major transformations in the natu-position of the non-protein amino acig-{aminobutyric acid)
ral environment following the disintegration of bacterial cell for advanced diagenesis. Dauwe et al. (1999) revealed sys-
materials through death (Tremblay and Benner, 2009), vitematically compositional changes upon progressive partic-
ral lysis (Riemann and Middelboe, 2002), and protist graz-ulate OM degradation and derived a quantitative degrada-
ing of source organisms (Nagata and Kirchman, 2000). Hettion index based on amino acid compositions of particulate
erotrophic microorganisms are the primary agent of decom-OM samples from various marine environments. Also, the
position, and exhibit a significant impact on preserved or-amino acid-based degradation index has been successfully
ganic matter (OM) abundance and biochemical compositiorused to characterize the diagenetic status of OM in marine
(Tremblay and Benner, 2009). Over half of the nonliving (or and coastal sediments (Dauwe and Middelburg, 1998; Lom-
detrital) OM in aquatic environments still remains uniden- stein et al., 2006). However, there is little information on
tified at the molecular level (Hedges et al., 2000), althoughthe diagenetic alteration and degradation status of OM with
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affected by many factors, such as sediment depth (Pedersen
et al., 2001), diagenetic status (Lomstein et al., 2009), and
OM size (Kaiser and Benner, 2008).

Therefore, the aim of this study was to assess the dia-
genetic status of sediment OM of different size fractions
through measurements of compositions and concentrations
of sediment particulate and dissolved amino acids. More-
over, the applicability of the “size-reactivity continuum”
model in sediments was also investigated.

2 Materials and methods

2.1 Site description

The Guangzhou reach of the Pearl River Estuary (GZPR) was
selected as the study site (Fig. 1). The Pearl River crosses
Guangdong Province, China in the subtropical region, and
opens to the northern part of the South China Sea (Yin and
Harrison, 2008). The GZPR is in the upper Pearl River es-
tuary (PRE). The tidal range at the GZPR is nearly 1.2m,

affected by the Guangdong micro-tidal coast (irregular semi-
diurnal tide) and the inverted funnel-shape topography of the
PRE (Harrison et al., 2008). The GZPR is quite shallow with

é an average water depth less than 10 m. The fresh water from

Pearl River Delta

South China Sea

the GZPR discharges into the PRE and adjacent South China
Sea through the Humen Gate, locating at the northeast of the
PRE with a yearly sediment load of 658.0*t (Dong et al.,

Fig. 1. Sampling stations along the Guangzhou reaches of the2006). The yearly freshwater discharge from the Guangzhou
Pearl River Estuary, South China: S1 (Ersha Island), S2 (Bai-channel is 3 x 101°m3. Suspended sediment in the GZPR
etan), S3 (Hedong Bridge), S4 (Yuxi Community), S5 (Luoxi is composed mainly of clay and silt with a high percentage
Bridge), S6 (Xiaozhou Village), S7 (Nansha Express), S8 (Lun-of organic particles because of urban sewage (Dong et al.,
touhai), S9 (Emei Zhou), S10 (Xinchong Kou), S11 (Linjiang 2006). The average sediment accumulation rate in the GZPR
Road), S12 (Liede Village), S13 (Huadi Chong). was 1.17 cm yr! (Zhang et al., 2002). The GZPR system

is strongly affected by the combination of seasonal monsoon

different sizes. Amon and Benner (1996) proposed the “sizeWinds, tidal dynamics, complex topography, and large sea-
reactivity continuum” model for aquatic dissolved OM, in sonal variations in both the runoff and coastal circulation
which OM reactivity decreases with declining size as dia- (Dong et al., 2006). The terrestrial organic C contribution
genetic alteration progresses. Tremblay and Benner (2009p the surface sediments in the GZPR is ca. 78% (He et al.,
found a consistent trend of increasing proportions of DAAs 010). However, evidence for bacterial contributions to Pearl
among Amazon River detrital size fractions in water columnsRiver OM has been reported, including relatively lower C:N
and suggested the portion of DAAs as a useful diagenetic infatios than those in local plants and enriched concentrations
dicator for water column particulate and dissolved OM. Nev- Of deoxy sugars in the surface sediments (fucose and rham-
ertheless, until now no studies are available on the diagenetifose) (He et al., 2010).
state of sediment OM of different sizes, especially in estuar- . . )
ine sediments. 2.2 Sediment sampling and sample processing

The yield and composition of THAA pool have been used Thirteen sediment samples were collected at the study site in
to quantify bacterial contributions to OM (Lomstein et al., January of 2010. The sampling area and stations are shown
2009). Pedersen et al. (2001) showed that the percentagés Fig. 1. Topographical characteristics of the sampling sta-
of four DAAs in the THAA pool increased with the sediment tions are summarized in Table 1. Sediment samples were
depth and that bacterial peptidoglycan contributed to the pootollected using a piston lead core equipped with a PVC tube
of organic nitrogen (N). Measuring the DAA composition in of inner diameter 6 cm and 47 cm long. The length of sed-
THAA, Kaiser and Benner (2008) found that bacterial detri- iment cores collected was 35cm. The cores were immedi-
tus was the major component of particulate OM and an im-ately stored in ice and transported to the laboratory. In the
portant source of submicron size particles and colloids in thepresent study, we used the upper 8 cm of each sediment core,
ocean water columns. These amino acid-based indicators aie which sediments were thoroughly mixed, for analyses.

L___J2
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Table 1. Topographical characteristics of the sampling stations.

S1 S2 S3 S4 S5 S6 Ss7 S8 S9 S10 S11 S12 S13

Latitude ) N 2306679"  23°06323'  23°04482'  23°03052'  23°02958"  23°02366°  23°02115’  23°04061 23°05487' 2306129’ 23°06289° 2306585’  23°06'201"
Longitude () E  11F17365" 11314588 11315512" 11316556' 11318111 11321'224" 11321948’ 113°21'947" 11324610 113°23710" 11F21722' 113°21022" 11318880"
H (m) 540 540 541 542 542 541 541 541 541 541 541 541 541
Water depth (m) 3.8 19 2.6 2.2 2.4 18 1.0 17 2.7 2.4 3.4 2.7 0.5

H, elevation.

Table 2. Average weight percents (%) of the three sediment fractions at the sampling stations with and without the treatment of freeze-drying

and sonication.

Sediment fraction  S1 S2 S3 sS4 S5 S6 S7 S8 S9 S10 S11 S12 S13

Treatments with freeze-drying and sonication

CPOM (%) 75.9(0.17)  51.1(0.12)  9.96(0.09) 21.6(0.04) 7.28(0.11) 9.12(0.06) 54.1(0.77) 17.6(0.21) 26.1(0.08) 28.3(0.85) 72.8(0.09) 15.9(0.10) 13.3(0.10)

FPOM (%) 23.6(0.12) 48.3(0.09) 87.4(0.04) 72.8(0.06) 85.4(0.05) 87.9(0.08) 44.7(0.10) 79.3(0.69) 71.6(0.12) 64.4(1.01) 24.9(0.66) 70.7(0.09) 78.4(0.09)

UDOM (%) 0.500(0.03) 0.540(0.01) 2.64(0.08) 5.58(0.11) 7.34(0.11) 2.94(0.07) 1.26(0.08) 3.06(0.10) 2.22(0.09) 7.28(0.04) 2.34(0.10) 13.4(0.12) 8.32(0.12)
Treatments without freeze-drying and sonication

CPOM (%) 75.8(0.12)  51.1(0.11)  9.98(0.08) 21.5(0.12) 7.25(0.10) 9.18(0.04) 54.2(0.39) 17.9(0.07) 26.0(0.11) 29.6(0.50) 72.7(0.07) 15.9(0.10) 13.5(0.10)

FPOM (%) 23.7(0.05) 48.4(0.07) 87.3(0.12) 72.9(0.09) 85.3(0.08) 87.8(0.45) 44.5(0.29) 79.2(0.76) 71.6(0.11) 63.3(1.16) 24.9(0.75) 71.3(0.56) 78.3(0.56)

UDOM (%) 0.490(0.01) 0.520(0.01) 2.69(0.07) 5.67(0.11) 7.42(0.08) 3.05(0.08) 1.37(0.05) 2.95(0.10) 2.36(0.10) 7.13(0.16) 2.49(0.10) 12.8(0.69) 8.22(0.69)

CPOM, coarse particulate organic matter; FPOM, fine particulate organic matter; UDOM, ultrafiltered dissolved organic matter; standard

deviation in the parenthesis.

Samples were freeze-dried, gently homogenized by grinding.4 Elemental analysis
in an agate mortar, and stored in polyethylene vials prior to

analyses. Total organic carbon (TOC) for CPOM and FPOM was de-
termined using the wet oxidation method (Gaudette et al.,
2.3 Sediment fractionation 1974). About 0.2 g of CPOM and FPOM (dry weight) was

used for TOC determination with a precision 0.7 %.
Sediment samples were dispersed by sonication. Coarse paGoncentrations of total organic C and inorganic C for UDOM
ticulate organic matter (CPOM) in the sediment was sepawere measured with the high-temperature catalytic oxidation
rated by sieving onto a 63- um Nitex screen and oven-dried atmethod using a Shimadzu TOC-V CPH TOC analyzer with
40°C. The size of CPOM is-63 um. The sand-free suspen- precisions of-0.9 % andt0.8 %, respectively. About 20 mL
sion was then passed through a Nalgene filter with a 0.2 pnof UDOM was used for total organic C and inorganic C anal-
cutoff size, to get fine particulate organic matter (FPOM). yses. Total N for CPOM and FPOM was determined using
The size range of FPOM is between 0.2 and 63 um. TheKjeldahl digestion with a precision a@f0.8 % (Morgan et al.,
FPOM fraction was oven-dried at 4C. The ultra-dissolved 1957). About 0.2 g of CPOM and FPOM was used for total
organic matter (UDOM) fraction that permeated the 0.2 umN analysis. Total N for UDOM was determined using Per-
pore filter was recovered with MSC300 cup type ultra-filter sulfate digestion with a precision @f0.6 % (D’Elia et al.,
system with a nominal cutoff size of 1000 atomic mass units1977). About 20 mL of UDOM was used in determination
(Daltons), corresponding roughly to 0.001um. The sizeof total N.
range of UDOM is between 0.001 and 0.2 um. The UDOM
fraction was freeze-dried prior to analysis. The detailed sed2.5 Amino acid analysis
iment fractionation procedure is shown in Fig. 2. The weight
percentages of the individual sediment fractions are showrApproximately 500 mg of dried CPOM or FPOM particles
in Table 2. To investigate the effects of freeze-drying andand 5 to 10 mg of UDOM powder were hydrolyzed with
sonication on the yields of the three size fractions, sediment M HCI at 110°C for 24 h in a sealed screw capped glass
samples were fractionated according to the above proceduréial (Labco Exetainer, UK) under N The hydrolysate
but without the steps of freeze-drying and sonication withwas filtered to remove mineral particles (Whatman GF/F),
three replicates. ANOVA analysis was used to test whethethen the pH of the solution was adjusted with KOH to
there were significant differences between the yields of thea range of 6.6 to 6.8. Thereafter, the hydrolysate was
three size fractions with and without the treatment of freeze-centrifuged and filtered before the chromatography anal-
drying and sonication using the statistical software SPSSysis (Whatman GF/F). Derivatization with OPA and N-
(SPSS 16.0). isobutyryl-L-cysteine (IBLC) was performed in a borate
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Fig. 5. Spatial-averaged percentages of total nitrogen (N) as total

hydrolysable amino acids (THAA) for the coarse particulate organic
matter (CPOM), fine particulate organic matter (FPOM), and ultra-

filtered dissolved organic matter (UDOM) size fractions based on

Fig. 2. Schematic graph for sediment fractionation procedure, in\{alues at the 13 sampling stations. Bars represent standard devia-

which CPOM is for coarse particulate organic matter, FPOM for Uons.

fine particulate organic matter, and UDOM for ultrafiltered dis-

solved organic matter.

buffer (pH 9.5) (Kaiser and Benner, 2005). Separation and
detection of D-enantiomers were performed on an Agilent

20 1100 system with a Agilent Zorbax Eclipse XDB-C18 re-
16 verse phase column (150 mg¥.6 mm, 5um) and a guard
column (4x 4 mm, 5mL). The flow rate was 0.8 mL mih
7 127 and the elution temperature was°Zh A mobile phase linear
O gradient was applied, from 100 % 23 mmoli.Sodium Ac-
81 etate (pH 5.95-6.0) to 53.5 % methanol/acetonitrile (600:50
4 L v/v) after 75 min and 80 % methanol/acetonitrile (600:50 v/v)
I after 85 min. The excitation wavelength was set at 230 nm
0 (band width 25 nm). The emission length was set at 445 nm
CPOM FPOM UDOM (cutoff filter 280 nm and band width 50 nm). DAA was quan-

tified using four external DAA standard solutions contain-
Fig. 3. Spatial-averaged mole C:N ratios for the coarse particulateind @ mix of D-serine (D-Ser), D-glutamic acid (D-Glu), D-
organic matter (CPOM), fine particulate organic matter (FPOM), alanine (D-Ala), and D-aspartic acid (D-Asp). The DAA
and ultra-filtered dissolved organic matter (UDOM) size fractions measurements were corrected for chemical racemization oc-
based on values at the 13 sampling stations. Bars represent standagdrring during hydrolysis. The correction was based on
deviations. the average of measured racemization rates of free and pro-
tein amino acids (Kaiser and Benner, 2005). Percentages
of D-enantiomers produced during acid hydrolysis of L-
enantiomers for Asp, Glu, Ser, and Ala were 4.4 %, 2.0 %,
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Fig. 6. Spatial-averaged Ca) and N{b) normalized yields of total
D-amino acids (total DAA, the sum of D-Ala, D-Glu, D-Asp and
D-Ser) in the coarse particulate organic matter (CPOM), fine par-
ticulate organic matter (FPOM), and ultra-filtered dissolved organic
matter (UDOM) size fractions based on values at the 13 sampling_ ) ) ) o
stations. Bars represent standard deviations. Fig. 7. Spatial-averaged @) and N{b) normalized yields of indi-
vidual D-amino acids (DAAS), including D-Ala (D-alanine), D-Glu
(D-glutamic acid), D-Asp (D-aspartic acid), and D-Ser (D-serine)
in the coarse particulate organic matter (CPOM), fine particulate
organic matter (FPOM) and ultra-filtered dissolved organic matter
(UDOM) size fractions. Bars represent standard deviations.

0.3%, and 1.2 %, respectively (Kaiser and Benner, 2005)
The DAA concentrations were reported after reducing the
D-enantiomers produced during acid hydrolysis. The con-
centration of THAA pools was analyzed by an ICS 3000
Dionex AAA-Direct System with an AminoPac PA10 an-
alytical column (2 mmx 250 mm, 8.5um) with guard col-
umn (2mmx 50mm) and IPAD detector. The flow rate

as 0.25 mLmin! and the elution temperature was 2D . o A
W I Ut perature w freeze-drying and sonicatior?(< 0.05), indicating that the

Concentrations of the individual amino acids were calcu- focts of freeze-drving and sonication on the vields of th
lated according to individual standard curves, produced fromfe €cts of treeze-drying and sonication on the yields ot the
ractions were negligible.

a mixture of the amino standard solution AA-S-18 (Sigma- ] ] . i )
Aldrich), to which ornithine (Orn)g-Ala, y -Aba, andx-Aba Sediment TOC content increased with the sediment size.

were added. Twenty one amino acids were analyzed and th8verage TOC contents for UDOM, FPOM, and CPOM
sum of them was used to represent the THAA concentrationVere 4.12, 8.95, and 11.0mg Clydry weight, respectively.

In our study no corrections for the acid-hydrolysis efficiency 1N€ largest average total 1N content was observed in the
were conducted (Benner and Kaiser, 2003). FPOM fraction (2.1 mgNg" dry weight) and CPOM had
the lowest average total N content (1.1 mgNglry weight).

The UDOM fraction had an intermediate total N value of

sonication are listed in Table 2. ANOVA analysis showed
that there were no significant differences between the yields
of the three size fractions with and without the treatment of

3 Results 1.9mgNg? dry weight. The results indicated that CPOM
was relatively enriched in organic C and depleted in N com-
3.1 Bulk characteristics for CPOM, FPOM, pared to the FPOM and UDOM fractions, whereas FPOM
and UDOM was enriched in N-containing molecules. C:N ratios varied

greatly from 1.2 to 41 among the fractions of the samples
The topographical characteristics of the sampling stations aréTable 3). For each sampling location, the highest C:N ra-
shown in Table 1. Results of the yields of the three frac-tio value was in CPOM among the three fractions, whereas
tions with and without the treatment of freeze-drying and the lowest C:N ratio was in UDOM except for S6 and S7

www.biogeosciences.net/9/555/2012/ Biogeosciences, 9, 5652012



560 J. Zhang et al.: Diagenetic alterations of amino acids and organic matter

Table 3. Total organic carbon (TOC) and total nitrogen (Total N) contents, C:N ratios (mole TOC:Total N), percentages of TOC and total N
as total hydrolysable amino acids (THAA) in sediment samples of different size fractions.

Sampling station Size fraction TOC (wt%) TotalN (wt%) C:N %C as THAA %N as THAA

S1 CPOM 0.25 0.017 172 2091 47.57
FPOM 0.73 0.185 46 5713 34.75
UDOM 141 0.620 2.7 10.45 12.82
S2 CPOM 221 0.063 409 8.8 50.46
FPOM 1.00 0.144 8.1 4.04 31.15
UDOM 1.15 0.450 3.0 6.19 14.29
S3 CPOM 2.55 0.254 11.7 21.83 37.89
FPOM 1.09 0.290 44 372 15.73
UDOM 0.39 0.300 15 2753 29.46
S4 CPOM 0.59 0.067 10.3  7.49 36.27
FPOM 0.80 0.129 72 2324 49.90
UDOM 0.30 0.090 3.9 15.75 21.83
S5 CPOM 1.53 0.109 164 17.14 46.08
FPOM 0.72 0.172 4.9 14.87 51.91
UDOM 0.11 0.070 18 2476 29.82
S6 CPOM 0.46 0.047 114 6.58 30.74
FPOM 0.43 0.134 3.7 2720 46.12
UDOM 0.29 0.060 5.6 18.44 58.30
S7 CPOM 0.37 0.038 114 221 20.09
FPOM 0.60 0.136 51 3829 56.65
UDOM 0.46 0.100 5.4 11.88 49.47
S8 CPOM 1.13 0.163 81 2167 50.60
FPOM 0.88 0.195 53 423 14.67
UDOM 0.35 0.150 2.7 14.23 30.20
S9 CPOM 0.55 0.050 12.8 2.26 20.30
FPOM 0.95 0.230 4.8  26.06 30.43
UDOM 0.46 0.340 16 28.46 35.16
S10 CPOM 0.98 0.113 101 19.01 57.34
FPOM 0.79 0.207 4.5 12.52 28.94
UDOM 0.08 0.040 2.3 14.93 21.09
Si1 CPOM 0.38 0.041 10.8 243 22.39
FPOM 1.10 0.184 7.0 14.62 14.62
UDOM 0.16 0.140 13 3044 13.96
S12 CPOM 0.79 0.174 53 9.18 2851
FPOM 131 0.370 4.1 18.87 19.28
UDOM 0.10 0.050 23 731 13.78
S13 CPOM 2.44 0.274 104 15.56 31.08
FPOM 1.24 0.291 50 5.69 24.41
UDOM 0.10 0.100 12 17.97 1.36

CPOM, coarse particulate organic matter; FPOM, fine particulate organic matter; UDOM, ultrafiltered dissolved organic matter.

(Table 3). The C:N ratio range in CPOM was relatively depleted, while Lys and Arg were relatively enriched in
wide (5.3—41), whereas the C:N ratio ranges in FPOM andthe three size fractions (Table 4). The degradation index
UDOM were relatively narrower (3.7-8.1 and 1.2-5.6, re- generally decreased with decreasing sediment fraction sizes
spectively) (Table 3). The highest average C:N value wagDauwe et al., 1999) (Fig. 4). The percentages of total N as
found in CPOM, whereas UDOM had the lowest averageTHAA were from 20 % to 57 % in CPOM, from 15 % to 57 %
C:N ratios (Fig. 3), also indicating that the CPOM fraction in FPOM, and from 1.36 % to 58 % in UDOM. The percent-

was N poor relative to the FPOM and UDOM fractions. ages of total N as THAA generally overlapped over a broad
range, exhibiting a relatively large variability among the sed-
3.2 Amino acid yields and compositions iment samples (Table 3). The average percentages of total N

as THAA were 37 %, 32 %, and 26 % in CPOM, FPOM, and

The THAA compositions within each size fraction and sam- UDOM, respectively (Fig. 5).
pling station were relatively depleted in acidic amino acids C- and N-normalized yields of specific and total D-
(Asp and Glu) (Table 4).8-Ala, y-Aba, anda-Aba were  enantiomers (D-Ala, D-Glu, D-Asp and D-Ser) varied among

Biogeosciences, 9, 55564, 2012 www.biogeosciences.net/9/555/2012/



J. Zhang et al.: Diagenetic alterations of amino acids and organic matter 561

Table 4. Mole percents (%) of 21 amino acids in sediment samples of different size fractions.

Sampling Size fraction Asp  Thr Ser Glu Gly Ala Val Cys Met lle Leu Tyr  Phe B- a- y- Orn Lys His Arg Pro
station Ala ABA ABA
CPOM 1.33 0.00 0.00 0.00 0.00 0.00 1.74 112 0.97 0.00 2.90 3.17 5.94 0.00 0.00 346 5.80 40.78 0.82 31.98 0.00
S2 FPOM 0.00 0.00 0.00 0.00 0.94 0.19 0.16 2.93 0.00 0.00 8.70 0.96 9.16 8.57 0.00 0.00 3.59 30.46 0.20 34.15 0.00
UDOM 021 001 000 0.00 0.04 000 039 451 004 000 1123 0.73 835 247 000 000 235 2560 051 39.54 4.02
CPOM 000 020 032 016 152 173 327 000 214 764 1798 452 1284 203 0.00 198 268 2413 188 1498 0.00
S3 FPOM 0.00 0.00 0.12 1.62 0.10 0.00 0.00 3.15 8.66 0.00 0.00 0.00 13.56 0.00 0.00 0.00 4.16 0.00 0.11 62.75 5.77
UDOM 0.02 0.00 0.03 3.65 0.00 0.74 0.54 3.28 10.34 0.00 0.00 0.00 14.67 0.03 0.00 0.00 5.46 5.65 0.95 52.26 2.38
CPOM 1.76 6.48 7.44 6.20 16.92 1386 6.75 0.00 0.40 3.70 8.35 1.99 3.90 0.83 0.00 0.88 0.60 4.77 0.16 2.73 12.27
sS4 FPOM 0.00 1458 1.78 274 11.09 5.47 5.65 0.00 1.31 6.66 15.67 3.15 8.62 2.09 0.00 131 1.09 11.34 0.64 6.81 0.00
UDOM 031 16.78 3.57 099 948 1.26 4.61 0.00 2.66 6.84 1759 423 1.20 3.14 0.00 184 197 13.67 1.54 7.46 0.86
CPOM 049 616 7.80 7.87 20.04 1443 869 000 019 473 969 197 492 136 000 069 072 601 032 393 0.00
S5 FPOM 0.00 0.44 0.13 0.00 0.11 0.00 0.25 1.00 3.17 0.00 0.00 1.30 5.19 0.00 0.00 0.00 571 12.92 0.48 68.16 1.14
UDOM 121 0.24 6.53 0.00 0.68 0.04 0.03 2.08 3.99 0.00 0.00 1.05 584 0.00 0.00 0.00 6.88 1461 0.64 50.16 6.02
CPOM 3.83 5.87 12.66 5.25 2193 2262 6.16 0.14 0.00 3.32 4.89 0.50 2.07 0.00 0.00 0.00 0.00 2.58 1.45 1.56 5.16
S6 FPOM 0.27 6.59 8.37 144 1519 10.74 9.03 0.11 1.93 5.32 6.89 0.97 351 2.24 0.08 327 6.53 5.90 0.44 2.82 8.36
UDOM 036 753 592 103 642 644 1025 0.09 366 846 898 127 197 316 000 358 782 819 032 594 861
CPOM 013 000 010 011 016 000 030 009 000 000 000 459 736 156 0.05 227 454 3658 242 3462 513
S7 FPOM 0.00 0.47 0.00 1.32 047 0.00 1.06 0.62 0.66 0.32 2.03 492 10.87 0.00 0.00 0.68 3.19 26.63 2.47 44.29 0.00
UDOM 0.05 0.69 0.09 1.78 0.83 0.00 1.63 0.89 1.37 0.06 3.64 498 11.23 0.00 0.08 028 1.29 21.37 259 46.31 0.84
CPOM 1.20 8.12 8.71 3.63 19.85 16.20 8.04 0.25 0.26 4.57 7.34 0.25 3.23 1.32 0.89 0.00 0.39 4.30 0.76 1.83 8.85
S8 FPOM 0.12 6.59 8.98 0.00 21.14 16.06 9.27 0.17 1.23 5.29 6.91 0.74 3.32 0.00 0.00 0.00 0.00 6.14 0.37 3.14 10.53
UDOM 0.06 0.63 9.49 0.00 2167 15.27 11.33 0.11 135 6.33 5.62 1.15 311 0.00 0.00 0.00 0.00 7.61 10.56 5.42 0.29
CPOM 073 815 931 260 1949 1691 804 000 022 460 773 021 317 000 000 0.00 000 557 091 297 938
S9 FPOM 242 5.69 12.14 491 1836 1342 7.04 0.16 0.27 4.09 5.91 1.16 3.17 2.43 0.06 217 4.26 3.34 0.26 1.92 6.82
UDOM 0.04 1405 16.18 231 479 8.55 6.37 0.14 0.29 3.78 3.37 0.83 3.49 2.14 0.00 259 257 1.59 0.16 2413 2.63
CPOM 1.09 0.00 4.60 1.03 0.00 2.10 2.73 0.00 0.00 1199 4.74 8.03 7.18 0.00 0.00 0.00 39.91 13.35 0.00 3.25 0.00
S10 FPOM 009 033 014 000 018 012 020 099 000 000 334 044 394 526 000 0.00 467 3063 035 4847 0.86
UDOM 2.11 0.84 0.06 0.00 0.36 0.33 0.01 1.57 0.00 0.00 2.33 0.18 1.16 6.38 0.00 0.00 2095 31.68 0.57 4511 4.36
CPOM 035 699 852 179 2015 1573 924 039 163 564 777 041 317 000 0.00 0.00 000 621 075 240 889
S11 FPOM 1.68 3.51 9.61 251 1224 10.01 531 0.95 0.00 2.56 4.25 149 262 16.23 0.00 0.00 1443 214 0.74 0.97 8.75
UDOM 3.58 1.36 10.88 2.64 5.25 7.46 3.29 2.61 0.00 0.68 1.12 196 0.85 1423 0.04 0.00 8.62 1.92 0.84 2094 11.73
CPOM 0.23 0.00 0.00 0.38 0.24 0.00 0.94 0.00 0.32 1.17 2.07 4.17 5.92 1.42 0.00 098 434 32.00 4.00 41.81 0.00
S12 FPOM 007 012 012 033 0.09 000 012 000 013 000 0.00 468 7.02 278 0.07 248 487 3966 289 3013 4.44
UDOM 0.18 0.94 0.22 0.00 0.02 0.00 0.28 0.00 0.06 0.00 0.00 6.35 9.02 3.79 0.00 267 4.99 40.01 1.53 29.49 045
CPOM 132 6.77 7.65 4.00 18.66 15.70 9.64 0.00 0.44 6.10 9.66 0.97 4.80 0.00 0.00 0.00 0.00 6.39 0.10 2.90 4.91
S13 FPOM 118 7.81 7.98 3.36 18.68 1541 8.01 0.20 0.18 4.48 7.65 0.13 2.82 1.63 0.00 173 118 5.20 0.60 2.96 8.79
UDOM 1.05 8.76 9.05 3.98 19.30 16.42 4.75 0.03 0.01 2.09 6.19 0.01 0.06 2.19 0.07 0.04 0.73 3.67 12.26 891 0.43

CPOM, coarse particulate organic matter; FPOM, fine particulate organic matter; UDOM, ultrafiltered dissolved organic matter.

the three fractions (Table 5). The highest average C- andhus these N-containing molecules can be used as good in-
N-normalized yields of total DAA were found in UDOM, dicators of OM “freshness” and diagenetic state (Lomstein
whereas the lowest ones in CPOM (Fig. 6a, b). et al., 2006; Keil et al., 2000; Vandewiele et al., 2009).
Both the spatially averaged C- and N-normalized yields of Specifically, amino acids and the respective D-enantiomers
D-Ala, D-Glu, D-Ser increased with the sediment OM sizes have been reported to display different reactivities at differ-
(Fig. 7a, b). In contrast, the highest average C-normalizedent stages of OM diagenesis (Dauwe and Middelburg, 1998;
yield of D-Asp was found in UDOM and the lowest in Lomstein et al., 2006; Vandewiele et al., 2009). Distribution
CPOM, whereas the highest average N-normalized yieldpatterns observed with amino acids and their D-isomers can
of D-Asp was found in CPOM and the lowest in UDOM be employed for the assessment of their relative reactivity. In
(Fig. 7a, b). the present study, compositional features that seemed sensi-
tive to different stages of diagenesis were amino acid based
) ) diagenetic index (DI) (Dauwe and Middelburg, 1998), C:N
4 Discussion ratio, percentage of total N as THAA, C-and N-normalized
yields of total DAA, and C- and N-normalized yields of D-
Ala, D-Glu, D-Ser.

In the present study, the DI values generally decreased
Bacteria are important agents for sediment OM degradationfrom the larger to smaller sizes of OM, and the DI for CPOM
As microbial decomposition progresses, the reactive comwas significant higher than those for FPOM and UDOM
ponents of sediment OM are selectively consumed, lead{Fig. 4). The Dl is a reliable and robust index for the extent of
ing to an enrichment of less reactive sediment OM compo-diagenetic alteration in sediments (Dauwe and Middelburg,
nents (Wakeham et al., 1997). N-containing bio-molecules1998; Keil et al., 2000; Lomstein et al., 2006; Vandewiele
exhibit different dynamics during sediment OM diagenesis, et al., 2009). Our study showed that the DI could be used

4.1 Diagenetic trends for sediment OM of different
size classes
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Table 5. C- and N-normalized yields of individual (D-Ala, D-Glu, D-Asp and D-Ser) and total D-amino acids (total DAA, the sum of D-Ala,
D-Glu, D-Asp and D-Ser) in sediment samples of different size fractions.

Sampling Size D-Ala D-Glu D-Asp D-Ser D-Ala D-Glu D-Asp D-Ser Total DAA Total DAA
station fraction
| nmolmg C1 | nmol mg N1 | nmolmgcC?® |  nmolmgNt

S1 CPOM 2.61 225 2.61 225
FPOM
UDOM

S2 CPOM 7.11 227 711 227
FPOM 4.44 68.2 4.44 68.2
UDOM 70.7 362 70.7 362

S3 CPOM
FPOM 11.6 13.9 203 122 25.4 325
UDOM 130 49.4 1481 167 63.4 1903 1660 2134

S4 CPOM 10.2 122 10.2 122
FPOM 40.4 184 40.4 184
UDOM 441 1446 441 1446

S5 CPOM 8.78 117 8.78 117
FPOM 25.8 18.5 4.83 461 165 43.1 49.1 669
UDOM 708 378 207 2243 599 328 1294 3170

S6 CPOM 8.74 80.7 8.74 80.7
FPOM 9.98 224 13.8 68.2 76.6 47.3 46.2 192
UDOM 243 355 1176 1719 598 2894

S7 CPOM
FPOM 13.7 2.18 9.28 375 5.99 255 25.1 69.0
UDOM

S8 CPOM 1.55 16.7 1.55 16.7
FPOM 8.53 99.2 8.53 99.2
UDOM

S9 CPOM 3.15 2.25 120 42.7 5.40 162
FPOM 447 29.0 214 69.4 73.7 283
UDOM 63.2 136 85.9 185 199 271

S10 CPOM 8.91 3.56 125 25.0 125 150
FPOM 9.89 4.06 65.8 46.6 19.1 310 79.8 376
UDOM

S11 CPOM 0.49 241 26.3 64.6 2.90 90.9
FPOM 21.4 235 25.1 88.0 48.4 51.7 70.0 188
UDOM 284 73.1 322 82.8 357 404

S12 CPOM 57.3 15.0 431 112 72.3 543
FPOM 104 1009 43.6 445 2151 92.9 1157 2689
UDOM

S13 CPOM 165 747 165 747
FPOM
UDOM 328 1084 670 1107 1412 1777

CPOM, sediment coarse particulate organic matter; FPOM, fine particulate organic matter; UDOM, ultra-filtered dissolved organic matter; D-Ala, D-alanine; D-Glu, D-glutamic
acid; D-Asp, D-aspartic acid; D-Ser, D-serine; the blank, below detection limit.

to characterizing the diagenetic state of sediment particulatsitive and have generally been observed to fall with progres-
and dissolved OM. The C:N ratio was also found to consis-sive degradation, for example with depths in marine sediment
tently decrease with declining particle size, demonstratingcores (e.g., Henrichs et al., 1987; Lomstein et al., 2006; Kell
that the bulk parameters could be used to indicate the diaet al., 2000; Pedersen etal., 2001). Cowie and Hedges (1992)
genetic states of sediment particulate and dissolved paramédeund a decrease of the percentage of total N as THAA with
ter. CPOM was enriched in terrestrial organic C and depletedhe sediment depth and demonstrated the potential of this pa-
in N. The lowest C:N ratio in UDOM suggested that C-rich rameter as a valuable diagenetic indicator. It has been re-
OM was degraded and some low molecular weight OM richported that percentages of total N as THAA for most living
in N was produced as microbial degradation progressed. Therganisms and tree leaves ar60 % but decrease as degra-
consistent trend of the DI and C:N ratio with the OM sizes dation progresses to near 10 % for ancient sediments (Cowie
showed that the bulk elemental parameter could also be useahd Hedges, 1994). Although diagenetic alterations of amino
to indicate the diagenetic history of OM. acids are variable, observations on the general trend toward
The percentages of total N as THAA decreasing with thelow percentages of total N as THAA with declining particle
sediment particle sizes indicates that amino acids are relasizes support the feasibility of the parameters as a diagenetic
tively more reactive than TOC or bulk N in the sediments. indicator.
The percentages of total N as THAA are diagenetically sen-
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The observed C- and N-normalized yields of total DAA 5 Concluding remarks

trends were in the order of CPOM FPOM < UDOM,
which agreed with the observed patterns of degradation albistributions of amino acids and their D-isomers among the
teration in the sediment samples, with CPOM being the leassediment fractions indicated that the amino acid-based dia-
processed and UDOM the most. Therefore, CPOM was theyenetic index, C:N ratio, and percentage of total N repre-
most reactive with the largest size, and UDOM was the leassented by total hydrolysable amino acids could be used as
reactive with the smallest size among the three size fractionsliagenetic indicators. Furthermore, the diagenetic state of
in our study. Similarly, the percentage of total dissolved or- sediment OM could also be characterized by the C- and N-
ganic C as total DAA has been shown to increase during thenormalized yields of total D-amino acids, and C- and N-
decomposition of fresh, algal-derived DOM from an Arctic normalized yields of D-alanine, D-glutamic acid, D-serine.
ice floe (Amon et al., 2001). Moreover, Tremblay and Ben- The “size-reactivity continuum” model developed for the wa-
ner (2009) found that % DAA (the ratio of summed mole of ter column was supported by our results of the bio-reactivity
DAA to THAA) increased with OM in the Amazon River of sediment particulate OM of varying size fractions. Our
system. These studies indicate that C- and N-normalizedtudy showed that the “size-reactivity continuum” model was
yields of total DAA are useful diagenetic indicators. C- and applicable to sediment particulate and dissolved OM.
N-normalized yields of individual D-enantiomers other than
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