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a b s t r a c t

A litterbag method was used for studying the variability in chemical and carbon isotopic compositions of
four grasses during litter decomposition. After the 300 d degradation, > 90% of litter mass was lost for
three C4 species (Setaria viridis, Eleusine indica, Amaranthus retroflexus) and one C3 species (Erigeron
speciosus). The solid state 13C NMR spectra showed that mean proportion of aromatic and alkyl carbon
increased from ca. 10% to 15% and ca. 10% to 20%, respectively, whereas that of O-alkyl carbon substan-
tially decreased from ca. 70% to 50%. The carbon preference index and average chain length of n-alkanes
remained relatively constant, whereas the carbon isotopic compositions of long chain n-alkanes varied
< 2‰. Our results demonstrate that the degradation of litters alone does not significantly change the
n-alkane chemical and carbon isotopic proxies. Compared to open plant–soil systems, our litterbag
experiments present much less variability in chemical and carbon isotopic compositions of n-alkanes.
Based on these facts, we recommend a combined measurement of chemical and carbon isotopic proper-
ties in evaluation of carbon sources, dynamics and paleoenvironments.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

As an important source for soil and sediment organic matter,
plants differ in carbon isotopic compositions due to different
photosynthetic pathways and environmental conditions (Deines,
1980; O’Leary, 1981; Farquhar et al., 1989; Blagodatskaya et al.,
2011; Wang et al., 2013a). The mean d13C of C3 and C4 plants is
�27‰ and �13‰, respectively (O’Leary, 1981; Meyers, 1997).
For C3 plants alone, the d13Cleaf decreases with increasing rainfall
by a coefficient of ca. �1.1‰/100 mm (Wang et al., 2008), whereas
the d13Cleaf increases with temperature by a coefficient of ca.
0.104‰/�C (Wang et al., 2013a). Consequently, the carbon isotopic
composition is a useful tracer for documenting organic carbon
sources, dynamics and past vegetation changes (Boutton, 1996;
Diefendorf et al., 2010; Kohn, 2010; Vandenbroucke et al., 2013).
However, the decomposition process also affects d13C due to the
selected degradation of individual constitutes and incorporation
of 13C enriched microbial biomass (Wedin et al., 1995; Feng,
2002). A number of studies have reported that 13C enrichment oc-
curred during decomposition such that the soil organic matter
tends to have higher d13C values than the vegetation (Boutton,
1996; Bird and Pousai, 1997; Wang et al., 2008).

Compared to bulk carbon isotope analysis, compound specific
isotope analysis (CSIA) has an apparent advantage since this method
measures individual biomarkers with specific sources and thereby
reduces interferences from different constituents and source carbon
(Hayes et al., 1990). Among various biomarker types, n-alkanes are
the most commonly investigated molecules for CSIA because of
their ubiquitous distributions in the environment, resistance to deg-
radation and relatively easy analyses (Eglinton and Hamilton,
1967). Biogenic n-alkanes in the environment usually occur as a ser-
ies of homologues with carbon numbers from 15–35 (Meyers,
1997). The long chain n-alkanes (C25–C35) with a strong odd/even
predominance (OEP) are mainly derived from vascular plants,
whereas the short chain n-alkanes (C15–C20) with much lower OEP
are of a algal/microbial origin (Meyers, 1997). Given this fact, carbon
preference index (CPI) and average chain length (ACL) have been
proposed for estimating the sources of n-alkanes (Meyers, 1997;
Zhang et al., 2006; Bush and McInerney, 2013), defined as:
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where Cx is the concentration of n-alkane with x carbon atoms.
Based on a 23 y litterbag experiment, Huang et al. (1997) con-

cluded the absence of carbon isotopic fractionation of long chain
n-alkanes during early diagenesis. That study, however, was con-
ducted in anaerobic peat and may not represent the more widely
distributed aerobic soil environments. Nguyen Tu et al. (2011) con-
ducted a 4 yr litterbag experiment using the European beech leaves
and the results showed that the d13C values of n-alkanes were nearly
constant for unlabelled leaves, but substantially decreased for 13C
labelled leaves. These changing patterns were used as evidence for
a microbial contribution to the long chain alkane pool of the decom-
posing leaves (Nguyen Tu et al., 2011). In contrast to the litterbag
experiments, open plant–soil systems usually presented significant
13C enrichments of long chain n-alkanes from raw leaves to soil
(Nguyen Tu et al., 2004; Chikaraishi and Naraoka, 2006). The reason
for large d13C shifts is not clear, but probably include diagenetic ef-
fects, variability in carbon isotopic compositions among different
plants and external carbon inputs from soil microbes and fauna.

Besides d13C, the n-alkane distribution pattern may be also sen-
sitive for organic matter decomposition. From plants to soils, the
proportion of mid-chain (C23 and C25) n-alkanes increased
(Almendros et al., 1996), whereas the OEP and CPI decreased
(Huang et al., 1996; Jansen and Nierop, 2009; Buggle et al.,
2010). Since these studies were conducted in the open soil sys-
tems, many factors responsible for the ACL, CPI and OEP shifts, such
as different degradation rates of n-alkane homologues, contribu-
tions from different vegetation with different n-alkane composi-
tions and external n-alkane interferences from soil microbes or
pre-aged organic matter, can co-exist (Huang et al., 1996; Marseille
et al., 1999; Chikaraishi and Naraoka, 2006; Buggle et al., 2010). In
contrast, the litterbag experiment is performed in a relatively
closed system, allowing observations of known amounts of initial
litters of known species/tissues at the known degradation time,
thereby greatly reducing uncertainties that exist in the open
plant–soil systems (Wider and Lang, 1982).

Here we used the litterbag method to trace chemical and carbon
isotopic dynamics of four grass species during litter decomposition.
These grasses include three C4 plants (Setaria viridis, Eleusine indica,
Amaranthus retroflexus) and one C3 plant (Erigeron speciosus). The
reasons we chose these C3 and C4 grass species are that: (1) most
of previous studies about litter decompositions focused on tree
leaves, whereas grasses have been rarely investigated (Nguyen Tu
et al., 2004, 2011; Chikaraishi and Naraoka, 2006); (2) the grasses
used in our study are common species in China and even in most
continents and therefore are good models for the decomposition
of grass litters; and (3) the appearance of C4 vegetation on the earth
is closely correlated with climate and atmosphere and thus the rel-
ative abundance of C3/C4 plants in the environment is a useful tra-
cer for past climate (Ehleringer et al., 1991; Collatz et al., 1998). By
analyzing biomarkers, solid state 13C NMR and carbon isotopic com-
positions of litters in the 300 d decomposition experiments, we at-
tempted to (1) determine the magnitude and direction of carbon
isotopic shifts of individual n-alkanes; (2) evaluate the degradation
effect on n-alkane indicators (e.g., CPI, ACL); and (3) assess relative
importance of each factor such as different d13C values among dif-
ferent plants, external carbon inputs from soil fauna and microbes
and kinetic isotopic fractionation responsible for the d13C alteration
during litter decomposition processes.
2. Material and methods

2.1. Litterbag method

The study area is located in the western suburbs of Beijing. The
local climate is dominated by temperate continental monsoon with
an annual mean temperature of 13 �C and annual precipitation of
480 mm. Four grass species including three C4 plants (S. viridis,
E. indica, A. retroflexus) and one C3 plant (E. speciosus) were used
for the litterbag experiment. Brown grasses were collected and
rinsed carefully with distilled water and dried at 40 �C. Nylon bags
(120 mm � 150 mm; 0.1 mm mesh size) each containing 5 g of lit-
ter were placed on surface soils in the Shangzhuang Experimental
Station (China Agricultural University, Beijing) and covered by
about 5 cm of soil. This agricultural station has the total area of
70 hm2 and is cultivated with a wheat/maize rotation. The soil is
dominated by silt (55.2 ± 7.6%; mean ± SD), followed by sand
(32.4 ± 10.1%) and clay (12.5 ± 9.5) (Hu et al., 2006). The pH of soil
is 8.13 ± 0.17, while the concentration of soil organic matter is
10.9 ± 4.8 g/kg (Hu et al., 2006). The litterbag experiment was con-
ducted from December 2011 to October 2012, and the samples
were harvested every 30 days (3 replicates). The soil particles were
removed as carefully as possible. The remaining litter was dried at
40 �C until constant weight was reached. After that, the litters were
ground into powder (< 100 lm). The replicate samples were ana-
lyzed individually for mass loss, biomarkers and carbon isotopic
composition. After that, the remaining replicate samples were
homogenized for the analyses by solid state 13C NMR.

The decomposition rate was calculated according to a negative
exponential curve, expressed as:

Mt ¼ M0e�kt

M0 is the initial litter mass; Mt is the mass remaining at the decom-
position time t; k is the decay rate constant.

2.2. 13C NMR spectroscopy

Solid state 13C NMR measurements were performed on a Bruker
AV-300 spectrometer equipped with a 4 mm wide-bore magic an-
gle spinning (MAS) probe. The NMR was operated at a frequency of
75.5 MHz. The powdered samples were packed in a 4 mm zirconia
rotor with Kel-F caps and spun at a rate of 4 kHz. A standard cross-
polarization pulse sequence was used, with single contact times of
2 ms and a recycle delay of 5 s. The number of scans was 500–600.
The 13C NMR spectra were divided into four regions according to
chemical shift: alkyl C (0–50 ppm) mainly including cutins,
suberins and wax lipids; O-alkyl C (50–110 ppm) derived from
carbohydrates, celluloses and hemicelluloses; aromatic C (110–
160 ppm) from polyphenols, lignins and tannins; and carbonyl C
(160–220 ppm) from carboxylic acids, amides and organic acids
(Kögel-Knabner, 1997). The proportion of each type carbon was
calculated by the integration of the spectral regions.

2.3. Biomarker analysis

After addition of 5.6 lg squalane (internal standard), 0.5 g litter
samples were ultrasonically extracted with 10 ml dichlorometh-
ane:methanol (3:1 v:v) for 15 min (3�). The combined extracts
were rotary evaporated to near dryness and further completely
dried under a mild nitrogen stream. After re-dissolved in 1.0 ml
hexane, the extract was separated into an apolar fraction
(10 ml hexane:dichloromethane; 9:1 v:v) and a polar fraction
(10 ml dichloromethane:methanol; 1:1 v:v) over a silica gel
column chromatograph. The apolar fraction containing n-alkanes
were blown to dryness under a mild nitrogen stream and re-
dissolved in 1.0 ml hexane before instrumental analysis.

The compounds were identified by a gas chromatography–mass
spectrometer (GC–MS) composed of an Agilent 7890A GC and an
Agilent 5975C Series mass selective detector (MSD). A DB5-MS col-
umn (30 m � 0.25 mm i.d., film thickness 0.25 lm, Agilent) was
used with high purity helium (> 99.999%) as the carrier gas. The



Fig. 1. Mass remaining (%) of grass litters in the litterbag experiments.
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MSD was operated in the electron ionization mode at 70 eV with a
scan range of 50–650 Da. Data were acquired and processed with
the Chemstation software. The GC oven temperature increased
from 60–300 �C at a rate of 6 �C/min and held at 300 �C for 20 min.

An Agilent 7890A GC equipped with a flame ionization detector
(FID) was used for the quantification of biomarkers. The column
was an HP 5 capillary column (Agilent HP-5, 30 m; 0.32 mm i.d.;
0.25 lm film thickness). The injector temperature was 300 �C. A
1 ll of sample was injected in splitless mode. Helium (99.999% pur-
ity) was carrier gas. The GC oven temperature increased from 60–
300 �C at a rate of 6 �C/min and held at 300 �C for 20 min. External
calibrations were conducted which showed the relative response
factor (RRF) of long chain n-alkanes to squalane was 0.94–0.96.
Therefore, a RRF of 1.0 was used to determine the amount of n-al-
kanes by comparison of respective peak areas to squalane.

2.4. Compound specific carbon isotope analysis (CSIA)

A detailed method for the CSIA of n-alkanes has been described
by Huang et al. (2012). Briefly, a gas chromatograph-combustion-
isotope ratio mass spectrometer (GC-C-IRMS) composed of a
Finnigan Trace GC and a Finnigan Delta XP isotope ratio mass spec-
trometer was used for the d13C measurement. Samples were in-
jected in splitless mode (1 ll) at 290 �C. Separation was achieved
on a DB-5 MS column (60 m � 0.25 mm i.d., film thickness
0.25 lm). The oven temperature program of GC-C-IRMS was same
as that of GC-FID. Only those d13C data with reproducibility better
than ± 0.5‰ (standard deviation) were used. The carbon isotope
composition was reported in the d notation (‰) relative to the
Vienna Peedee Belemnite (V-PDB) standard.

2.5. Statistical analysis

The program package SPSS 18.0 (Illinois, USA) was used for the
statistical analyses. One-way ANOVA analysis was conducted to
examine the differences in mass loss, chemical composition and
the d13C values at different decomposition time. All analyses were
performed with a significance level of P < 0.05.
3. Results

3.1. Mass loss patterns

Throughout the decomposition, the four grass species showed
similar patterns of mass loss (P = 1.00; Fig. 1). At the termination
of the litterbag experiment, > 90% of the initial mass was lost for
all grass species (Fig. 1). Two distinct phases were observed with
a slow degradation rate from December to April (0.2%/d) and a ra-
pid degradation rate from April to October (3–6%/d).

3.2. Solid state 13C NMR

Due to limited availability of samples, two species, S. viridis and
E. indica, were selected for cross-polarization magic angle spinning
(CPMAS) solid state 13C nuclear magnetic resonance (NMR). Chem-
ical compositions indicated by the NMR spectra continuously
changed with degradation (Fig. 2). In undegraded litters, O-alkyl
carbon accounted for 73% in S. viridis and 72% in E. indica. After
300 d decompositions, the proportion of O-alkyl carbon decreased
to 58% in S. viridis and 50% in E. indica. In contrast, the relative
abundance of alkyl and aromatic carbon substantially increased
from ca. 10–15% in S. viridis and ca. 10–20% in E. indica. Carbonyl
carbon remained relatively constant for S. viridis (6–8%), but in-
creased for E. indica (7.6–13%). The alkyl/O-alkyl carbon ratio, an
indicator for degree of organic matter degradation (Baldock et al.,
1995), substantially increased from 0.14 to 0.26 for S. viridis and
0.14 to 0.30 for E. indica.

3.3. Bulk and molecular compositions during decomposition

The concentration of carbon (C%) and nitrogen (N%), atomic C/N
ratio and d13C in litters are shown in Table 1. With decomposition,
C% decreased from 43.0% to 39.8% in A. retroflexus and 38.9% to
36.2% in E. indica, but slightly increased from 37.9% to 38.3% in S.
viridis. In contrast, N% increased by 0.4–1.0% in all measured litters.
The atomic C/N ratio substantially decreased in A. retroflexus (22.4–
17.0), S. viridis (27.6–16.6) and E. indica (26.2–14.2).

In undegraded litters, the n-alkane homologues had carbon num-
bers from 23–35 and concentrations of 95–944 lg/g. The n-alkanes
showed different degradation patterns among different grass spe-
cies. Their concentrations of A. retroflexus and E. indica generally de-
creased with the litter decomposition and were only 52.7% and
68.0% after 210 d of decomposition (Table 2). In contrast, the
n-alkane concentrations of S. viridis and E. speciosus generally in-
creased with litter decomposition and were 130% and 33.6% higher
after 180 d of decomposition than initial concentrations (Table 2).
These differences suggest that the n-alkane degradation in litters
is a complex process, which is dependent on not only chemical prop-
erties, but also plant species. In contrast to apparent changes of n-al-
kane abundance, the distribution pattern of n-alkanes did not
change substantially. Throughout the 300 d litterbag experiment,
the n-alkanes of the four grass species were constantly dominated
by C31 and C29, whereas the ACL fell in narrow ranges of 28.5–29.1
in S. viridis, 29.8–31.6 in E. indica, 29.3–31.0 in A. retroflexus and
30.6–31.6 in E. speciosus. Except for A. retroflexus, the other three
species (S. viridis, E. indica and E. speciosus) showed a slight increas-
ing trend for ACL after 120 d of decomposition (Fig. 3), reflecting
preferential degradation of short chain n-alkanes relative to their
long chain counterparts. A. retroflexus has remarkably lower CPI val-
ues (1.4–3.7) than other grass species (Fig. 3). The reason for this dif-
ference remained elusive, but A. retroflexus is unique in containing
abundant iso- and anteiso-alkanes with the carbon number of 29–
32. For E. indica, S. viridis and E. speciosus, their CPI values of n-al-
kanes stayed at high levels (7.7–10.8) throughout the litterbag
experiment, although a slight decrease was observed after 150 d of
decomposition (Fig. 3).

3.4. Variability in d13C of bulk organic matter and specific compounds

From the start to 180 d of decomposition, the d13C value of grass
litters varied from �15.1 ± 0.7‰ to �15.3 ± 0.7‰ for A. retroflexus,



Fig. 2. Relative 13C NMR intensities of different type C in grass litters of S. Viridis and E. indica.

Table 2
Relative abundance of n-alkanes of grass litters throughout the litterbag experiments.

Decomposition time
(days)

A.
retroflexus

S. viridis E. indica E. speciosus

0 100.0 100.0 100.0 100.0
30 76.1 223.0 111.9 173.8
60 84.9 130.6 93.2 141.4
90 85.8 171.1 93.8 75.8

120 72.4 165.1 108.7 94.1
150 110.4 155.0 67.5 114.2
180 78.2 223.0 60.6 133.6
210 52.7 137.6 68.0 –
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�14.5 ± 0.8‰ to �14.8 ± 0.2‰ for S. viridis, �15.9 ± 0.2‰ to
�16.3 ± 0.3‰ for E. indica, and �33.7 ± 0.3‰ to �34.2 ± 0.2‰ for
E. speciosus. Statistical analyses showed no significant difference
in d13C between initial and degraded litters (P = 0.19–0.95). The
minor decrease of the d13C value with litter decomposition likely
reflects selected preservation of 13C depleted lignin and alkyl con-
stitutes, which is consistent with our NMR data as well as previous
findings (Wedin et al., 1995; Feng, 2002).

Due to limited availability of samples, only S. viridis and E. indica
were used for CSIA. The d13C signal of long chain n-alkanes (C29, C31

and C33) varied from �23.3‰ to �25.4‰ for S. viridis and �24.0‰

to �25.7‰ for E. indica (Fig. 4), presenting typical values for lipids
in C4 plants (Collister et al., 1994). The 9–11‰ depletion in 13C of
n-alkanes compared to the bulk litters fell in the range of previous
reports (O’Leary, 1981; Farquhar et al., 1989), reflecting an kinetic
isotopic effect during lipid biosynthesis (Rieley et al., 1993;
Chikaraishi and Naraoka, 2006). With the litter decomposition,
the d13C values of C29 to C33 n-alkanes show an apparent positive
shift in a magnitude of < 2‰ for S. viridis and E. indica (Fig. 4).
However, the statistical analyses revealed no significant difference
between initial and degraded litters (P = 0.18–0.62) due to
relatively large standard error of d13C for long chain n-alkanes.
4. Discussion

4.1. Influence of climate on mass loss patterns of grass litters

The decomposition patterns in our study (Fig. 1) are remarkably
different from previous observations that a rapid decay phase (loss
of acid soluble carbohydrates) was usually followed by a slow
Table 1
Bulk chemical compositions (mean ± sd) of initial and decomposed grass litters.

Plants Decomposition time (day) C (%)

A. retroflexus 0 43.0 ± 1.9
300 39.8

S. Viridis 0 37.9 ± 0.3
300 38.3

E. indica 0 38.9 ± 0.2
300 36.2

E. speciosus 0 39.1 ± 1.2
300 naa

a na = Not analyzed.
decay phase (loss of recalcitrant components such as lignin) (Mel-
illo et al., 1989; Cortez, 1998; Prescott et al., 2000; Ono et al., 2009;
Wang et al., 2013b). It is well known that climate and litter chem-
istry are the most important factors for the litter degradation
(Murphy et al., 1998; Li et al., 2011; Wang et al., 2013b). Consider-
ing similar chemical compositions among the investigated grass
species (see NMR data in Section 3.2), we only consider the cli-
matic effect on litter degradation. The monsoon climate dominates
the Beijing area, characterized by a warm, wet summer and a cold,
dry winter with over 70% of annual precipitation falling in May to
September (Wang et al., 2005). Thus, it is not surprising for the fast
degradation of litters in summer (Fig. 1).
4.2. Effects of litter decomposition on chemical compositions

The chemical compositions of S. viridis and E. indica showed
similar changing patterns with decomposition (Fig. 2). The increase
N (%) C/N d13C (‰)

1.9 ± 0.2 22.4 ± 1.3 �15.3 ± 0.7
2.3 17.0 �15.3 ± 0.7
1.4 ± 0.1 27.6 ± 1.1 �14.5 ± 0.8
2.3 16.6 �14.8 ± 0.2
1.5 ± 0.1 26.2 ± 2.2 �15.9 ± 0.2
2.5 14.2 �16.3 ± 0.3
3.3 ± 0.1 11.9 ± 0.2 �33.7 ± 0.3
na na �34.2 ± 0.2



Fig. 3. Variability in the CPI and ACL values of n-alkanes in four grass species in the litterbag experiment.

Fig. 4. Variability in the carbon isotope compositions of long chain n-alkanes in S. Viridis and E. indica during the decomposition processes.
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of aromatic and aliphatic carbon, the decrease of O-alkyl carbon
and enhanced alkyl/O-alkyl carbon ratio suggest the selected pres-
ervation of lignin, tannin, cutin and suberin. This result is consis-
tent with previous findings for diverse plants such as oak, beech
and wheat (Preston, 1996; Mathers et al., 2007; Ono et al., 2009).
Chemical properties, along with mineral protection and inclusions
of organic matter into aggregates or micropores, are the most
important mechanisms for the degradation of soil organic matter
(Sollins et al., 1996; Dignac et al., 2005; Marschner et al., 2008;
Schmidt et al., 2011). Compared to cellulose and carbohydrate, aro-
matic (e.g., lignin, tannin) and alkyl (e.g., cutin, suberin) com-
pounds are more chemically stable (Kogel-Knabner, 2002; Lorenz
et al., 2007), and thus it is not surprising for observed changing
patterns in our study. A slightly enhanced proportion of carbonyl
carbons is likely due to oxidation of lignin or hydrolysis reactions,
both leading to the formation of carbonyl carbons (Hedges et al.,
1988; Ono et al., 2009).

No substantial change of the CPI and ACL in E. indica, S. viridis
and E. speciosus in our litterbag experiments suggests that these
n-alkane proxies are insensitive for early stage litter decomposi-
tion, supporting CPI and ACL as robust proxies for the organic mat-
ter source. This finding, however, is inconsistent with some results
for soil profiles where the CPI and ACL decreased with depth
(Huang et al., 1996; Celerier et al., 2009; Buggle et al., 2010). Such
disparity cannot be explained by an effect of simple first order ki-
netic degradation because this ‘‘kinetic effect’’ would only affect
the absolute abundance of n-alkane homologues but not n-alkane
ratios (Buggle et al., 2010). It should be pointed out that our study
was conducted in a relatively closed litterbag system where short
chain n-alkanes (< C20) were constantly below detection limit,



Fig. 5. Correlation between d13C and log(C/C0) of C29 n-alkanes in S. Viridis, where C
and C0 are the amount of C29 n-alkanes at the degradation and initial time,
respectively.
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whereas previous studies investigated in open plant–soil systems
(Huang et al., 1996; Celerier et al., 2009; Buggle et al., 2010). Con-
sidering this, we attribute different changing patterns of the CPI
and ACL to different sources of n-alkanes between two systems.
Some fungi, bacteria and termites are capable of biosynthesizing
a series of n-alkanes with different chemical compositions from
vascular plants (Weete, 1976; Jurenka and Subchev, 2000; Pedrini
et al., 2007). In addition, petroleum also contains a series of
n-alkanes without apparent OEP (Simoneit and Mazurek, 1982).
These non-vascular plant sources may be important contributors
for n-alkanes in the open soil system but not in the litterbag.
Furthermore, vegetation may change in response to natural and
anthropogenic impacts (Overpeck et al., 1990; Matthews et al.,
2004). Since the abundance and distribution of n-alkanes vary
among different plants (Maffei, 1996; Schwark et al., 2002; Jansen
et al., 2008), overlying vegetation changes can cause shifts in CPI
and ACL in soil. Finally, roots as an important contributor to soil or-
ganic carbon (Rasse et al., 2005) may have different CPI and ACL
compared with aboveground litters. However, root-derived carbon
was not investigated in most previous studies of plant decomposition
(e.g., Nguyen Tu et al., 2004; Chikaraishi and Naraoka, 2006; Buggle
et al., 2010). At the current stage, all these explanations are
possible for the decreasing CPI and ACL with depth in soil profiles.

4.3. Carbon isotopic dynamics during early litter decomposition

Our positive d13C shift of long chain n-alkanes with decomposi-
tion agrees with previous studies (Nguyen Tu et al., 2004;
Chikaraishi and Naraoka, 2006), but the magnitude of 1.7‰

(Fig. 4) is substantially less than that in the plant–soil systems
(up to 12.9‰ with an average of 3–4‰) (Chikaraishi and Naraoka,
2006). A number of factors may explain the carbon isotope change
of n-alkanes, including different d13C values among different
plants, seasonal isotopic variations within the same species, exter-
nal inputs from soil fauna and microbes, kinetic isotopic fraction-
ation and Suess effect (Chikaraishi and Naraoka, 2006). Here we
evaluate relative importance of each factor on the observed d13C
shift.

First, each litterbag in our experiments contains a single grass
species collected from the same site and the same season. Thus,
the interferences of seasonal isotope variations, different d13C
among different species, Suess effect and contributions of pre-aged
soil organic matter or petroleum derivatives can be excluded,
although these effects usually exist in the open plant–soil systems
(Chikaraishi et al., 2004; Nguyen Tu et al., 2011). In addition, het-
erotrophic soil organisms (e.g., termites and bacteria) are potential
sources for long chain n-alkanes besides vascular plants (Weete,
1976; Matsumoto et al., 1990; Jurenka and Subchev, 2000). Here
we estimate the origin of n-alkanes based on their distribution pat-
terns since terrigenous vascular plants have much higher CPI and
ACL values than other sources (Eglinton and Hamilton, 1967;
Meyers, 1997; Jurenka and Subchev, 2000; Buggle et al., 2010).
In our study, the CPI and ACL values of E. indica, S. viridis and
E. speciosus did not show substantial changes, although 90% of ini-
tial litter mass was degraded (Fig. 3). These results strongly suggest
that initial litters are a predominant source for long chain
n-alkanes throughout whole decomposition experiment.

Due to different chemical bond energy between 12C–13C and
12C–12C, a 12C reaction is 4% faster than the corresponding 13C
reaction (O’Leary, 1981). Thus, with organic matter degradation,
faster chemical reaction rate of 12C than 13C will cause a positive
shift of d13C of the products, which is one of the kinetic isotopic
fractionations (Feng, 2002). A theoretic calculation shows if this
fractionation is the sole factor for the d13C change, a plot of d13C
against log (C/C0) will be a straight line, where C and C0 are the
mass of organic carbon at final and initial time, respectively (Feng,
2002). In our case, a strong linear correlation between d13C and
log(C/C0) of C29 n-alkane was observed for S. viridis (r2 = 0.93;
Fig. 5), confirming that the kinetic isotopic fractionation is respon-
sible for observed d13C enrichment. However, such strong correla-
tion was not observed for E. indica, probably due to limited d13C
data points (Fig. 4). Nevertheless, our results demonstrated that
even though 90% of initial organic matter was degraded, the d13C
value of long chain n-alkanes only varied in a narrow range of
0.6–1.7‰ (Fig. 4). Such magnitude is close to that of bulk soil or-
ganic matter during decomposition (1.8–2.8‰) (Wang et al.,
2008), but is much less than the d13C difference between C3 and
C4 plants (average of �27‰ versus �13‰) as well as terrigenous
C3 plants and marine phytoplankton (average of �27‰ versus
�20‰) (O’Leary, 1981; Farquhar et al., 1989; Meyers, 1997). There-
fore, despite the existence of a positive shift with degradation, the
carbon isotopic composition of long chain n-alkanes, like d13C of
bulk organic matter, is still valid for tracing organic carbon sources
and paleoenvironments. However, in certain environments such as
some soils (Chikaraishi and Naraoka, 2006; Nguyen Tu et al., 2011),
organisms other than vascular plants such as bacteria, fungi and
termites may represent significant sources for n-alkanes, thereby
amplifying d13C alterations.
5. Conclusions

We conducted a 300 d litterbag experiment for four grass spe-
cies (three C4 and one C3 species) to understand chemical and car-
bon isotopic changes during litter decompositions. Based on solid
state 13C NMR, biomarkers and carbon isotopic compositions, sev-
eral conclusions have been reached. First, with litter degradation,
aromatic and alkyl carbon is selectively preserved relative to cellu-
lose and carbohydrates, confirming that chemical property plays
an important role in early stage decomposition. Second, > 90% of
litter mass loss did not substantially change the n-alkane CPI and
ACL, warranting these two proxies as robust proxies for organic
matter sources and paleoenvironments. Third, with little degrada-
tion, a positive shift of the d13C of long chain n-alkanes is mainly
induced by the kinetic isotopic fractionation, but the small
magnitude (< 2‰) confirms the applicability of d13C of long chain
n-alkanes in paleoenvironmental studies. Finally, compared to
open soil systems, our litterbag experiment presents much less
variability in chemical and carbon isotopic compositions. Because
additional inputs of n-alkanes from soil microbes and fauna can
cause changes in both chemical and carbon isotopic compositions,
a combined chemical and isotopic approach is strongly recom-
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mended for estimation of the carbon source and environmental
change. The investigation for different types of plants (trees, shrubs
and grasses) and tissues (roots and shoots) are great needed to
understand early stage decomposition of organic matter in differ-
ent ecosystems.
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