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Abstract

Lignin transformation and decomposition products are generally considered a major source of stable soil organic matter (SOM).

Nevertheless this process remains poorly understood in part because lignin is a heterogeneous biopolymer composed of several types of

phenol monomers, which potentially display specific and contrasting decomposition kinetics in soils. Here, we compared the specific in

situ turnover kinetics of individual lignin monomers in a Paris-basin loamy soil through natural 13C labeling of SOM generated in a series

of 1–9-year chronosequences of maize monoculture (C4, d13C �12%) replacing wheat (C3, �27%). Lignin monomers were released by

CuO oxidation, quantified by gas chromatography (GC)/flame ionization detection (FID) and their 13C content was determined by GC

coupled via a combustion interface to isotope ratio mass spectrometry (GC/C-IRMS). We calculated the proportion of C4-derived OC in

lignin monomer pools by applying the isotopic mass balance equation to each lignin monomer.

Individual C4-derived phenols displayed contrasting accumulation rates in soils over time, confirming the monomer-specific nature of

their transformation kinetics. In proportion to total lignin phenols in soils, syringyl (S) and cinnamyl (C) phenols from maize

accumulated faster than their vanillyl (V) counterparts. Consequently, the turnover kinetics of lignin-derived V-moieties may be slower

than those of S and C ones. Incorporation of maize-derived carbon was faster in the aldehyde than in the acid pool for V-type units,

while the opposite was observed for S-units. These in situ trends for phenol monomers and V-, S- and C-moieties were remarkably similar

to the trends described in the literature with laboratory incubation or litterbag studies.

None of the observed kinetics had a linear shape. Using only the extreme points of the chronosequence to calculate the kinetic

parameters would result, for all the lignin monomers, in underestimating the turnover kinetics at the beginning of the kinetics and

overestimating it for longer times. This observation underlines the importance of comprehensive 13C time-sequence labelling experiments

such as provided at the Closeaux site, to accurately compute the kinetic parameters of SOM for the 1st years after the vegetation change.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Lignin, a three-dimensional biopolymer of high mole-
cular weight, is the most abundant aromatic compound on
earth and an important constituent of the living terrestrial
biomass (Crawford, 1981). It is synthesised by plants by
linking together hydroxycinnamyl, coniferyl and sinapyl
alcohols to give p-hydroxyphenol, guaiacyl and syringyl (S)
lignin monomeric units, respectively (Adler, 1977). Due to
its aromatic structure as well as rigidity and heterogenity of
e front matter r 2006 Elsevier Ltd. All rights reserved.
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its intramolecular bonds, lignin has long been suspected to
contribute substantially to the stable carbon pool in soils
(Waksman, 1936; Flaig et al., 1975; Haider et al., 1975;
Stevenson, 1994). Only a limited number of microorgan-
isms are able to produce the specific oxydoreductases that
are necessary for its cleavage (Kirk and Farrell, 1987).
Lignin is degraded by white-rot fungi. In addition to white-
rot fungi, brown-rot fungi are able to mineralise the
methoxyl groups of lignins (Kirk and Farrell, 1987). Some
streptomycetes (Crawford, 1978; Haider and Trojanowski,
1980) and actinomycetes (Godden et al., 1992) are also
involved in lignocellulose degradation. Among these,
only white-rot fungi can mineralize lignin (Haider and

www.elsevier.com/locate/soilbio


ARTICLE IN PRESS
H. Bahri et al. / Soil Biology & Biochemistry 38 (2006) 1977–19881978
Trojanowski, 1980; Otjen et al., 1987), whereas lignin
degradation by brown-rot fungi is only partial (e.g. Kirk et
al., 1975a; Enoki et al., 1988). Thermochemolysis with a
13C-labelled methyl group used in the study of demethyla-
tion reactions during lignin decay by white- and brown-rot
fungi suggested that white-rot decayed lignins are not
enriched in dihydroxybenzene units (Filley et al., 2000). In
addition, the abiotic lignin degradation through Fenton
reaction has recently been evidenced (e.g. Jellison et al.,
1997). Lignin degradation pathways and their impacts on
lignin residence time in soils remain open questions.

Lignin biodegradation in soils has often been addressed
by incubation studies under optimal laboratory conditions.
Lignin degradation was evaluated either by following its
mineralization, which necessitates radiocarbon labelling of
the molecule, or by molecular analysis. Using 14C-labeled
synthetic dehydropolymers (DHP) for model lignins,
Haider et al. (1977) found that 29–44% of lignin was
degraded within a year by soil native microorganisms.
Furthermore, it was shown that the mineralization of
carbon atoms in different positions (OCH3, CH2OH, C-
ring, C-side chains) of 14C-labeled coumaryl alcohols
linked into DHP ranged from 21% to 34% after 28 weeks
of incubation (Haider et al., 1977) and from 41% to 69%
after 2 years (Martin et al., 1980).

To gain insight into the mechanisms of lignin biode-
gradation, the biodegradation of soil lignin has been
studied at the molecular level. The cupric oxide (CuO)
oxidation technique may be most appropriate for soil
lignin studies (Kögel and Bochter, 1985). CuO oxidation
yields single-ring phenols, with benzoyl (H), vanillyl (V), S
and cinnamyl (C) structures and aldehyde, ketone, and acid
sidechains. The sum of the concentrations of the specific
lignin biomarkers of the V-, S- and C-type (VSC) is used as
an indicator of quantitative lignin contribution to soils.
The H phenols are not considered as lignin markers since
they can derive from non-lignin sources (Hedges and
Parker, 1976).

Litter-bag incubation of lignified material together with
CuO quantification have been used to estimate in situ
lignin turnover. Using this technique on spruce and pine
needle litter, Johansson et al. (1986) found that lignin was
decreased by 59% after 3 years. Mass loss was higher for
ferulic acid (13%) than for p-coumaric acid (3%) and
vanillin (7%), while an increase of vanillic acid content was
observed. Nevertheless, litterbags prevent contact between
the decomposing plant sample and the surrounding soil
matrix, which potentially skews the estimated decomposi-
tion rates. To circumvent this problem, Kiem and Kögel-
Knabner (2003) directly compared soil lignin contents and
composition in fertilised arable lands vs. bare fallow. They
concluded that long-term stabilisation of lignin in soil does
not occur. Similar conclusions were drawn by Lobe et al.
(2002) who measured in situ the apparent dissipation rates
of lignin in two kinetic pools (0.15 and 0.005 yr�1) in a
subtropical climate by comparing carbon loss and lignin
loss when grasslands were turned to arable lands. However,
this study of lignin loss on sites which are not at
equilibrium between input and decomposition and the lack
of stable isotope tracers implied the use of a model, which
did not account for the crop-VSC contribution.
We recently reported that lignin turnover in soil can be

quantified by compound-specific 13C analyses of naturally
labeled lignin molecules in agricultural soils under C3–C4
crop succession (Dignac et al., 2005). This technique relies
on the distinct 13C isotopic signatures of C3 vs. C4 plants,
which are preserved upon organic matter decomposition
(Balesdent et al., 1987). Traditionally used for the study of
bulk soil organic carbon (SOC) turnover (Balesdent et al.,
1988), this isotopic method can now be applied to specific
compounds such as CuO oxidation products (Dignac et al.,
2005) or carbohydrates (Derrien et al., 2006) and thereby
inform us about the respective contributions of both
crop types to soil lignin or sugar pools. Applying this
method to soils under a 9-year succession of maize
monoculture after wheat, we observed faster turnover
kinetics for lignin than for bulk soil organic matter (SOM)
(Dignac et al., 2005).
In the present study, we explored the precise kinetics of

individual CuO oxidation products which led to the
difference between lignin and SOM turnover kinetics
observed after 9 years by Dignac et al. (2005). We used a
natural 13C labelling of SOM generated in 1–9 year
chronosequences of maize C4 crop replacing the previous
wheat C3 crop at the Closeaux experimental field, in
France (Dignac et al., 2005). This site is specially designed
to study the turnover of organic carbon (OC) in cultivated
temperate soils since the only difference in plot manage-
ment is the duration of maize cultivation. The objectives of
this study were to monitor the in situ turnover kinetics of
lignin on a molecular basis, and to compare the dynamics
observed in situ over a decade to the shorter-scale lignin
biodegradation kinetics addressed in the literature in
incubation and litterbags studies.

2. Material and methods

2.1. Soil samples: site, collection and preparation

The experimental field ‘‘Les Closeaux’’, is located in the
‘‘Parc du Château de Versailles’’, France. This study area,
thoroughly described in Dignac et al. (2005), consists of a
series of chronosequences of C4 plants (maize) planted on
a C3 soil. Briefly, 32 research plots of 15.0� 6.4m were
randomly defined in 1993. Before this time, the whole
field had been cultivated with C3 plants only. Four control
plots remained under winter wheat (0 year of maize) and
four other plots were cultivated with maize since 1993.
From 1993 onwards, every year three new plots were
sown to maize until 2001. The plots are only differen-
tiated by their history of maize cultivation. In all the plots,
under wheat or maize, the aboveground biomass was
returned to the soil after harvest. In April 2002, we
collected three soil samples in each plot at 0–25 cm, which
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Table 2

Relative contribution of the different plant organs to the total plant

biomass returned to the soil (gOC-organ/100 g OC-plant)

Wheat Maize

gOC-organ/100 g OC-plant

Roots 16 20

Stems 47 39

Leaves 37 41
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were pooled afterwards. The soil is an eutric cambisol
(FAO) with a silt loam texture (Table 1). The soil samples
were air-dried and sieved at 5mm discarding coarse plant
residues. An aliquot was ground to pass a 200 mm sieve.
Hereafter the soil under wheat (0 year of maize) is referred
to as wheat-control soil and a soil under t year of maize as
t-y-maize soil.

2.2. Plant samples

Wheat and maize plant samples were collected in 1994
and separated in stems, leaves and roots. The plant
material was air-dried and ground to pass a 100 mm sieve.

The contribution of root, leave and stem biomass to the
total residue biomass returned to the soil was measured for
maize in September 2003 by destructive analyses conducted
on 12 randomly selected maize plants per plot. Selected
shoots were separated into stems and leaves, which
included husks consistently with harvest methods. Root
biomass in the plough layer was quantified on soil samples
collected with an 8-cm-diameter auger specific to root
sampling (SDEC, France). Derived allometric relationships
for corn (Table 2) appeared consistent with literature
values of harvest index and root to shoot ratio (e.g. Barber,
1979).

For wheat plant, allometric relationships between roots
and shoots were derived from literature data (Mary and
Recous, 1994). We measured wheat stem and leave inputs
on three randomly sampled groups of 40 wheat plants.
Leaves and stems were separated, air-dried and weighted
(Table 2).

2.3. OC and 13C content of bulk samples

OC and 13C contents of bulk samples (soils and plant
tissues) were measured in a single analysis using a CHN
auto-analyser (CHN NA 1500, Carlo Elba). The quantity
and 13C content of CO2 evolved from the CHN analyser
were measured in an isotope ratio mass spectrometer (VG
Sira 10) (Girardin and Mariotti, 1991). The laboratory
reference was calibrated against the Vienna Pee Dee
Belemnite (VPDB) international standard. Results were
expressed as d13C defined as the molar isotopic ratio
(13C/12C) relative to the VPDB standard:

d13C ¼
ð13C=12CÞsample

ð13C=12CÞVPDB

� 1

 !
1000. (1)
Table 1

Main characteristics of the studied soil samples (Dignac et al., 2005)

Depth (cm) C N pH C/N

(mg g�1)

0–25 13.5 1.27 6.8 10.4
2.4. Lignin quantitative and isotopic analysis

2.4.1. Release of lignin monomers by CuO oxidation

Release of lignin monomers from soil and plant samples
was performed by alkaline CuO oxidation according to the
method developed by Hedges and Ertel (1982) and
modified by Kögel and Bochter (1985). Approximately
500mg for soils and 50mg for plants were oxidized for 2 h
at 172 1C in sealed Teflon vials under N2. After oxidation, a
standard containing ethylvanillin was added for elucidating
the recovery of lignin products after the whole procedure,
which is usually in the range 60–75%. The solution was
quantitatively transferred to glass beakers, adjusted to pH
1.8–2.2. Thereafter, the solution was made up to a constant
volume and left overnight for humic acid precipitation. The
generated lignin-derived phenols were cleaned through
passage on a C18 column (International Sorbent Technol-
ogy) as suggested by Kögel and Bochter (1985). The lignin
oxidation products were purified and derivatised by adding
BSTFA (N,O-Bis(trimethylsilyl) trifluoro-acetamide)
(Hedges and Ertel, 1982).
2.4.2. Quantification of the oxidation products

The silylated lignin monomers were separated on a HP
6890 gas chromatograph equipped with a SGE BPX-5
column (length 50m; inner diameter 0.25mm; film thick-
ness 0.32 mm) and detected by flame ionization detector
(GC/FID). The column was kept at 100 1C for 2min, then
heated to 172 1C at a rate of 8 1Cmin�1, to 184 1C at 4 1C
min�1 and from 184 to 300 1C at a rate of 10 1Cmin�1. The
injector was kept at 280 1C and detector at 350 1C. Samples
were injected in the split mode (1:10). Phenylacetic acid was
used as an internal standard for quantification.
The concentration of V-type lignins was calculated as the

sum of the concentrations of vanillin, acetovanillone and
vanillic acid. The concentration of S-type lignins was the
d13C (%) Clay Silt Sand

Wheat 9-year %

�25.9 �24.4 17 50 33
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sum of syringaldehyde, acetosyringone and syringic acid.
C-type phenols were estimated as the sum of ferulic and p-
coumaric acids. Ferulic acids are considered C-type
phenols, although they are not rigorously part of the
lignin polymer, but a bridge between lignins and cell-wall
polysaccharides (Ralph et al., 1992). The sum of V-, S- and
C-type phenols (VSC) was calculated as an indicator of the
amount of lignin in soils (Kögel, 1986). In addition, the
ratios of acidic to aldehydic forms of the vanillyl-(Ac/Al)V
and syringyl-(Ac/Al)S phenols and the ratio of syringyl-to-
vanillyl phenols (S/V) were calculated as indicators of the
degree of lignin oxidation (Kögel, 1986).

Total VSC was expressed as mgOCg�1 SOC or
mgOCg�1 plant-OC. For plant tissues and 1–8-y-maize
soil samples, the mean values and standard deviations were
obtained from three replicate CuO oxidations. For wheat-
control and 9-y-maize soils, mean values and standard
deviations were calculated from single analyses of three
plot replicates.

The VSC contents in wheat and maize plants were
calculated as the sum of the VSC content measured in the
root, stem and leave tissues weighted with the estimated
contribution of each organ to the total plant biomass
returned to the soil (Table 2).

2.4.3. Measurement of the 13C content of the oxidation

products

The 13C contents of the lignin-derived CuO oxidation
products of soils and plants were measured by compound
specific isotope analysis (Goñi and Eglinton, 1996).
Samples were analyzed on a Hewlett-Packard 5890 GC
linked via a combustion interface to an Isochrom III
isotope ratio mass spectrometer (IRMS) (Micromass-GVI
Optima). A volume of 0.3 ml was injected in splitless mode.
The CuO procedure described above was repeated three
times on 1 g of soil, and three times on 50mg of plants. The
corresponding C18 column eluates were combined in order
to obtain a concentration of each phenol in the extract
higher than 2 nmolC/ml, corresponding to the detection
limit of the GC/C-IRMS. Each composite sample was
analyzed three times by GC/C-IRMS. The same tempera-
ture program was used as for the GC/FID analysis
described above. The 13C content of silylated phenol
monomers were determined. Silylation by BSTFA before
GC analysis introduced three to six carbon atoms with
their distinct 13C contents. To obtain the original value, the
d13C values were corrected using the 13C content of the
derivatizing agent, as described in Dignac et al. (2005).

The 13C contents of V, S and C moieties were computed
by weighting the 13C contents of the monomers with
their relative contribution to the corresponding lignin type.
We then used these values and the concentrations of
V, S and C to estimate the d13C values of the total
analyzable lignin VSC.

As already explained for the VSC estimate in total
plants, the 13C contents of lignins in wheat and maize
plants were deduced from the 13C contents measured in the
root, stem and leave tissues using the estimated contribu-
tion of each organ to the total plant biomass returned to
the soil (Table 2).
The standard deviations of the d13C value of an entity A

resulting from the sum of the d13C values of three entities,
noted A1, A2 and A3 weighted by their concentrations,
noted a1, a2, a3 were calculated using the equation:

SDA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða1 SD1Þ

2
þ ða2 SD2Þ

2
þ ða3 SD3Þ

2

ða1 þ a2 þ a3Þ
2

s
, (2)

where SD1, SD2, SD3 are the standard deviations of d13C of
A1, A2 and A3, respectively.

2.5. Proportion of maize-derived VSC-OC

The proportion F of maize-derived VSC-OC in soil was
calculated according to the isotopic mass balance equation
(Balesdent and Mariotti, 1996) adapted to this study as
demonstrated by Dignac et al. (2005).

F ¼
dt � dW

dMplant � dWplant
, (3)

where dt is the d
13C of phenols in the t-y-maize soil, dW is the

d13C of phenols in the wheat-control soil, dWplant is the d
13C

of phenols in the wheat plant and dMplant is the d13C of
phenols in the maize plant. This equation was applied to all
the monomers, to V, S and C moieties, and to total VSC.

3. Results

3.1. VSC contents, composition and degradation state in

soils and plants

The concentrations of the different phenols in wheat and
maize plants, and of the sum of CuO-derived VSC
products, are shown in Table 3. In both plants, the
dominant phenol type was C, while S- and V-type lignins
were in similar proportions (Table 3). Lignins in the wheat
and maize plants had (Ac/Al)V ratios of 0.7, (Ac/al)S ratios
of 0.4 for wheat and 0.3 for maize, and S/V ratios of 1.1
and 1.0, respectively (Table 5).
Fig. 1 shows the changes in the concentrations of total

VSC in soils with years of maize cropping, as well as the
distribution of the V-, S- and C-type phenols in these soils.
Total VSC content in soils having experienced various
duration of maize cultivation ranged from 8.2 to 11.5mg
lignin-OCg�1 SOC (Fig. 1). S-type lignins represented 50%
of total soil lignin with an average concentration of
5.070.5mgOCg�1 SOC. The mean content of V-type
lignins and C-type phenols in soil was 3.470.3mgOCg�1

SOC and 1.670.4mgOCg�1 SOC, respectively, represent-
ing 34% and 16% of total soil VSC.
The S- and V-type lignin concentrations did not

significantly vary (Po0:05) with duration of maize
cultivation. Although for C-type phenols, the contents in
some soils were significantly different from others, there
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Table 3

Concentrations in wheat and maize plants of phenol monomers (mgOCg�1 plant-OC), V- S- and C-type phenols and total VSC

Maize Wheat

Concentration (mgOCg�1

plant-OC)

Distribution (%) Concentration (mgOCg�1

plant-OC)

Distribution (%)

Vanillin 9.170.3 11 23.170.9 17

Acetovanillone 0.170.1 0 0.870.1 1

Vanillic acid 6.370.2 8 15.170.4 11

Syringaldehyde 12.570.4 15 27.470.9 20

Acetosyringone 1.070.1 1 2.870.3 2

Syringic acid 3.770.1 4 9.970.5 7

p-coumaric acid 35.171.9 42 29.670.9 22

Ferulic acid 15.870.7 19 25.571.0 19

V 15.570.4 18 39.071.0 29

S 17.270.5 21 40.171.6 30

C 50.972.6 61 55.171.9 41

VSC 83.673.4 134.274.2

These concentrations are calculated by weighting the VSC contents in the different tissues by the contribution of each tissue to the total plant biomass. The

mean proportion of each monomer relative to total VSC (%) is also indicated. Mean values and standard deviations were calculated from triplicate

analyses of each organ (roots, leaves, stems).
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Fig. 1. Concentrations of V-, S- and C-type phenols (mg OCg�1 SOC) in

wheat-control, and 1–9-y maize soils. For wheat-control and 9-y-maize

soils, mean values and standard deviations were calculated from the

analysis of three different plots. For 1–8-y-maize soils they were calculated

from a triplicate analysis of each soil sample.
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was no trend with duration of maize cultivation (Fig. 1).
Total VSC content of soil was not affected by these
variations. Therefore, we considered that VSC contents are
constant throughout the experimental field and do not vary
with years of maize cultivation (Fig. 1).

Phenol concentrations in the soils of the different
chronosequences are shown in Table 4. As for the V-, S-
and C-type phenols, the monomer contents of soils did not
show any trend with years of maize cropping. Syringalde-
hyde was the most abundant lignin monomer in soils
(Table 4). The aldehyde form of S- and V-types was the
most abundant one. Accordingly, the acid-to-aldehyde
ratios (Ac/Al)V and (Ac/Al)S were below 1 (Table 5). The
mean value was 0.5 for (Ac/Al)V and 0.7 for (Ac/Al)S. The
acid-to-aldehyde ratio of V- and S-units, (Ac/Al)V and
(Ac/Al)S did not vary significantly (Po0:05) with years of
maize cropping. The S/V ratio had a mean value of 1.5 in
the soils and did not significantly vary. These results
indicate that the state of degradation of soil lignin
remained unchanged after the introduction of maize
cultivation.

3.2. 13C contents of VSC in plant tissues

VSC derivatives in wheat and maize plants were depleted
in 13C compared to bulk plant OC (Table 6) by 4.4% for
wheat and 2.5% for maize. For both plants, we observed
major differences in the 13C contents of plant tissues (Table
6). In wheat plants, all the phenol monomers of stems,
except vanillic acid, were enriched in 13C compared to
those of roots and leaves. For maize plants, the phenol
monomers in roots were enriched in 13C compared to those
released from stems and leaves, with exception of
acetosyringone. In the different maize and wheat tissues,
the syringic acid was the most 13C-depleted of all the lignin
monomers. In wheat stems and total wheat plant, the
vanillic acid was depleted in 13C compared to vanillin while
in maize tissues and total maize plant, it was 13C-enriched
compared to vanillin. In both plants, p-coumaric and
ferulic acids were enriched in 13C compared to syringic and
vanillic acids.

3.3. 13C contents of soil VSC

In the wheat-control soil, the d13C of the VSC derivatives
ranged from �36.3% (syringic acid) to �30.2% (p-
coumaric acid) (Fig. 2). Before maize introduction, the S-
type lignins were the most 13C-depleted, while the C-type
phenols were the most enriched (Fig. 2(D)). The acidic
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Table 4

Concentrations of phenol monomers (mgOCg�1 SOC) in wheat-control, and 1- to 9-y maize soils, and mean values of monomer content in these soils

Years of maize cropping after wheat Mean

concentration

Mean

distribution (%)

0 1 2 3 4 5 6 7 8 9

Concentration (mg OCg�1 SOC)

Vanillin 1.670.3 1.670.4 1.870.5 1.670.1 2.270.3 2.070.3 1.870.5 2.070.1 1.670.2 1.670.2 1.870.2 1871

Acetovanillon 0.770.1 0.770.2 0.870.2 0.770.1 0.970.1 0.970.1 0.870.2 0.970.1 0.870.1 0.770.1 0.870.1 871

Vanillic acid 1.170.1 0.770.2 0.870.1 0.770.1 0.970.1 0.870.1 0.870.3 0.970.1 0.870.1 1.270.2 0.970.2 871

Syringaldehyde 2.170.3 1.570.4 1.870.4 1.670.1 2.270.2 2.070.3 1.970.4 2.370.1 1.870.2 2.570.2 2.070.2 2071

Acetosyringone 1.570.2 1.670.5 1.670.1 1.870.4 2.270.3 2.070.3 1.970.2 1.870.4 1.770.5 1.470.1 1.870.1 1872

Syringic acid 1.670.2 1.170.4 1.270.3 1.170.1 1.470.1 1.370.2 1.270.2 1.470.1 1.270.1 1.670.1 1.370.1 1371

p-coumaric acid 0.970.1 0.670.1 0.870.1 0.870.1 0.970.1 1.070.1 1.070.2 1.170.1 0.970.1 1.570.2 0.970.2 971

Ferulic acid 0.970.1 0.470.1 0.670.1 0.670.1 0.770.1 0.770.2 0.770.2 0.870.1 0.670.1 1.070.1 0.770.1 771

The mean proportion of each monomer relative to total VSC (%) is also indicated. For wheat-control and 9-y-maize soils, mean values and standard

deviation were calculated from the analysis of three different plots. For plants and for 1– 8-y-maize soils mean values and standard deviation were

calculated from triplicate analysis.

Table 5

Acid-to-aldehyde ratios of the vanillyl- (Ac/Al)V and syringyl-type (Ac/Al)S lignins and syringyl-to-vanillyl ratios (S/V) measured in the CuO oxidation

products of soils and plants

Soils (years of maize cropping after wheat) Plants

0 1 2 3 4 5 6 7 8 9 Average Wheat plant Maize plant

(Ac/Al)V 0.770.1 0.470.1 0.470.1 0.470.1 0.470.1 0.470.1 0.570.1 0.470.1 0.570.1 0.770.1 0.5 0.770.1 0.770.1

(Ac/Al)S 0.870.1 0.770.1 0.670.1 0.770.1 0.770.1 0.770.1 0.670.1 0.670.1 0.670.1 0.670.1 0.7 0.470.1 0.370.1

S/V 1.570.1 1.470.1 1.470.1 1.570.1 1.470.1 1.570.1 1.670.3 1.470.1 1.570.2 1.670.1 1.5 1.170.1 1.070.1

For wheat-control soil and 9-y-maize soils, mean values and standard deviation were calculated from the analysis of three different plots. For plant

samples and 1–8-y-maize soils mean values and standard deviation were calculated from triplicate analysis.

Table 6

Carbon isotopic composition (d13C, %) of bulk OC and phenol monomers in the different wheat and maize plants

Wheat Maize Difference

wheat-maize plant

Roots Stems Leaves Total plant Roots Stems Leaves Total plant

Vanillin �33.7 �31.2a �33.9 �32.2 �12.0 �16.6a �14.9 �15.0 �17.2

Vanilic acid �33.5 �33.7 �33.9 �33.7 �8.2 �11.4 �13.3 �11.6 �22.1

Syringaldehyde �33.6 �32.8a �38.0 �33.7 �13.3 �16.0a �18.4 �15.5 �18.2

Acetosyringone �34.6 �31.8a �34.3 �32.9 �17.9 �17.7a �16.9 �17.5 �15.4

Syringic acid �35.8 �34.7a �38.3 �35.9 �20.1 �21.7a �26.2 �23.0 �12.9

p�coumaric acid �30.1 �29.8a �31.2 �30.1 �9.9 �13.9a �15.1 �13.0 �17.2

Ferulic acid �30.0 �28.2a �30.5 �29.1 �11.8 �14.5a �15.8 �14.5 �14.6

V �33.6 �32.2 �33.9 �32.8 �10.7 �14.2 �14.2 �13.6 �19.2

S �34.0 �32.8a �37.7 �34.2 �14.2 �17.4a �20.8 �17.3 �16.9

C �30.1 �29.1a �30.7 �29.7 �10.3 �14.0a �15.4 �13.4 �16.3

VSC �31.6 �31.3 �33.8 �32.0 �11.2 �14.8 �16.2 �15.0 �17.0

Bulk plant OC �28.4a �27.6a �28.5a �27.6 �11.8a �12.5a �12.8a �12.5 �15.1

Values for total plant are calculated by weighting the d13C values in the different tissues by its contribution to the total plant biomass.
aValues given in Dignac et al. (2005).
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phenols with V- and S-structures were depleted in 13C
compared to the aldehyde ones (Fig. 2(A and B)). As
already observed in plants, the p-coumaric and ferulic acids
in soils were enriched in 13C compared to the other
phenols.
After the introduction of maize cropping, an enrichment
in 13C was observed for the soil VSC, which affected all the
monomers (Fig. 2). The d13C values of individual phenols
in the 9-y-maize soil ranged from �27.3% for syringic acid
(Fig. 2(A)) to �18.8% for p-coumaric acid (Fig. 2(C)).
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Fig. 2. Carbon isotopic composition (d13C, %) of S- (A), V- (B) and C- (C) phenols and of the V-, S- and C-moieties (D) in soils as a function of the

duration of maize cropping after wheat. Mean values and standard deviations were obtained from three replicate GC/C-IRMS analysis of a soil sample

obtained by combination of three CuO oxidation, except for wheat-control and 9-y-maize soils, for which these were obtained from the analysis of soils

from three replicate plots.
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The level of 13C enrichment observed after maize
introduction varied among the phenol monomers. The C-
type phenols, which, as noted above, were always enriched
in 13C compared to the other phenol types, displayed also
the highest increase in d13C after 9 years of maize cropping
compared to the wheat-control (+10.1%). The V-type
lignins had the lowest increase in d13C of all phenol types
after 9 years of maize cropping (+5.4%). The increase of
d13C after 9 years was +7.7% for the S-type lignins. The
d13C values of the V-type lignin remained on a plateau
between years 6 and 9, when those of the S and C moieties
still increased until 8th year.

3.4. Proportion of maize-derived OC in soil lignin OC

The proportions of maize-derived OC increased in soil
lignin pools with the duration of maize cultivation for all
lignin monomers, but at various rates (Fig. 3). After 1 year
of maize cropping, the p-coumaric acid pool showed the
highest proportion of maize-derived monomers (38%) and
the syringaldehyde pool the lowest (10%). For all
monomers but syringic acid, maize lignin incorporation
was fastest during the first 6 years than the 3 subsequent
ones (Fig. 3), when it stayed on a plateau.
V-lignin incorporation into soils appeared faster for the
aldehyde than the acid form (Fig. 3(B)). In contrast, S-
lignin incorporation was higher for the acid form than for
the aldehyde form (Fig. 3(A)). The difference between acid
and aldehyde forms of the S-type was the strongest after
6–9 years of maize cropping, when the proportion of
maize-derived OC reached a plateau for syringaldehyde,
while it kept increasing for syringic acid. For C-type
phenols, the incorporation of maize-derived OC after 9
years of maize cropping was higher in p-coumaric (67%)
than in ferulic acid (53%) (Fig. 3C).
We calculated the proportion of maize-derived OC for

each phenol-type (V, S and C) as the weighted average of
the incorporation of the different monomers of one type
(Fig. 2(D)). As already observed for the monomers, the
proportion of maize-derived OC in the different phenol type
pools increased with years of maize cultivation, showing
different kinetics. Proportion of maize-derived OC was
always highest for C-type phenols and lowest for V-type
lignins. During the first 6 years of maize cropping, the three
phenol types behaved in a similar manner, showing nearly
linear increases with different rates. Between 6 and 9 years,
the incorporation reached a plateau for V-type lignins, while
it increased until the 8th year for C- and S-type phenols.
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4. Discussion

4.1. Soil VSC content

The CuO oxidation method, as all the molecular
approaches based on the chemical release of lignin
monomers, may underestimate lignin concentrations.
There is no known way to estimate CuO oxidation
efficiency, since lignin quantification methods based on
the isolation of lignin macromolecules by acidolysis and
extractions tend to overestimate lignin contents, due to
possible impurities in the isolated residue (Lapierre et al.,
1986). However, since lignins in wheat and maize plants
were very similar and since all the plots in our field
experiment experience the same conditions, we made the
hypothesis that the efficiency of monomer release is the
same in all the soils, in which V, S and C concentrations
can thus be compared.

The soils sampled at the Closeaux had a VSC content of
8.2–11.5mg OCg�1 SOC, and the VSC concentrations did
not show any trend with duration of maize cultivation (Fig.
1). Similar contents were reported for other silty and sandy
arable soils, ranging from 6.5 to 13.4mg OCg�1 SOC
(Guggenberger et al., 1994; Solomon et al., 2002; Kiem and
Kögel-Knabner, 2003). Higher contents (23mg OCg�1

SOC for the sum of S- and V-type lignin) were measured by
Martens et al. (2003) in a silty clay soil in southeast
Nebraska, under maize–soybean rotation.

In grassland soils, the VSC contents in the 0–20 cm depth,
ranging from 6.2 to 11.4mg OCg�1 SOC (Guggenberger et
al., 1994; Lobe et al., 2002) are similar to soil lignin contents
in the Closeaux cultivated field. In the upper (0–10 cm) layer
of grassland soils, Amelung et al. (1999) obtained a larger
VSC content of 28.1mg OCg�1 SOC.

In forest soils, the VSC contents are generally in the
range 7.2–16.8mg OCg�1 SOC (Guggenberger et al., 1994;
Solomon et al., 2000; Jolivet et al., 2001; Rumpel et al.,
2002; Dignac et al., 2002), which is again in the same order
of magnitude as the soil VSC contents in the Closeaux field.
VSC contents in grassland and forest soils are thus in the
same range as those observed in cultivated soils, and land
uses do not appear to influence VSC contents.

4.2. Lignin degradation indicators

The ratio of S/V and the ratios of acid-to-aldehyde forms
of the V- and S-type CuO oxidation products (vanillic acid-
to vanillin, (Ac/Al)V and syringic acid-to-syringaldehyde,
(Ac/Al)S) are classically used to follow lignin degradation
(Kögel., 1986). However, the ratio of V- to S-type lignins
also reflects the vegetation type, since contrasting distribu-
tion of V- and S-type lignins are observed in gymnosperms
and angiosperms. Gymnosperms mainly contain lignin
units of V-type, while angiosperms contain similar propor-
tions of V- and S-type units, which leads to different
contribution of V- and S-type monomers upon CuO
oxidation (Hedges and Mann, 1979). The S-to-V ratio
(S/V) can thus only be used as an indicator of lignin
degradation when comparing similar vegetation systems. In
a system where the total VSC content is constant, the
degree of lignin degradation in soil is indicated by the (Ac/
Al)V and (Ac/Al)S ratios and by S/V ratio of the CuO
oxidation products (Ertel and Hedges, 1984; Kögel, 1986),
although, as already discussed, a part of the degraded
lignin structures is excluded by the analytical method.
The mean values of (Ac/Al)V and (Ac/Al)S ratios in our

soil samples were 0.5 and 0.7, respectively. The value for
(Ac/Al)V is higher than data reported for arable soils
(0.2–0.3, Lobe et al., 2002; Kiem and Kögel-Knabner,
2003) and for grassland soils (0.2–0.4, Amelung et al., 1999;
Lobe et al., 2002). Lobe et al. (2002) found similar (Ac/Al)S
ratios for wheat soils (0.6–0.7). However, the (Ac/Al)V and
(Ac/Al)S ratios in wheat and maize plants which are
returned to the soil in our experiment (0.7 and 0.3–0.4,
respectively, Table 5) are higher than those found in the
literature (0.3–0.4 for (Ac/Al)V in Jolivet et al., 2001; o0.1
for (Ac/Al)V and 0.1–0.2 for (Ac/Al)S in Lobe et al., 2002),
which may be due to different maturity of the analyzed
plants.
The (Ac/Al)V ratios reported for forest soils (1.3–2.1,

Kögel, 1986; Jolivet et al., 2001) are higher than those of
arable and grassland soils. Such differences may be due to
the fact that lignins in surface forest soil are more degraded
than lignins in agricultural soils, as suggested by Guggen-
berger et al. (1994).
The S/V ratio of 1.7 obtained by Kiem and Kögel-

Knabner (2003) in soil under wheat–maize–barley rotation
is similar to our data (average 1.5, Table 5). The S/V ratios
observed in grasslands are slightly lower (1.1) than in
cultivated soils (Amelung et al., 1999; Lobe et al., 2002).
The S/V ratio in wheat and maize plants (1.0–1.1, Table 5)
is similar to that in grass plants (1.0, Amelung et al., 1999;
Lobe et al., 2002), which suggests that soil lignins are more
degraded in grasslands than in agricultural soils.

4.3. Molecular dynamics of lignins over a 9 year period

The long-term field experiment at ‘‘les Closeaux’’ has
been designed to take advantage of the different isotopic
signatures of C3 and C4 type vegetations for the study of
SOM turnover. One major difficulty with lignin quantifica-
tion is that intact polymers cannot be extracted from soil.
Although the mechanisms of partial oxidation of lignins
may produce molecules unrecognizable as lignins after
CuO oxidation, the CuO oxidation method appears as the
best proxy for estimating the fate of intact monomers. In
addition, the contrasting fate of the different phenols in
soils as measured by CuO oxidation (Fig. 3) suggests that
the dynamics of individual phenols is relevant in itself to
understanding lignin decomposition processes in soils.

4.3.1. Dynamics of V-, S- and C-type phenols

We observed that the proportion of maize-derived OC in
the V-type lignin pool is always lower compared to the
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proportion in the S-type lignins. The proportion of maize-
derived OC incorporated in the C-type phenols was larger
than those of the two other lignin types (Fig. 3(D)). Since
VSC contents in the chronosequence soils are at equili-
brium, kinetics of incorporation of maize-derived lignin
can be considered as equivalent to the decomposition
kinetics of wheat-derived lignin. Hence, over a decade, C-
type phenols turned over faster that S-type lignins and than
V-type lignins. Kirk et al. (1975b) found similar trends at
another time scale, when incubating birch wood. Hedges
et al. (1988), incubating birch wood with a selection of
white- and brown-rot fungi for 12 weeks also observed that
S-type phenols were decomposed more rapidly (decom-
position rate 0.0192%d�1, t1=2 ¼ 36:1 yr) than V-type ones
(0.0130%d�1, t1=2 ¼ 53:3 yr).

Several hypothesis may explain the in situ biodegrada-
tion kinetics described in this study.

Localisation in the plant: Incubating birch wood with
Coriolus versicolor, Kirk et al. (1975b) explained the
preferential degradation of V- over S-phenols by their
localization in the plant tissues. During cell wall formation
in angiosperms, hydroxyl-type phenols are deposited first,
followed by V-type ones, and then S-type phenols
(Donaldson, 2001). Coumaric acids are mainly present at
the periphery of lignins (Scalbert et al., 1985), while ferulic
acids are implicated in cross-linking cell-wall polysacchar-
ides with lignins (Ralph et al., 1992). This spatial
distribution may render C-type phenols more accessible
to enzymes as compared to S- and V-type ones, which are
embedded deeper in the lignin structure. This is consistent
with the contrasting in situ biodegradation kinetics, faster
for C-type, and slower for V-type phenols.

Cross-linked structure: Ertel and Hedges (1984) explained the
higher resistance to biodegradation of V- over S-type lignins by
their higher degree of cross-linking. During the polymerisation
process V-type phenols form a higher proportion of resistant
‘‘dimer’’ linkages (b-5, 5–5 and 5–O–4) than the S-type ones,
because the aromatic C5 position of the V-type phenols is
available for coupling whereas it is engaged in a bond with a
methoxy sidechains in the S-type ones (Monties, 1994; Boerjan
et al., 2003). Since dimer linkages are more resistant to
biodegradation than the b–O–4 aryl linkages (Kirk and
Farrell, 1987), this is also consistent with the kinetics observed
for V- and S-type lignins.

Preferential biodegradation of some lignins: Beside these
two hypotheses generally proposed to explain the contrast-
ing degradation kinetics of V-, S-, and C-type phenols in
the short term, some biodegradation mechanisms may act
differently on these structures. A number of possible
reactions have been evidenced in the literature for lignin
biodegradation, from incubation studies. These reactions
lead either to degraded lignin structures which are still
recognized as lignins after CuO oxidation, or to degraded
structures which are not recognized as lignins after CuO, or
to the complete mineralization of lignins.

The Ca–Cb cleavage of the phenylpropane sidechains is
a major reaction during lignin depolymerization by fungi
(Kirk and Farrell, 1987; Camarero et al., 1997) and has
been demonstrated to occur in forest soils (Kögel, 1986).
The Ca–Cb cleavage products of angiosperm S-type lignins
have been shown to be more rapidly degraded by
Phanerochaete chrysosporium than the V counterparts
(Faix et al., 1985), which is consistent with the faster in
situ turnover of S- over V-type lignins.
Demethoxylation of lignin is another important biode-

gradation mechanism (Haider et al., 1977; Martin et al.,
1980, 1982; Dec et al., 2001). A partial demethoxylation
would transform S-phenols, bearing two methoxy groups
into V-phenols, bearing a single methoxy group. Apart
from the faster microbial attack of S- vs. V-units, the
greater incorporation of maize-derived OC in the S- vs. V-
type phenols could also originate from the transformation
of S-type phenols into V-type phenols by partial demethox-
ylation. To our knowledge, this mechanism, which may
take place in soils, has not been suggested yet to explain the
different behaviors of V- and S-type lignins.

Protection of lignins: The biodegradation processes
explored in incubation and litterbag studies may be
balanced in soils by protection mechanisms involving
interaction with the mineral phase (Baldock and Skjem-
stad, 2000). Miltner and Zech (1998) incubated beech leaf
litter in the presence of different mineral phases, and
showed that Al hydroxides lowered the biodegradation
rates of lignin monomers, which was attributed to physical
or physicochemical protection. Batistic and Mayaudon
(1970) also showed that phenolic substances are stabilized
against biodegradation in soil by adsorption to organic
colloids. Martens (2002), incubating soil with plant
residues, showed a stronger correlation of soil aggregate
stability with vanillin contents of soils than with syringal-
dehyde contents.
The reactivity of V- and S-moieties with mineral phases

may differ due to differential geometric accessibility of
their reactive sites. The bonding sites may be more
accessible in V phenols, which have only one methoxy
group compared to S phenols, bearing two methoxy
groups. This would lead to higher stabilization of V- over
S-type monomers, contributing to the slower turnover of
V- compared to S-lignins.
Different hypotheses can thus explain the observed

differences in the in situ dynamics of V-, S- and C-type
phenols: (i) the specific localization of the phenol types
within the plant tissues; (ii) the contrasted condensation of
the V- and S-type lignins; (iii) a faster degradation of the
products of Ca–Cb oxidative cleavage of lignin for the S-
type compared to V-type one; (iv) the partial demethox-
ylation of S-type phenols, thus transformed into V-type
ones; (v) a contrasted physico-chemical protection of V-
and S-type lignins on reactive soil surfaces.

4.3.2. Dynamics of lignin monomers

In addition to differences in the dynamics of S-, V- and
C-type phenols, we observed differences in the dynamics of
phenolic monomers of the same type. The proportion of
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Fig. 4. Tentative description of the V-type lignin kinetics with an

exponential model, using all the data points (solid line), and with a linear

fit (dashed line) using the extreme data point (9 years).
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maize-derived OC over the 9-year period of maize
cultivation after wheat decreased in the order p-coumaric
acid ¼ syringic acid4acetosyringone4ferulic acid4syrin-
galdehyde4vanillin4vanillic acid.

For the C-type monomers, the slower turnover kinetics
of ferulic acid compared to p-coumaric acid (Fig. 3(C))
may be due to the occurrence of ferulic acids as ester-linked
between polysaccharides and lignins (Iiyama et al., 1990),
whereas p-coumaric acids are only linked to lignin
(Scalbert et al., 1985; Higuchi, 1990), and should thereby
be degraded more easily. Miltner and Zech (1998) found
similar amounts of p-coumaric and ferulic acids (respec-
tively 65 and 69%) remaining after 498 days of incubation
of beech leaf litter without mineral phase. This confirms the
importance of mineral phases on the in situ degradation
kinetics of lignins.

Comparing acid monomers to the corresponding alde-
hyde forms, we found that aldehydes turned over faster
than acids for V-type monomers, and the reverse for S-type
monomers (Fig. 3(A and B)). These results are consistent
with those of Hedges et al. (1988) who incubated birch
wood with Phanerochaete tremellosus and observed a decay
of vanillin and an increase of vanillic acid contents during
the experiment. Johansson et al. (1986) also observed an
increase of vanillic acid contents after 1106 day incubation
of Norway spruce needles in a litter bag. Hedges et al.
(1988) explained this increase by the transformation of
aldehydes into acids during lignin degradation, which they
did not observe for S-type phenols.

In our experiment acetosyringone turned over faster
than syringaldehyde (Fig. 3(A)), which is also consistent
with the incubation study of Hedges et al. (1988) who
showed that the aldehyde forms were degraded faster than
ketone ones during birch wood degradation by fungi.

Striking similarities were thus observed between the
kinetics of degradation of lignin monomers and V-, S- and
C-type phenols in soil obtained in the present work in situ
and over nearly a decade and short-term data obtained by
other authors from laboratory incubations under con-
trolled conditions or from litterbag studies. This suggests
that the biodegradation and stabilization mechanisms
proposed by these authors apply also to longer-term
decomposition of lignins in natural environments.

4.4. Computing turnover kinetics of lignins

Most studies using 13C natural abundance are based on
(i) a reference plot, continuously under either C3 or C4
vegetation and (ii) a plot under continuous C4 or C3
vegetation for a known duration. The turnover kinetics of
OC in bulk soil and in soil fractions is then calculated
assuming most often first order kinetics, i.e. exponential
decay, and sometimes linear kinetics (e.g. Balesdent et al.,
1987). Very few studies have been based on chronose-
quences with more than one point, because it implies access
to archive samples from the site (e.g. Balesdent et al., 1988),
or different successions of C3 and C4 vegetation or vice
versa, on the same soil type (e.g. Jastrow et al., 1996). In
our previous work (Dignac et al., 2005), we used the two
extreme points of the chonosequence of ‘‘Les Closeaux’’
and assumed linear kinetics of total VSC over the 9-year
period to estimate lignin turnover kinetics. Here, using nine
plots from the chronosequence, with a yearly step, we
found that none of the observed kinetics had a linear shape
(Fig. 3).
Modeling of the incorporation of maize-derived OC in

the soil lignin pools is beyond the scope of this article, and
a multiple-pool model has been developed elsewhere for the
evolution of total soil lignin (Rasse et al., 2006), and will be
adapted in a future work to the lignin monomer data. Here
we simply fitted linear and biexponential equations to the
incorporation data for V-lignins (Fig. 4). The use of a
linear kinetic model would underestimate the turnover
kinetics at the beginning of the kinetics and overestimate it
for longer times. This would be the same for all the phenols
and all the phenol types. This observation underlines the
importance of comprehensive 13C-SOM time sequences
such as provided by the Closeaux experimental design,
which permit to accurately describe the kinetics of SOM
changes for the 1st year of vegetation change.

5. Conclusions

Lignin kinetics described in this study were monomer
specific. We observed a remarkable similarity between the
trends observed in situ over 9 years and those described in
published incubation and litterbag studies. Even though
the analysis is complex due to the diversity of possible
reactions and to the filter imposed by the CuO oxidation
method, which does not give access to all degradation
products from lignins, the main pathways proposed in the
literature still seem to hold in situ.
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The rate of incorporation of maize-derived OC varied
among phenols and was characterized for most of the
monomers by a plateau, which was attained after 6 years. It
could not be described by linear kinetics, and an
exponential kinetic approach has to be developed. Further
quantitative description of the turnover kinetics of the
different lignin monomers will be performed using these
molecular data to develop a quantitative dynamic model.
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Kiem, R., Kögel-Knabner, I., 2003. Contribution of lignin and

polysaccharides to the refractory carbon pool in C-depleted arable

soils. Soil Biology & Biochemistry 35, 101–118.

Kirk, T.K., Farrell, R.L., 1987. Enzymatic combustion: the microbial

degradation of lignin. Annual Review of Microbiology 41, 465–505.

Kirk, T.K., Connors, W.J., Bleam, R.D., Hackett, W.F., Zeikus, J.G.,

1975a. Preparation and microbial decomposition of synthetic [14C]-

lignins. Proceedings of the National Academy of Sciences of the

United States of America 72, 2515–2519.

Kirk, T.K., Chang, H.M., Lorenz, L.F., 1975b. Topochemistry of the

fungal degradation of lignin in birch wood as related to the

distribution of guaiacyl and syringyl lignins. Wood Science and

Technology 9, 81–86.
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