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• Changes on soil organic matter dynam-
ics under different land uses are still
poor understood.

• Lignin biomarkers and isotopic signa-
ture were measured in water stable ag-
gregates.

• Lignin was preserved and carbon was
stored in larger aggregates under grass-
land.

• Litter quality and land use reduced car-
bon turnover in fine fractions of ley
grassland.

• Grassland footprint is still relevant after
three years of continuous cropping.
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Implementation of ley grassland into crop rotation could have positive influence in soil ecosystem services such
as C storage. The periodical changes of land-use plus the in situ labelling given by the introduction of maize crops
under ley grassland induce differences in soil organicmatter (SOM) that could be traced either by stable isotopes
or by the characterization of plant biomarkers such as lignin derived phenols. Evaluation of SOM dynamics is
often limited by the complexity of soil matrix. To override these limitations, a hierarchical approach to decom-
pose the soil mosaic into aggregates has been proposed in this study. Soil and plant samples were collected
from a long-term experimental area in Lusignan (western France). Soils from four different treatments (bare fal-
low, permanentmaize, permanent grassland, and ley grassland based on 6 years of grassland followed by 3 years
of maize) were sampled, fractionated into water stable aggregates, and finally analysed for carbon, nitrogen, and
lignin contents, as well as for 13C isotopic signature.
Soils under ley and permanent grassland stored higher amount of SOM in larger aggregates and preserved more
efficiently the lignin stocks than the corresponding samples under permanent maize. Contemporary, finer frac-
tion of ley grassland showed higher mean residence time of organic carbon, probably due to a legacy effect of
the previous years under grassland. Even if maize derived SOM was identified, the grassland footprint was still
dominating the ley grassland soils, as described by the principal component analysis. Strong correlation between
these results and the quality and stoichiometry of the vegetal litter returned to soil were found, evidencing the
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needs for a comprehensive evaluation at a molecular level of all the parameters modified by land-use changes,
including tillage, to understand the potential for carbon storage of different agroecosystems.

© 2016 Elsevier B.V. All rights reserved.
Fig. 1. Simplified schema of interactions between different land-uses and soil parameters
analysed in this study.
1. Introduction

Achieving a sustainable equilibrium among agricultural practices
and environment is the main goal for agronomic research nowadays
(Smith et al., 2015a, b; Keesstra et al., 2016) Land management should
tend to a sustainable agriculture to guarantee or improve crop yields
and soil quality, while limiting greenhouse gases emissions (Lal, 2000;
IPCC, 2013). Perennial systems, such as grassland, or alternation of
grassland and cropland have been indicated as more efficient than per-
manent cropping systems in terms of Corg sequestration and increasing
biodiversity and nutrient availability of the agroecosystem (Lemaire et
al., 2011; Gelfand et al., 2013; Lemaire et al., 2015; Parras-Alcántara et
al., 2015; Rumpel et al., 2015). Therefore, temporary or ley grassland
should be considered not only in terms of fodder production for live-
stock, but also as a landscape area for realizing some essential ecosys-
tem services, such as absorbing negative environmental impacts
resulting from intensive agriculture (Lemaire et al., 2015). For exemple,
nitrate leaching was greatly reduced after the introduction of ley grass-
land into a cropping cycle (Kunrath et al., 2015).

Soil organicmatter (SOM) plays a key role for agroecosystems, given
that increasing carbon stocks concomitantly improves soil structure,
fertility, and crop yields (Six et al., 1999; Lal, 2002). The storage of or-
ganic compounds in soil is mainly achieved by promoting the retention
of the litter proceeding from previous crops and/or the incorporation of
amendments. However, the mechanisms that underlie the incorpora-
tion of Corg from residual plant litter into themineral soil remain widely
unknown, since they are widely variable depending on edaphoclimatic
characteristics and land-use (Kögel-Knabner and Ziegler, 1993;
Gleixner et al., 2002; Franzluebbers, 2004; Panettieri et al., 2015). Fur-
thermore, the complexity of soil samples has always represented a
major barrier for molecular-scale analyses of SOM (Derenne and
Nguyen Tu, 2014).

In recent studies, the combination of a hierarchic approach provided
by soil fractionation and successive chemical characterization of SOM
pools has been used as a way to identify different behaviours of SOM
at amolecular level (Ludwig et al., 2015; Panettieri et al., 2015). In addi-
tion, stable isotope analyseswere extensively used tomeasure the turn-
over of SOM under different conditions, especially for land-use changes
and for conversion from C3 to C4 vegetation (Balesdent et al., 1987;
Balesdent andMariotti, 1996; Dignac et al., 2005). Larger aggregate frac-
tion was identified as the most reactive to changes in land-use, and ag-
gregate disruption induced by tillage has been correlated to carbon
losses, worsening of soil physical properties and soil quality (Six et al.,
2000a; Bronick and Lal, 2005; Panettieri et al., 2013; Six and Paustian,
2014). However, other authors found more pronounced changes in
chemical composition of SOM in smaller size fractions when grassland
was changed to arable land (Leifeld and Kögel-Knabner, 2005).

While disaggregating forces are often exogenous or related to
changes in land-use, aggregation is mainly led by intrinsic factors of
the soil-plant-water system, as for example root activity (Rasse et al.,
2005) and the composition of organic inputs added to soil (Hu et al.,
2016). Green litter or mucilage demonstrated to greatly increase aggre-
gation at short term,whereasmore stabilized OMsources as compost or
humified substances have an impact of lower magnitude but more
prolonged in time (Abiven et al., 2009).

A deeper follow up of OM accrual after introduction of ley grassland
into cropping systems has been carried out using specific plant bio-
markers and in situ labelling (Armas-Herrera et al., 2016). Among bio-
markers, lignin derived compounds are specifically synthetized by
plants and largely stored in soil via selective interactions within some
of the compartments of soil matrix (Clemente and Simpson, 2013).

Lignins represent approximately 20% of litter input into soils
(Thevenot et al., 2010) and is characterized by slow decomposition
rates, thereby being a major controlling compound of litter degradation
once added to soil (Sanaullah et al., 2010). However, recent studies
found faster turnover for lignin phenols than for total SOM, and conse-
quently different mechanisms for stabilization/degradation of lignins
were proposed (Dignac et al., 2005; Thevenot et al., 2013). The hypoth-
esis about the presence of two different pools of lignin characterized by
fast and slow degradation rate, respectively, has been described by Lobe
et al. (2002) and further confirmed by the model proposed by Rasse et
al. (2006) in which 92% of lignin derived compounds are not stabilized
within the soil matrix and, thus, quickly degraded. Therefore, a molecu-
lar study of lignin fate in soil constitutes a valid approach to the under-
standing of SOM behaviour (Heim and Schmidt, 2007a).

We hypothesized that ley grassland rotation could improve the net
carbon storage at mid- to long-term, changing the dynamics of SOM ac-
crual. Furthermore, we hypothesized that changes in land-use affect the
SOM dynamics in specific compartments of the soil matrix so that the
overall effect could be hidden when complete soil is analysed, as sum-
marized in Fig. 1. Long term studies investigating soil organic matters
dynamics in ley grassland rotations are scarce and showed contrasting
effects related to the type of rotation (Studdert et al., 1997), but no avail-
able studies have been targeted to the molecular level.

This experiment consisted of maize cropping as in continuous
monoculture or as part of temporary grassland. The treatments were
established on fields previously cultivated with C3 plants to label by in
situ natural 13C enrichment the litter input during the cropland phase.
We sampled soils, which had been for 9 years under permanent grass-
land (I), or under permanent cropland (II), left bare for 9 years (III)
and under temperate grassland for 6 years (IV). The latter treatment
was sampled after the 3 years of crop in order to detect the legacy effect
of the ley grassland. The presence of bare fallow plots permitted to com-
pare the persistence of SOM and its allocationwithin the soil aggregates
in absence of fresh inputs and soil perturbation, against the three differ-
ent treatment analysed. Soil aggregates were isolated to overcome soil
matrix complexity using a hierarchical approach. We analysed bulk
soil and aggregate samples for stable carbon isotopes as well as lignin
biomarkers.

The aims of this study were to (I) explore soil fractions of water
stable aggregates to investigate how land-use with changing quantity
and quality of litter input (bare fallow, continuous cropping, ley and
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permanent grassland) affects the allocation and turnover of SOMwithin
the hierarchical organisation of the soil matrix; (II) to analyse the legacy
effect of ley grassland introduction into the cropping cycle in terms of
protection of different SOM types within different aggregate fractions.

2. Materials and methods

2.1. Experimental area

We sampled soil from a long-term field experiment (SOERE-ACBB:
Systems of Observation and Experimentation in Environmental Re-
search-Agro-ecosystem, Biogeochemical Cycles and Biodiversity) at
the INRA experimental station located near Lusignan (46°4′N, 0°1′E)
in western France. The soil is a cambisol with loamy texture (105 g
kg−1 sand, 727 g kg−1 silt and 168 g kg−1 clay), a pH(H2O) = 6.3 and
an organic carbon content of 11 g kg−1 in the arable layer, 0–30 cm
depth (Moni et al., 2010).The area has a temperate climate with a
mean annual temperature of 10.5 °C and mean annual precipitations
around 600–700 mm.

Until 2005, prior to the establishment of this experiment, the area
has been devoted to agricultural practices for at least 70 years, and
hosted previously an oak forest (Senapati et al., 2014). The initial carbon
signature of the soil, before the setup of the rotationwas about−25.0‰,
thus dominated by C3 derived SOM (Chabbi et al., 2009). For this exper-
iment 4 treatments were selected: (I) permanent grassland treatment
(TG) plots of about 4000m2 inwhich Lolium perenne (CvMilca), Festuca
arundinacea (Cv Soni), and Dactylis glomerata (Cv Ludac) compose the
dominant vegetation, (II) ley grassland (LG), in which 6 years of prairie
grassland as in PG are alternated with 3 years of cropland, (III) perma-
nent cropland (PC), and (IV) bare fallow (BS) subplots of 54 m2 each
with no vegetation. For the LG and PC treatments, only the subplots of
about 500–700m2 undermaize Zeamays (L.)monocroppingwith N fer-
tilization were selected. Each treatment has 4 plots considered as field
replicates, organized in a completely randomized experimental design.
Fertilizer rate and date of application were targeted at nitrogen nutri-
tion index (NNI) of 0.9–1.0 for grassland (Lemaire et al., 2008) whereas
N fertilization for cropped plots followed the local agronomic practices.
On average, plots under grassland received 240 kg of N ha−1 and plots
under maize were fertilized with an average of 98 kg of N ha−1. In the
period under evaluation (2005 to 2014), permanent grassland received
a total of 2160 kgofN ha−1, whereas ley grassland andpermanent crop-
land received 1681 and 885 kg of N ha−1, respectively (Kunrath et al.,
2015). Grasslands were subjected to regular mowing and hay harvest-
ing three times per year. Tillage procedures for cropland plots involved
mouldboard ploughing with topsoil/subsoil inversion at 25–30 cm
depth, cultivation of one maize crop per year, and harvesting.

2.2. Sampling

Sampleswere collected in July 2014, during the last cropland year of
the ley grassland plots and before the maize harvest. Soil was sampled
at a 0–30 cm depth, comprising the arable layer, using stainless steel
cylinders in order to allow the minimum disruption of soil aggregates.
Five soil cores were collected at each plot and merged to obtain a com-
posite sample per plot, with 4 replicates for treatment for a total of 16
samples. Water content of bulk soil samples was measured right after
the sampling, then soil was dried at room temperature. Results regard-
ing root and shoot inputs in cropland and grassland plots are referred to
samples collected in triplicate, oven dried at 60 °C and ground to a fine
powder (ø b 100 μm).

2.3. Aggregate fractionation

Water stable aggregates were isolated from bulk soil samples using
the method of Elliott (1986) modified by Le Bissonnais (1996). Briefly,
50 g of dried sample were passed through a 7.1 mmmesh sieve. Bigger
clods and plant residues were discarded and only material ø b 7.1 mm
was retained and allowed to slowly slake for capillarity on a sand/kao-
linite basin for 1 h. Successively, soil was placed on a 2 mm mesh
sieve, submerged in deionised water and sieved for 2 min oscillating
the sieve 50 times with a vertical excursion of 3 cm. Soil retained on
the top of the 2 mm sieve represented the larger macroaggregates frac-
tion (LMA, ø 2–7.1 mm). The procedure was repeated with the soil sus-
pension containing the other fractions, using 0.200 mm and then 0.050
mesh sieves to separate macroaggregates (MA, ø 0.200–2 mm),
microaggregates (miA, ø 0.050–0.200) and silt + clay (S + C,
ø b 0.050 mm) fractions. Samples were freeze dried, finely ground and
stored for further analyses. Aggregate separation process revealed a
98% of average recovery, with 93% as the lowest obtained value. In
total, 4 fractions were collected for each treatment and replicate, for a
total of 64 aggregate fraction samples.

2.4. Chemical and isotopic analyses

Carbon and nitrogen content, togetherwith 13C isotopic signature, of
bulk soil and aggregates samples were measured using an elemental
analyser (CHN NA 1500, Carlo Erba) coupled with an isotopic ratio
mass spectrometer (VG Sira 10, Girardin and Mariotti, 1991). The labo-
ratory reference is calibrated against the international standard VPDB.
Results were expressed as δ13C, the isotopic ratio (13C/12C) relative to
the standard (VPDB):

δ13C ¼
13C=12C

� �
sample

13C=12C
� �

VPDB

0
B@ −1

1
CA� 1000 ð1Þ

The turnover of total SOM can be therefore quantified using the 13C
enrichment provoked by maize crops in plots under permanent crop-
land and ley grassland. The δ13C signature was expressed using the
equation of Balesdent and Mariotti (1996), simplified as described by
Dignac et al. (2005):

F ¼ TOCnewM

TOCM
¼ δM−δG

δnewM−δnewG
ð2Þ

in which TOC stands for total carbon of the soil or the analysed fraction,
and TOCnew for the carbon derived from the new vegetation, and simi-
larly for the isotope ratio δ. The subscripts M and G stand for the two
plots under maize (permanent cropland, after 9 years of maize and ley
grassland, after 3 years of maize) and permanent grassland, respective-
ly. To estimate the term (δnewM− δnewG), the difference in isotopic com-
position between plant materials was used. The relative proportions of
biomass inputs from roots and shoots (Table 2) have been used to esti-
mate δnewM and δnewG as theweighted average of the corresponding iso-
topic signatures of plant organs.

TOC decomposition is assumed to follow first order kinetics and the
percentage of new carbon can be used to estimate Corg turnover times,
which is the inverse of the decay constant, k according to the simplified
equation used by Balesdent et al. (1990):

T ¼ 1
k
¼ −

t
ln 1−Fð Þ ð3Þ

where T is the turnover time (years), k is the decay constant (year−1), t
is the number of years of maize cultivation (years), and F is the fraction
of new carbon in soil.

2.5. Lignin characterization

An alkaline oxidation by CuO was carried out using 500 mg of each
soil sample (50 mg for plant material) to release phenol monomers
from lignin (Hedges and Ertel, 1982; Kögel and Bochter, 1985).
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Purification of the extracts was achieved by precipitation of humic acids
followed by solid-phase extraction with 1 g SPME REC18-columns,
which were rinsed with ethyl acetate to elute and collect the
monophenols. To check for sample losses during experimental proce-
dure, ethylvanillin was added as recovery standard before the purifica-
tion steps. A solution of internal standard phenylacetic acid in pyridine
was used to take up dried samples.

Monophenols were derivatised by BSTFA (N,O-
Bis(trimethylsilyl)trifluoroacetamide) and quantified using a Hewlett
Packard gas chromatograph (HP GC 6890) equipped with a flame
ionisation detector (GC-FID) and a SGE BPX-5 column (65.0 m ×
320 μm ID, 0.25 μm film thickness, SGE, Australia). Helium was used
as carrier gas with a constant flow of 1 ml min−1. Temperature specifi-
cations were as follows: injector was set at 280 °C and detector was set
at 350 °C, temperature program: 100 °C hold for 2 min, 8 °C min−1 to
172 °C, 4 °C min−1 to 184 °C, 10 °C min−1 to 310 °C, hold for 5 min.

Lignin monophenol concentration was calculated using standard
mixtures of vanillin, acetovanillone and vanillic acid for the vanillyl
(V)–type lignin units, syringaldehyde, acetosyringone, syringic acid for
the syringyl (S) units, and p-coumaric acid and ferulic acid for cinnamyl
(C)–type units. A sum of VSC units represented the total lignin content.
The acid to aldehyde mass ratios (Ac/Al)V and (Ac/Al)S, together with
the mass ratios S/V and C/V were used as indicators of lignin degrada-
tion (Hedges and Ertel, 1982).

2.6. Statistical analyses

Data normality was tested by the Shapiro-Wilk test. Significant dif-
ferences between treatments were analysed by running a univariate
analysis of variance (ANOVA) and subsequently a Tuckey test to test
whether there was a significant (p ≤ 0.05) effect of the land-use on
each one of the studied variables. Due to data dispersion obtained for
lignin analyses, a two-wayANOVAwas conducted that examined the ef-
fect of methodological reproducibility and treatment on VSC content.
Only statistically significant differences originated by treatments are
shown in figures (p ≤ 0.05).

The correlation table of all soil parameters was based on Pearson
correlation coefficients (p b 0.05). Data were also treated by a Principal
Component Analysis (PCA) to examine variationwith respect to the dif-
ferent measured parameters. PCA was forced to generate only three ei-
genvalues. Statistical analyses were carried out using R software,
Version 3.2.4-Revised (R Development CoreTeam 2016).

3. Results

3.1. Plant litter returned to soil

Estimated plant litter inputs returned to soil for grassland were cal-
culated according to Sanaullah et al. (2010) for the same experimental
area. Mowing procedures reduced the aboveground litter returned to
soil (shoots and leaves) to 20% of the total aboveground biomass pro-
duced. Nevertheless, total plant litter returned yearly to soil was
Table 1
Mean annual sources of biomass into soil, carbon (Corg), nitrogen (Norg), contents and carbon iso
grassland plants at the SOERE-ACBB site in Lusignan (France).

Maize roots Mai

Mean annual sources of biomass into soil (t ha−1) 1.08 ± 0.48 7.15

Corg (g kg−1) 342 ± 4 418
Norg (g kg−1) 9.1 ± 0.9 6.8
Corg/Norg 37.7 ± 3.8 61.7
δ13C signature (‰) −13.23 ± 0.42 −1
Lignin (g kg−1) 23.8 ± 0.3 20.3
Lignin C/V ratio 3.01 ± 0.35 1.28
Lignin S/V ratio 2.25 ± 0.12 1.56

n = 4; mean values and standard deviations.
estimated to be higher for soil under grassland than for soil under
maize (Table 1).

Grassland inputs were mainly composed by root material, whereas
maize crops returned a higher proportion of shoots derived material.
Carbon and nitrogen contents of plant samples were similar between
maize and grass species, therefore the quantity of Corg and N returned
to soil was directly proportional to the quantity of litter for each treat-
ment. The lignin content of maize samples was twice higher than the
corresponding grassland samples, therefore maize soils received yearly
2 to 3-times more lignin than soils under grassland, but most of it as
shoots derived material. Moreover, the amounts of TOC, TON and VSC
were significantly correlated with the amount of litter and lignin
returned as root material, but not with the inputs from shoots (Table 2).
3.2. Distribution of C and N in aggregate fractions

The distribution of aggregate size fractions was similar for all the
treatments, with high dispersion of the data attributable to thewide di-
mension of the experimental plots (Table 3).

Macroaggregates (ø 0.200–2mm)were themost abundant fraction,
comprising from 35 to 50% of total soil dry weight. Compared to soil
under cropland and grassland, bare fallow plots showed a decrease in
the relative contribution of larger macroaggregates (LMA, ø 2–
7.1 mm) to total soil mass, compensated by a shift to higher relative
abundance of macroaggregates (MA) and microaggregates (miA, ø
0.050–0.200 mm).

Contents of TOC and C4 derived SOM (calculated using F values from
Eq. (2)) in the different fractions are represented in Fig. 2A. The TOC
contents of bare fallow (BS) plots were significantly lower for bulk soil
samples and all the analysed fractions compared to the other treat-
ments, except for the silt plus clay fraction (S+ C, ø b 0.050 mm). Agri-
cultural treatments did not lead to contrasting TOC contents of bulk soil,
whereas for larger macroaggregates (ø 2–7.1 mm) both ley and perma-
nent grassland showed significantly higher TOC contents compared to
permanently cropped plots. TOC content of permanent grassland was
also significantly higher than that of permanent cropland for themacro-
aggregates fraction (ø 0.200–2 mm). The contents of TON for bulk sam-
ples showed the same pattern as TOC, with a significant decrease for
bare fallow and no effect induced by agricultural management (Table
3). TOC and TON were strongly and significantly correlated among
each other (R2 0.811), therefore tendencies and distributions registered
for TOC in aggregate fractions were similar to those observed for TON,
but no statistical significances were found for the latter (Table 3, Fig.
2B and C). The highest percentage (35 to 60%) of TOC and TON were
accumulated in macroaggregates (ø 0.200–2 mm), for all four treat-
ments. Significantly lower values were found in larger macroaggregates
(ø 2–7.1 mm) of bare fallow plots compared to the three plots under
cropland. Significantly higher contents of TOC and TON were found in
macroaggregates (ø 0.200–2 mm) of permanent cropland if compared
with permanent grassland ones, whereas results for the other fractions
showed no differences.
topic signature (δ13C), lignin content, cinnamyl to vanillyl and syringyl to vanillyl ratios of

ze shoots Grass roots Grass shoots

± 3.26 9.31 ± 3.54 1.94 ± 0.81
(estimated by Sanaullah et al., 2010)

± 1 326 ± 19 433 ± 60
± 0.1 11.4 ± 1.2 24.9 ± 7.6
± 0.5 28.7 ± 3.0 17.5 ± 6.5

2.94 ± 0.25 −29.00 ± 0.16 −27.19 ± 1.16
± 1.6 8.7 ± 1.8 9.8 ± 2.4
± 0.44 0.88 ± 0.80 1.69 ± 0.83
± 0.01 1.33 ± 0.34 1.42 ± 0.26



Table 2
Pearson's correlation table for the analysed parameters.

Variables (Ac/Al)V (Ac/Al)S C/V S/V VSC/TOC VSC/TON TOC TON TOC/TON Aggregate
distribution

δ13C Total
litter

Roots
litter

Shoots
litter

Total
lignin

Lignin
from roots

Lignin from
shoots

VSC
distribution

TON
distribution

TOC
distribution

VSC −0.538* −0.487* 0.270* 0.307* 0.497* 0.513* 0.442* 0.376* 0.158 0.047 −0.246* 0.564* 0.513* 0.194 0.370* 0.537* 0.109 0.037 0.049 0.045
(Ac/Al)V – 0.630* 0.083 −0.367* −0.265* −0.214 −0.014 −0.045 0.059 −0.280* 0.065 −0.222* −0.205 −0.069 −0.131 −0.195 −0.036 −0.271* −0.272* −0.269*
(Ac/Al)S – −0.154 −0.187 −0.299* −0.399* −0.152 0.095 −0.376* −0.020 0.103 −0.327* −0.359* −0.017 −0.148 −0.348* 0.032 −0.026 −0.003 −0.013
C/V – 0.568* 0.231* 0.426* 0.205 −0.188 0.682* −0.386* 0.213 0.177 0.067 0.206 0.225* 0.109 0.191 −0.369* −0.398* −0.372*
S/V – 0.127 0.246* 0.101 −0.035 0.273* −0.169 0.333* 0.134 −0.079 0.352* 0.302* −0.026 0.354* −0.168 −0.174 −0.167
VSC/TOC – 0.857* 0.362* 0.268* 0.181 0.054 −0.169 0.338* 0.274* 0.168 0.259* 0.295* 0.122 0.122 0.064 0.077
VSC/TON – 0.461* 0.182 0.485* −0.148 −0.023 0.424* 0.265* 0.331* 0.415* 0.324* 0.282* −0.070 −0.141 −0.114
TOC – 0.811* 0.443* −0.114 −0.354* 0.637* 0.617* 0.162 0.378* 0.638* 0.062 −0.026 −0.068 −0.043
TON – −0.148 0.161 −0.353* 0.544* 0.504 0.173 0.344 0.527 0.086 0.215 0.215 0.210
TOC/TON – −0.419* −0.014 0.267* 0.272* 0.049 0.151 0.282* 0.009 −0.357* −0.427* −0.379*
Aggregate

distribution
– 0.038 −0.009 −0.009 −0.001 −0.004 −0.009 0.001 0.986* 0.996* 0.993*

δ13C – −0.188 −0.631* 0.638* 0.380* −0.511* 0.717* 0.015 0.019 0.021
Total litter – 0.819* 0.483* 0.774* 0.912* 0.349* 0.000 0.000 0.000
Roots litter – −0.107 0.272* 0.977* −0.251* 0.000 0.000 0.000
Shoots litter – 0.927* 0.090 0.989* 0.000 0.000 0.000
Total lignin – 0.457* 0.862* 0.000 0.000 0.000
Lignin from

roots
– −0.056 0.000 0.000 0.000

Lignin from
shoots

– 0.000 0.000 0.000

VSC
distribution

– 0.992* 0.996*

TON
distribution

– 0.998*

n = 4; significant correlation at p b 0.05 are marked with asterisks.
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Table 3
Aggregates distribution, total organic nitrogen (TON) contents and carbon to nitrogen (C/
N) values of soil at the SOERE-ACBB site in Lusignan (France).

Fraction Treatment Aggregate contribution
(% of total soil)

TON
(g kg−1)

C/N

Bulk soil PC 1.20 ± 0.16 b 8.62 ± 0.72
TG 1.30 ± 0.18 b 8.75 ± 0.59
PG 1.31 ± 0.06 b 8.81 ± 0.29
BS 0.93 ± 0.06 a 8.20 ± 0.31

LMA PC 17.79 ± 8.99 0.82 ± 0.18 ab 10.98 ± 1.13
TG 16.09 ± 7.92 0.95 ± 0.08 bc 12.82 ± 2.44
PG 13.98 ± 6.69 1.16 ± 0.12 c 12.33 ± 1.25
BS 6.51 ± 2.41 0.59 ± 0.14 a 10.85 ± 1.46

MA PC 49.09 ± 4.05 1.18 ± 0.11 ab 9.61 ± 0.46
TG 41.92 ± 12.38 1.37 ± 0.24 b 9.98 ± 0.88
PG 34.45 ± 9.80 1.37 ± 0.07 b 10.49 ± 0.35
BS 49.61 ± 14.51 0.98 ± 0.05 a 9.15 ± 0.95

micA PC 11.91 ± 2.13 1.22 ± 0.15 9.54 ± 0.36 ab
TG 12.72 ± 5.22 1.40 ± 0.21 9.98 ± 0.72 ab
PG 14.75 ± 6.74 1.37 ± 0.33 10.33 ± 0.61 b
BS 19.51 ± 8.41 1.07 ± 0.13 8.56 ± 1.07 a

S + C PC 19.79 ± 7.25 1.01 ± 0.11 8.38 ± 0.58
TG 28.09 ± 14.61 1.14 ± 0.12 8.39 ± 0.70
PG 32.34 ± 12.43 1.16 ± 0.20 8.30 ± 1.11
BS 24.66 ± 7.45 0.95 ± 0.08 8.31 ± 0.15

n=4;mean values and standard deviations. Significant differences at p b 0.05 aremarked
with different letters. PC: permanent cropland; TG: ley grassland; PG: permanent grass-
land; BS: bare soil.
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Carbon to nitrogen ratios were significantly different between treat-
ments only for microaggregates (ø 0.200–2 mm) in which values of
cropped and grassland soils were higher than those for bare fallows.
For the other fractions, similar trends were observed, but no significant
differences appeared between treatments (Table 3).

3.3. 13C signature changes with aggregate size and land management

The δ13C signatures of plant litter are reported in Table 1 and those of
soil fractions in Fig. 3A. The adoption of continuous C4maize cultivation
on soil previously croppedwith C3plants provoked significant increases
in δ13C signature of SOM in permanently cropped plots if compared to
both permanent and ley grassland ones (Fig. 3A). An increase of δ13C
signature was detected also for bare fallow plots, in which the isotopic
fractionation during the decomposition of residual SOM was not
counteracted by fresh litter inputs. For the aggregate fractions, perma-
nent cropland soils showed significantly higher δ13C values than ley
grassland ones, which showed, in turn, significantly higher values
than permanent grassland soils. The latter condition was not significant
for silt plus clay fraction (ø b 0.050 mm). Plots left bare showed signifi-
cant 13C enrichment for bulk soil and aggregates as compared to perma-
nent grassland, except for the silt plus clay fraction (ø b 0.050 mm).

The δ13C values decreased with aggregate size under permanent
maize. Similar results were found for plots under ley grassland and for
bare fallow samples, which showed higher 13C contents than the corre-
sponding samples under permanent grassland, except for the silt plus
clay fraction (ø b 0.050 mm).

3.4. Estimate of maize derived Corg incorporation

The Eq. (2) has been used to estimate the newly incorporated SOM
(F) for plots subjected to either temporary (3 years) or permanent (9
years) maize cultivation and represented as percentage of TOC in Fig.
2A. Contribution of C4 SOM decreased with aggregate size for both
treatments and ranged from 25% for larger macroaggregates (ø 2–
7.1 mm) of permanent cropland soil to 1.2% measured for silt plus clay
fraction (ø b 0.050 mm) of ley grassland soil.

With these data, the mean residence times of organic carbon in the
different fractions were estimated using Eq. (3) (Fig. 3B). Mean resi-
dence time of Corg showed similar tendencies throughout the fractions
for both permanent cropland and ley grassland soils. The only signifi-
cant difference was found for silt plus clay fraction, in which Corg

mean residence time of ley grassland soil was twice higher than for per-
manent cropland soil.

3.5. Lignin molecular composition

Distribution of lignin phenols throughout the aggregate fractions
showed no differences between cultivated soils, but for bare fallow
soils, b5% of the VSC was detected in larger macroaggregates (ø 2–
7.1 mm), compensated by a higher proportion detected in macroaggre-
gates (ø 0.200–2 mm) and microaggregates (ø 0.050–0.200 mm) as
compared to the other treatments (Fig. 2E).

The contents of total lignin (VSC) for bulk samples and for all the
fractions analysed are represented in Fig. 2E. For the largermacroaggre-
gates (ø 2–7.1 mm) significantly lower VSC to Corg ratio was observed
for bare fallow samples compared to the other treatments, whereas
the two-way ANOVA highlighted a significantly higher lignin contribu-
tion to TOC for permanent grassland treatment as compared to perma-
nent cropland. The contribution of VSC to TON was similar for all the
treatments for bulk soil (Fig. 2F), whereas permanent and ley grassland
had significantly higher ratios than cropland for largermacroaggregates
(ø 2–7.1 mm) fraction. Bare fallow samples showed the lowest values
for VSC to TON in larger macroaggregates and macroaggregates.

Maize roots showed the highest C/V and S/V ratios,whereas the low-
est ratios were found for grass roots (Table 1). The composition of the
lignin extracted from the soil samples differed between treatments
only for larger aggregate fractions. Effects of cultivationwere significant
for larger macroaggregates (ø 2–7.1 mm), for which ley grassland
showed higher C/V and S/V ratios than permanent grassland. Bulk sam-
ples of permanent maize showed higher S/V ratios compared to the
other treatments, but no differences between treatments were found
for C/V ratios (Fig. 4A and B).

Acid to aldehyde ratios calculated for V and S units were generally
higher for silt plus clay fractions (ø b0.050 mm) of all treatments.
Both ratios were strongly correlated among them and negatively corre-
lated with VSC contents (Table 2). Bare fallow plots showed significant-
ly higher Ac/Al-V ratios for bulk soil when compared with plots under
permanent maize, and for larger macroaggregates (ø 2–7.1 mm), if
compared with corresponding ley grassland samples (Fig. 4C). Perma-
nently cropped soil had a significantly higher ratio than ley grassland
for larger macroaggregates (ø 2–7.1 mm), whereas no further differ-
ences were found for the other fractions. Regarding the S units, the
Ac/Al-S ratiowas significantly higher for permanent cropland compared
to ley grassland for bulk soil, and for bare fallow compared to ley grass-
land for larger macroaggregates (ø 2–7.1 mm) and to ley grassland and
bare fallow for silt plus clay fraction (ø b 0.050 mm, Fig. 4D).

3.6. PCA analysis

Three factors were selected with a principal component analysis,
representing 28.1, 22.2, and 17.1% of the inertia, respectively. Based on
the quality of the representation of the variables, expressed as squared
cosine, the second component of the PCA analysis was defined mainly
by the aggregate distribution, and by the C/V and (Ac/Al)V ratio. The
third one was defined by the δ13C signature and quantity of the shoot
derived litter returned to soil. The other variables were grouped in the
first component (Table 4).

Samples were plotted in a bi-dimensional representation using the
first two factors as axes, whereas a three-dimension representation
was obtained including the third factor (Fig. 5A and B). The quality of
the representations of the different observations, expressed as squared
cosine, are proportional to the size of thepoints in the graph, as reported
in the figure legend.

The interpretation of the PCA plots showed howbare fallow samples
shifted toward negative values of the first component, isolated from the



Fig. 2.Mean values and standard deviations in different soil aggregate-size fractions of C4 derived and total organic carbon (TOC) contents (A) and distribution (B), total organic nitrogen
(TON) distribution (C), total lignin (VSC) distribution (D) and lignin to carbon (E) and lignin to nitrogen (F) values. Significant differences (p b 0.05) between treatments are indicatedwith
different letter.
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other treatments. This means that the quality of SOM and aggregate
composition was strongly affected by 9 years without any plant input.

Moreover, MA of permanent grassland and LMA of both ley and per-
manent grassland shifted toward positive values of the first dimension
on the right of the two-dimensional plot, if comparedwith correspond-
ing samples of permanent cropland. The hierarchical approach on ag-
gregate fraction unveiled those differences, which were hardly
distinguishable for the bulk soil samples, grouped together on the top
centre of the figure.

The three-dimensional plot showed well defined regions for bare
fallow and permanent cropland, whereas ley and permanent grassland
were isolated from the other treatments, but indistinguishable among
them. After three years of continuousmaize, amigration of ley grassland
sample toward the permanent cropland group was detected (Fig.5B),
but the grassland footprint was still dominating.

4. Discussion

4.1. Vegetal inputs: the driving force linking land-use and SOM dynamics

Despite yearly inputs of Corg from vegetationwere slightly higher for
grassland (Table 1), no significant differences in TOC contents were
found for bulk soil samples at 0–30 cm depth even if an increasing
trend was detected for grassland and ley grassland if compared to
permanent cropland, as shown in Fig. 2A. As reported by several au-
thors, the different agronomical practices carried out for grassland and
cropland soils generate two different patterns of distribution of TOC
along the soil profile: stratification of SOMunder unperturbed grassland
soil versus SOM redistribution provoked by the full inversion tillage
(Franzluebbers, 2002; Glover et al., 2010). Moreover, maize crops
returned to soil a high proportion of aboveground shoots, whereas
grass roots are the main litter inputs for grassland plots. According to
Rasse et al. (2005), the accumulation of SOM ismainly driven by below-
ground litter, rather than aboveground biomass. Present data showed
that TOC and lignin values were positively correlated with root derived
litter inputs, but not with the shoot derived litter. Taking into account
these assumptions, a significant increase of TOC would be expected
under grassland treatment if compared to cropland, butwas not detect-
ed for bulk soil samples under our experimental conditions. A possible
explanation is given by the difference between the depth of the sam-
pling horizon and the root distribution found along grassland soil pro-
file. The highest amount of root biomass (i.e. root density) was found
in the first 10 cm for the grass species of the present experiment, as re-
ported by other studies on similar ecosystems (Jackson et al., 1996). Soil
sampling comprised the top 30 cm of soil, corresponding to the arable
perturbed by the full inversion tillage (mouldboard) for the plots
under maize. Franzluebbers (2002) described that most of the variation
in soil parameters provoked by changes in land-use and agronomical



Fig. 3. Mean values and standard deviations in different soil aggregate-size fractions of
δ13C signature (A) and mean residence time of organic carbon (B). Significant
differences (p b 0.05) between treatments are indicated with different letter (A) or with
an asterisk (B).

Table 4
Squared cosines obtained for the analysed variables in the PCA analysis.

F1 F2 F3

VSC 0.530 0.036 0.005
(Ac/Al)V 0.104 0.131 0.005
(Ac/Al)S 0.224 0.006 0.010
C/V 0.175 0.280 0.026
S/V 0.118 0.072 0.167
VSC/TOC 0.338 0.022 0.000
VSC/TON 0.509 0.009 0.012
TOC 0.557 0.008 0.066
TON 0.266 0.167 0.031
TOC/TON 0.234 0.228 0.015
Aggregate distribution 0.026 0.873 0.043
δ13C 0.029 0.043 0.797
Total litter 0.791 0.030 0.000
Roots litter 0.503 0.053 0.308
Shoots litter 0.210 0.003 0.689
Total lignin 0.496 0.001 0.353
Lignin from roots 0.626 0.047 0.154
Lignin from shoots 0.116 0.008 0.794
VSC distribution 0.015 0.872 0.037
TON distribution 0.022 0.895 0.038
TOC Distribution 0.018 0.879 0.038
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practices are found in the arable layer. The same author evidenced how
the stratification ratios of SOMare amajor index of soil quality, especial-
ly for systems not perturbed by tillage, as grasslands. According to these
findings, another study conducted on the same experimental area
(Creme et al., personal communication), found significant differences
Fig. 4.Mean values and standard deviations in different soil aggregate-size fractions of cinnamy
vanillyl and syringyl units (C and D). Significant differences (p b 0.05) between treatments are
between TOC contents of both ley and permanent grasslands in the top-
soil layer (0–10 cm) when compared to permanent cropland.

4.2. Soil aggregates respond to changes in land-use with different patterns

In the present study, TOC increases under both ley and permanent
grassland were detected only for fast responding fractions, such as larg-
er macroaggregates (ø 2–7.1 mm), which changed after 6 years grass-
land, and for macroaggregate (ø 0.200–2 mm) fractions, which are
affected only after 9 years of grassland (Fig. 2A).

Three years of maize cultivation in the temporary grassland soil did
not generate any significant decrease of the TOC previously accumulat-
ed under six years of grassland for largermacroaggregates, macroaggre-
gates and microaggregates compared to the corresponding permanent
grassland fractions. Nevertheless, the change in land-use from grassland
to cropland led to a trend toward lower amount of Corg for the same
l to vanillyl units ratios (A) and syringyl to vanyllyl (B), and the acid to aldehyde ratios for
indicated with different letter.



Fig. 5. Projected loadings of the soil parameters measured on aggregate-size fractions on the plain defined by the three first principal component.
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fractions. In contrast, SOM of bare fallow soils showed similar values if
compared to ley or permanent grassland soils only for the silt plus
clay fraction (ø b 0.050 mm), in which SOMwith supposed lower turn-
over rate due to stabilization by organo-mineral interactions is accumu-
lated (Six et al., 2000b; Kögel-Knabner et al., 2008). Present results are
in agreement with those by Tisdall and Oades (1982) and Puget et al.
(2000) among others, identifying a gradient of SOM incorporation into
water stable aggregates, with faster response to land-use change by
larger aggregate fractions compared with silt plus clay ones. These find-
ings were confirmed by the PCA analysis, in which larger macroaggre-
gates from ley and permanent grassland were shifted on the right of
the plot if compared with the same fraction of permanent cropland,
whereas minor shifts were observed for finer fractions (Fig. 5A). The
PCA plots unveiled how differences between treatments weremore ev-
ident for the fractionated soil samples than for the bulk soil ones. Anal-
yses on soil aggregates are likely to bemore sensitive, even if significant
differences in aggregate distributionwere not found between the differ-
ent treatments (Table 3). In contrast to these results, other studies re-
ported aggregate disruption for permanent cropping and the opposite
tendency was described for grassland (Tisdall and Oades, 1982; Six et
al., 1998; Álvaro-Fuentes et al., 2008). This lack of effect of grassland
conversion might be a result of the depth of sample collection, since
higher aggregation strength is normally found at shallow layers for
grasslands. Moreover, bare fallow plots (no litter inputs in the previous
9 years) did not show any significant difference in aggregate distribu-
tion either, comparedwith the other treatments, even if therewas a ten-
dency toward lower amounts of larger macroaggregates (ø 2–7.1 mm).

4.3. SOM turnover within aggregates

The turnover of SOM, expressed as F values, for bulk soil samples
were of similar magnitude as those reported in other studies with
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loamy agricultural soil under temperate climate (Balesdent et al., 1987;
Dignac et al., 2005), but the present studyhighlighted huge variability in
the rate of fresh SOM incorporation among different aggregate size frac-
tions. These data showed that up to 25% of total SOMwas composed by
C4 plant residues in larger macroaggregates (ø 2–7.1 mm) after 9 years
of continuous maize, while already 12.5% of SOM of the same fraction
has been identified as C4 derived after only 3 years of continuous
maize. This may indicate that the rate of C incorporation into macroag-
gregates by new vegetation is not linear andmay slow downwith time.
Moreover, the incorporation of new SOM followed a gradient decreas-
ing with the size of aggregates, in agreement with previous studies by
Puget et al. (2000). A slower turnover of SOM has been related with
physico-chemical protection within the silt plus clay fraction and/or
physical protection within microaggregates by other authors
(Kögel-Knabner et al., 2008; Marschner et al., 2008).

Mean residence times (MRT) were calculated for the permanent
cropland and for the temporary grassland plots after nine and three
years of maize cultivation, respectively. Results highlighted different
values between the two treatments only for the silt plus clay fraction
ø b 0.050 mm, indicating smallest fractions as the most affected by the
legacy of previous agronomical practices. A similar influence of land-
use, and particularly tillage, on the smaller fractions of the soil was al-
ready found by two studies on carbon turnover in soils under perma-
nent cropping evaluated by stable isotope analyses published by
Balesdent et al. (1988, 1990).

4.4. Lignin as a biomarker of land-use

As for the TOC values, the fractionation process unveiled significant
differences in the VSC lignin contents thatwere hidden for bulk samples
(Fig. 2D). Larger macroaggregates (ø 2–7.1 mm) were once more
responding rapidly to changing land-use: lignin phenols were signifi-
cantly depleted in bare fallow plots as compared to other treatments.
This could be explained by the mineralization of a lignin pool with a
fast turnover allocated in larger macroaggregates (Dignac et al., 2005)
or by a further degradation of lignin phenols into compounds not de-
tected by the CuO oxidation method, such as demethylated phenols,
as reported by other authors (Heim and Schmidt, 2007b; Hernes et al.,
2013). For the same fraction, permanent grassland showed significantly
higher contribution of VSC to TOC than permanently cropped soils,
whereas three years of continuous maize produced a slight decrease
of VSC in ley grassland, which showed no significant differences if com-
pared with both permanent grassland and cropland. This lack of differ-
ence between soils under different land-uses is unexpected, as there
were two times more lignin-Corg returned every year through maize
crops compared to grassland (Table 1). Since plant materials from
maize roots and shoots showed considerably higher VSC to TOC ratios
than grass roots, which contributedmostly to SOM of plots under grass-
land, the reason of such better lignin preservation under grassland are
attributable to a higher quantity of lignin derived from decomposing
root material, more resistant to degradation. In fact, VSC content was
significantly correlated with root derived litter and root derived lignin,
but not with inputs from shoots (Table 2). Contrasting results were ob-
tained by Hofmann et al. (2009), who described lignin accumulation in
soil proportional to maize litter amount and selective preservation of
lignin against total SOM. Discrepancies between the two experiment
can be explained by the different cropping conditions (field study vs.
cylinders in absence of tillage) andby themissing information about be-
lowground inputs in the experiment by Hofmann et al. (2009).

For bare fallow plots, an interaction of lignin phenols with the min-
eral matter was found, according to previous findings (Heim and
Schmidt, 2007b). Lignin was depleted for all the fractions of bare fallow
plots compared to the other treatments, except for the silt plus clay frac-
tion ø b 0.050mm. Kiem and Kögel-Knabner (2003) suggested a prefer-
ential preservation of lignin in silt fraction, which could be consistent
also for our study, since silt and clay were not separated in our
experiment. Hypotheses about this preservation are still not proved,
nevertheless land-use factors as tillage and vegetal inputs should be
taken into account to trace the persistence of lignin into the soil matrix.
Indeed, VSC content in soils was positively correlated to root derived lit-
ter, but not with inputs from the shoots (Table 2), according to values
obtained for TOC.

Further information about the degradation status of lignin phenols
has been acquired comparing the ratios between the different mono-
meric units present in the soil and in the plant material, similarly to
what was reported by Lobe et al. (2002). The lower amount of vanillyl
units in the maize biomass is reflected by the higher C/V and S/V ratios
found for the macroaggregates (ø 2–7.1 mm) of permanently cropped
soils if compared with corresponding fractions of soil under permanent
grassland. Three years of maize cultivation after ley grassland produced
a significant increase of both ratios, suggesting a high incorporation of
fresh lignin derived from maize litter in larger macroaggregates (ø 2–
7.1 mm), following the trends observed for C4 derived TOC values. Sig-
nificant differences between cultivated plots were not found for other
fractions, indicating that the steps of depolymerisation of more degrad-
able lignin units (i.e. C and S)within slower turnover aggregate fractions
could lead to a similar phenolic composition of the residual lignin (Heim
and Schmidt, 2007a; Baumann et al., 2013).

The degradation pattern of the lignin involves the selective cleavage
of the phenylpropanoid Cα-Cβ bonds followed by the side-chains oxi-
dation and the formation of carboxylic acid groups (Hedges et al.,
1988). Due to the lack of fresh input, bare fallow plots stored lignin
monophenols with the highest acid to aldehyde ratios, normally associ-
ated with more degraded soil lignin (Kögel-Knabner and Ziegler, 1993;
Lobe et al., 2002; Bahri et al., 2006).

Despite maize roots and shoots had lower acid to aldehyde ratios,
soil under permanent maize showed significantly higher Ac/Al-V ratios
than ley grassland in larger macroaggregates (ø 2–7.1 mm), and higher
Ac/Al-S ratio than permanent grassland for bulk soil. Similar tendencies
were observed for the other fractions highlighting that the lignin inputs
frommaize crops are subject to faster oxidation than grass derived ones.

Pearson's correlationswere obtained for each subset of data selected
by treatment to unveil distinctive lignin degradation patterns for each
treatment. Bare fallow samples showed that VSC was negatively corre-
lated with C/V and Ac/Al-V ratios (R2 −0.668 and −0.539, respective-
ly), indicating that in absence of fresh litter, preservation of lignin is
enhanced by the presence of a higher proportion of V units in their alde-
hydic form. As reported by Kögel (1986), V units are less susceptible to
degradation due to higher amount of aryl bonds formed which place
these units in the central core of lignin structure.

For grassland samples, VSC was negatively correlated with Ac/Al-V
and Ac/Al-S ratios (R2 −0.723 and −0.766, respectively) confirming
that degradation of lignin requires intermediate oxidation steps fromal-
dehyde to acid in systemwith a constant input of fresh litter. Ley grass-
land samples showed correlations between VSC values and C/V and S/V
ratios (R2 0.574 and 0.552, respectively) not detected for permanent
grassland samples. This result reflects the change in land-use and the in-
corporation of lignin inputswith higher contribution of S and C units de-
rived from three years of continuous maize cropping.

4.5. Ley grassland and long-term carbon storage

Fertilization rates of the selected treatments are chosen to provide
an adequate N supply to the system, as described in the material and
methods section, thus we can assume that N is not a limiting factor for
litter degradation in our experimental area (Lemaire et al., 2008).
Even if the two different litter types have similar Corg contents, grass
rootswere characterized by higher N contents, and grasslandswere fer-
tilized with higher amounts of N, leading to higher soil TON content in
larger macroaggregates (ø 2–7.1 mm) under permanent grassland as
compared to permanent cropland. Furthermore, the stoichiometric fac-
tors controlling the quality of the litter, such as lower TOC/TON ratios,
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have been indicated by Smith et al. (2015b) as responsible of the negli-
gible effects on soil aggregation after grassland conversion, as for plots
under study. For the present experiment, TOC/TON ratios were nega-
tively correlated (R2 −0.419) with aggregate distribution and lower
for grass roots than for maize ones. Moreover, grass litter was richer in
N than maize litter (Table 2). Previous research described how N rich
forest litter is decomposing faster at early stages, whereas N deposition
could lower the litter decomposition rates through condensation of ar-
omatic rings of lignin structure mediated by N (Berg and Matzner,
1997). Rasse et al. (2005) reported that root derived litter has higher lig-
nin to N ratios shoot and leave derived ones, and the lower N content of
the litter has been indicated as one of the factors for the preservation of
lignin within the soil matrix. Nevertheless, maize litter had higher TOC/
TON and VSC/TON values than grass litter, indeed a lower degradation
of litter would be expected (Sanaullah et al., 2010). However, TOC
values were not different between treatments for bulk samples and
VSC values were not increasing under maize for any of the analysed
samples, despite the higher amount of lignin returned to soil by maize
crops.

The SOM dynamics after the conversion to grassland could be ex-
plained by: (I) a larger belowground biomass input for grass species,
correlated with TOC and lignin contents, which could be immediately
subject to organo-mineral interactions (Rasse et al., 2005) and thus
maximize the stabilization and protection of SOM, and (II) the absence
of tillage in plots under grassland, which provokes a stratification of
SOM and decreased degradation due to a lower aeration and redistribu-
tion of fresh litter to deeper layers (Lal, 1997; Franzluebbers, 2004;
Lemaire et al., 2015).

To summarize our findings, the introduction of grassland into crop
rotations did not produce significant increases of TOC and lignin for
bulk samples at a 0–30 cm depth, but one complete cycle of ley grass-
land increased TOC and lignin contents in the fast responding aggregate
fractions, identified as those of larger size (ø 0.200–2 mm and ø 2–
7.1mm). Indeed, taking into account the lignin balance of litter returned
to soil and VSC values, a more efficient lignin preservationwas detected
for plots under either ley or permanent grassland, as compared to con-
tinuous maize cropping. Since tillage is responsible of fungal hyphae
disruption, a lower degradation of lignin by with rot fungi under crop-
land is expected (Thevenot et al., 2010). Other factors such as N avail-
ability, litter composition, and other lignin decomposition patterns
may be responsible of this result, and are actually under study on the
sameexperimental area. For ley grassland samples, the footprint obtain-
ed during 6 years of grassland was still dominant after three years of
continuous maize, as demonstrated by the three-dimensional PCA
analysis.

This short term storage is counterbalanced by the longer MRT de-
tected for Corg in finer fractions of ley grassland soil, if compared with
continuous maize ones. These results suggested that the higher root
density and the absence of tillage were responsible of a tight interaction
of litter derived Corg with finer fraction of the soil. This interaction re-
sulted in a “positive” legacy effect generated by ley grassland, which
could increase the storage at longer term. It should be remarked that
the experimental area has been devoted to continuous cropping for de-
cades, and a “negative” legacy effect hampering soil recovery has to be
expected after a conversion to permanent or ley grassland (Compton
et al., 1998). Longer periods of time are often required to appreciate
net carbon storage in similar ecosystems (Smith, 2014). These findings
indicated the possibility of a net carbon storage in ley grassland plots
at long-term, maintaining adequate economic benefits for landholder
as compared to continuous cropping (Glover et al., 2010; Lemaire et
al., 2014). Further research is needed, since more cycles of grassland/
cropland alternation are necessary to overtake the inertia of the system
and to monitor the reverse legacy effect induced by grassland on the
persistence of SOM in those agroecosystems.

Since SOM is mainly composed of root derivedmaterial (Rasse et al.,
2005), superficial root systems as those described in this experiment,
may need longer time to show a significant storage of SOM, whereas
grass species with deep roots have been described as more efficient
even at short term (Lemaire et al., 2014; Richter et al., 2015). Moreover,
the quality of litter, the stoichiometric limitations, and the effect of till-
age practices are often neglected factors of carbon storage research
(Bruun et al., 2015), but data presented in this study strongly suggest in-
cluding them in the overall evaluation of Corg storage in agroecosystem.

5. Conclusion

Differences in aggregate distribution between grassland and crop-
land were not found for surface soil corresponding to the arable layer,
but the composition of the aggregate fractions changed strongly under
different treatments. The hierarchic approach, which combined separa-
tion of water-stable aggregates and analyses of specific biomarkers
allowed unveiling some dynamics, which were hidden for bulk soil.
The inclusion of maize derived lignin and SOM was detected after
three years ofmaize cultivation for ley grassland, but the grassland foot-
printwas still dominating the nature of SOM in ley grassland samples as
revealed by PCA analysis.

The increase of carbon stocks for larger fractions, identified as a short
term effect, was combinedwith an increase in Corgmean residence time
for the silt plus clay fraction under ley grassland. This result suggests a
possible allocation for a “positive legacy” effect induced by the six
years of ley grassland in the rotation, which could result in a long-
term storage of Corg in these soils.

Possible explanations for these results are: (I) an enhanced degrada-
tion of the litter driven by the tillage, and (II) more abundant organo-
mineral interactions preserving SOM from degradation and driven by
the higher root density under grassland. Lignin balance showed that lig-
nin stocks were more efficiently preserved under ley and permanent
grassland than under permanently cropped soils.

This study highlighted the needs of an overall evaluation of the pa-
rameters modified by land-use changes, (i.e. stoichiometry, quality
and quantity of the vegetal inputs returned to soil, tillage practices) to
achieve more accurate prediction for long-term SOM storage. Further
understanding on the role of plant inputs on aggregate formation and
protectionmay be improved by the analysis of the isotopic composition
of lignin and other biomarkers, which allows to understand the turn-
over rate of specific compound classes within the soil matrix.
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