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Isotopic evidences for microbiologically mediated and direct
C input to soil compounds from three different leaf litters
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Abstract We show the potentiality of coupling together
different compound-specific isotopic analyses in a labora-
tory experiment, where '°C-depleted leaf litter was
incubated on a '*C-enriched soil. The aim of our study was
to identify the soil compounds where the C derived from
three different litter species is retained. Three '*C-depleted
leaf litter (Liquidambar styraciflua L., Cercis canadensis L.
and Pinus taeda L., 5"°Cppp ~ —43%o), differing in their
degradability, were incubated on a C4 soil (513 C,sPDB ~
—18%0) under laboratory-controlled conditions for
8 months. At harvest, compound-specific isotope analyses
were performed on different classes of soil compounds [i.e.
phospholipids fatty acids (PLFAs), n-alkanes and soil
pyrolysis products]. Linoleic acid (PLFA 18:2w6,9) was
found to be very depleted in B¢ (513C\,SPDB ~ from —38 to
—42%o) compared to all other PLFAs (6"°Cysppp & from
—14 to —35%o). Because of this, fungi were identified as the
first among microbes to use the litter as source of C. Among
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n-alkanes, long-chain (C27-C31) n-alkanes were the only
to have a depleted 6'°C. This is an indication that not all of
the C derived from litter in the soil was transformed by
microbes. The depletion in '*C was also found in different
classes of pyrolysis products, suggesting that the litter-
derived C is incorporated in less or more chemically stable
compounds, even only after 8 months decomposition.

Keywords 6'°C - Litter decomposition - n-Alkanes -
PLFA - Pyrolysis-GC/MS-C-IRMS - SOM

Introduction

The relentless increase of atmospheric CO, concentration
stimulated a large number of studies, in the past decades,
devoted to the quantification of C fluxes between the
atmosphere and the terrestrial biosphere. Terrestrial bio-
sphere was proven to be an important sink for atmospheric
CO, (Janssens et al. 2003; Luo et al. 2007; Schimel et al.
2001), with soil organic matter (SOM) being the ultimate
pool in which C can be stored for centuries or millennia
(Schlesinger 1997; Yadav and Malanson 2007). Under-
standing C dynamics in soils is, thus, a main task for
scientists working on the global C cycle.

SOM is formed from the decomposition of dead plant
and animal material (e.g. wood, roots, leaf litter, animal
residues, etc.) due to the action of abiotic (e.g. wind, rain,
solar radiation) and biotic (e.g. soil macrofauna and
microbial community) factors (Aber et al. 1990; Spaccini
et al. 2000). In particular, decomposition of leaf litter is one
of the major processes determining SOM formation
(Kuzyakov and Domanski 2000; Liski et al. 2002).

Plant biomass is a complex mixture of several polymers
of very different structure (Gleixner et al. 2001). After
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plant death, this mixture undergoes oxidative and hydro-
lytic degradation by micro-organisms, accompanied by
secondary structural changes. Several different steps are
used in describing SOM formation, including loss of labile
compounds and CO, and numerous reactions of biotrans-
formation of recalcitrant compounds. On the other side,
undecomposed litter fragments may directly enter the soil
and may prime aggregate formation (Six and Jastrow
2002). This suggests that part of litter-derived C could
enter SOM without any participation by microbes. The
relative importance of factors governing these processes is
poorly understood. In particular, a key question is how
substrate quality affects the transformations of plant resi-
dues into stable SOM (Corbeels 2001).

Mechanisms of SOM formation and stabilization have
mainly been studied investigating the turnover and stability
of SOM as a bulk (Zech et al. 1997). This just reveals mean
pattern of soil C transformation, but it does not give any
information about the phenomenon acting at the molecular
level. Indeed, physical fractionation coupled with SOM
labelling allowed progress in understanding changes in soil
C stores, especially, the stabilization of SOM due to the
interaction with the mineral part of soil (Del Galdo et al.
2003). However, to fully clarify soil C stabilization pro-
cesses at the molecular level, the chemical nature of soil
organic C has to be studied as well as the flow rates of each
different group of compounds forming SOM need to be
quantified (Gleixner et al. 2001; Lichtfouse 2000). This
study focuses on three different groups of compounds:

Phospholipids fatty acids
n-Alkanes
Pyrolysis products

Phospholipids fatty acids

Since micro-organisms play a fundamental role in the
transformation of organic residues in SOM, the study of
microbial community in soil is necessary to fully under-
stand the dynamics of C during SOM formation. To
characterize soil microbial communities, the fatty acids of
phospholipids belonging to the cell membranes of micro-
organisms are routinely used (Allison et al. 2005; Zelles
1999). Phospholipids are essential membrane components
of all living cells: because of their fast metabolization rate
on cell death (Tollefson and McKercher 1983), phospho-
lipids fatty acids (PLFAs) reflect the structure of viable soil
microbial community. The PLFAs in soil are derived from
a wide range of bacteria, fungi and invertebrates and
present a complex mixture that is a challenge both to
analyze and interpret (Zelles 1999). In many cases, specific
types of fatty acids predominate in a given taxon so that
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they can be used to distinguish between the different
groups of micro-organisms.

n-Alkanes

Yet, not all the C derived from plant material is processed
by micro-organisms. Recalcitrant compounds present in
plants (i.e. lipids, waxes, etc.) can be transported into the
soil without being involved in microbial metabolism. For
example, n-alkanes are found in leaves for a number of
reasons; for instance, to protect the exposed part of outer
cells against drought, plant leaves are covered with non-
permeable, hydrophobic compounds (Gleixner et al. 2001).
Most of studies on n-alkanes abundance are conducted
on leaves or sediments samples: n-alkanes are used as
biomarkers for the paleoenvironment (Lockheart et al.
1997; Naraoka and Ishiwatari 1999). In SOM studies, the
extraction of n-alkanes from SOM gives the opportunity to
test the presence of compounds recalcitrant to microbial
attack, derived from wax lipids of decomposing leaf litter
(Cayet and Lichtfouse 2001; Lichtfouse et al. 1995a, 1994).

Pyrolysis products

The use of Curie-point pyrolysis for the thermal degrada-
tion of organic substances gives a reliable and reproducible
way to obtain volatile products (i.e. benzenes, phenols,
etc.) that can be related to compounds of different origin.
Even if there is still great debate in the scientific commu-
nity about its reliability in studies on complex material
such as SOM, this technique has been successfully applied
to SOM studies numerous times (Gleixner et al. 1999,
2002; Gleixner and Schmidt 1998).

The measurements of stable isotopic signature of C
compounds is a very powerful tool to follow the fate of C
compounds among different environmental C stocks, pro-
vided that the stocks have different C isotopic composition.
In our case, the identification of SOM compounds where
litter-derived C is incorporated is possible, if the original
litter and SOM have different C isotopic composition
(Gleixner et al. 2001; Lichtfouse et al. 1995b).

With the aim to understand how the substrate quality
affects the transformation of plant residues into SOM
compounds, a set of three '>C-depleted leaf litters, from
three hardwood species, proven to differ for decompos-
ability, were incubated over a C4 soil (i.e. 13C-enriched)
under controlled laboratory conditions (Rubino et al.
2007). The measure of the shift in isotopic composition of
different soil compounds allowed us to identify C flow
processes, distinguishing between direct input and transfers
mediated by bacteria and fungi and to trace the new C input
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to specific soil compounds (i.e. PLFAs, n-alkanes, pyro-
lysis products).

In a previous study referring to the same incubation
experiment (Rubino et al. 2007), we suggested that, in the
absence of litter fragmentation, C input to soil from
microbial degradation of leaf litter is a constant (i.e.
independent of litter decomposability) fraction (approxi-
mately 13%) of litter C loss, whereas the remaining
fraction is lost as CO, to the atmosphere. By comparing the
fractions of litter-derived C in specific compounds of soils
incubated with the different litter species, here we want to
test the hypothesis that the relative importance of the
processes driving the C allocation into soil compounds is
independent of litter degradability.

Experimental
Soil-litter incubation experiment

For the purpose of this study, soils derived from a labo-
ratory incubation experiment as described by Rubino et al.
(2007) were used. In brief, a set of three C3 litter species
(two broadleaf litters: L. styraciflua and C. canadensis and
one needle litter: P. taeda) collected from the FACTS-I
(Forest-Atmosphere Carbon Transfer and Storage) experi-
ment at Duke forest (Duke University, Durham, North
Carolina) were incubated on the top of a C4 soil. The soil,
collected from a long-term maize field in North-Eastern
Italy (46°3/34N, 12°59'8E, 77 m asl), is classified as an
alluvial mesic, Udifluvent (USDA classification).

Litter samples (3 g, in four replicates) of each species
were added to the incubation units containing soil samples
(70 g), sieved to 2 mm, rewetted to 55% of water-holding
capacity (WHC) and inoculated with a fresh soil suspen-
sion (3 ml, 1:3 water—organic soil). Four replicates of only
soil were used as control systems, resulting in 16 experi-
mental units (i.e. three litter species + soil and one soil
only, all replicated four times). Each incubation unit,
consisting of a 1.5-L airtight glass jar, was incubated in the
dark at 20°C. For the entire duration of the experiment, on
a daily basis, the jars were opened and flushed with room
air to maintain aerobic conditions. Once a week, jars were
weighed to determine eventual water loss. If needed, they
were rewetted to the initial weight, to keep soil moisture
constant. After 8 months, surface litter (the residual litter
on the soil, or aboveground) was removed from each jar,
carefully cleaned from soil, dried in oven (70°C) and
weighed.

Soil samples were stored at —80°C until used for further
analyses. For bulk soil measurements, soil subsamples,
before and after the incubation, previously treated with HCl
to remove carbonates, were dried and milled. Isotopic

composition (513C [%o]vsppp) and C content (%) for bulk
soil and litter samples before and after the incubation
period were measured using an elemental analyzer (Ther-
moFinnigan: EA 1112) coupled with an IRMS (isotope
ratio mass spectrometer, ThermoFinnigan: DeltaP™*). Mass
and chemical characteristics of the plant and soil material
prior and after incubation are reported in Table 1, after
Rubino et al. (2007).

Compound-specific isotope analyses on soil sample

Soil samples derived from each jar after incubation, as well
as from the initial soil, stored at —80°C, were shipped to
the Max Planck Institute for Biogeochemistry, Jena (Ger-
many), to measure the 6"°C of specific compounds. 6'*C
analyses were run on pyrolysis products of soil samples and
on n-alkanes and phospholipid fatty acids extracted from
soil samples following different procedures, as described in
the following paragraphs.

Compound-specific 6">C analysis of PLFA

Soil subsamples were stored frozen at —80°C prior to the
extraction process, to maintain the soil microbial biomass
unaltered. Following the procedure developed by Bligh and
Dyer (1959) and modified by White et al. (1979), about
200 g of soil, sieved to <2 mm, were placed in a mixture of
100 ml phosphate buffer, 125 ml chloroform and 250 ml
methanol (1:1.25:2.5) and shaken for 3 h overhead. Such a
big amount of soil sample (ca. 200 g) is justified by the low
C content of the soil used (see Table 1). To obtain the
highest possible peaks, the four replicates, for each soil
incubated with a different litter species, were pooled
together. Then 125 ml of distilled water and 125 ml of
chloroform were added, and the two phases were allowed
to separate overnight. The chloroform phase, containing
lipids, was reduced to a small volume by evaporation and
then separated into neutral-, glycol-, phospho- (or polar)
lipids using silicic acid columns by eluting with chloro-
form, acetone and methanol, respectively (Frostegard
1995). The fraction of phospholipids was subjected to a
mild, alkaline methanolysis of phospholipids, and the
resulting fatty acid methyl esters (FAMEs) dissolved in
chloroform were obtained. An aminopropyl-bonded solid
phase extraction (SPE-NH,) column was used to separate
the saponified products into unsubstituted FAMEs, OH-
substituted FAMEs and unsaponifiable lipids (Zelles et al.
1992). Furthermore, unsubstituted FAMEs were separated
by benzensulphonic-acid-bonded SPE column (SPE-SCX)
into saturated fatty acid (SATFA), monounsaturated fatty
acid (MUFA) and polyunsaturated fatty acid (PUFA). All
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Table 1 5'3CVSPDB (%o), C and N contents (%) and C/N ratio of litter and soil samples before and after the 8-month incubation period
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After incubation

Before incubation

Type of samples

m (g)

C/N ratio

8"Cyppop (%0) C (%) N (%)

m (g)

C/N ratio

N (%)

3"Ceppp (%0) C (%)

2.00 £ 0.12

44 +5
3243
78 + 4

1.02 £ 0.07

45 + 4
44 +2

52+2
0.86 £ 0.06 0.109 £+ 0.003 7.9 £ 0.5

—43.4 £ 09
—439 +03
—433 £ 0.5
—-179 £ 03
—-20.2 £ 04
—19.5 £ 0.5
—18.1 £ 0.5

3.00 £ 0.01

64 £2
35+ 1
84 £ 1
0.105 £ 0.002 8.3 £ 0.2 70.00 = 0.01

—43.0 £ 0.2 46.37 £ 0.02  0.72 £ 0.02
—43.7+ 0.3

—43.7 £ 0.7
—17.7 £ 0.3

L. styraciflua

228 £ 0.24
2.52 £ 0.05

14 £0.1
0.66 £ 0.02

1.24 £ 0.03
0.590 £ 0.004

439 £ 03
493 £ 0.5
0.87 £ 0.01

C. canadensis
P. taeda

Control soil

1.02 £ 0.10 0.107 £ 0.005 9.5+ 1.0
0.98 £ 0.06 0.111 £ 0.006 8.7 £0.7

0.94 £ 0.03 0.109 £+ 0.003 8.6 + 0.4

Soil incubated with L. styraciflua

Soil incubated with C. canadensis
Soil incubated with P. taeda

fractions were subjected to GC/MS-C-IRMS analysis to
identify and measure the 6'°C of each specific peak. Fatty
acids are designated by the total number of carbon atoms;
the degree of unsaturation is indicated by a number sepa-
rated from the chain length number by a colon. The degree
of unsaturation is followed by wx, where x indicates the
position of the double bond nearest to the aliphatic end (w).
The prefixes iso, anteiso and cyclo (cyclopropyl) refer to
the type of branching in the chain.

Compound-specific 6">C analysis of n-alkanes

Extraction of n-alkanes from soil samples was obtained
following the same procedure used for extraction of
n-alkanes from plant leaves and from sediments (Collister
et al. 1994). About 10 g of soil for each replicate was
freeze-dried and pulverized. All the compounds soluble in
dichloromethane-methanol (9:1) were extracted using an
Accelerated Solvent Extractor (ASE200, Dionex Corp.,
Sunnyvale, USA) at 100°C and 2,000 psi for 15 min in two
cycles. The total extract was separated on a silica-gel
column into three fractions: aliphatics (solvent: hexane),
aromatics (solvent: chloroform) and other compounds
(solvent: methanol). Compounds of the aliphatic fraction
were identified based on the comparison to an external
n-alkane standard mixture and quantified using a GC-FID
(Trace GC, ThermoElectron, Rodano, Italy) equipped with
a DB5ms column (30 m, ID: 0.32 mm, film thickness:
0.5 um, Agilent, Palo Alto, USA). The identification of
single compounds was confirmed using a GC/MS system,
and 0'3C of single n-alkane was measured by means of GC/
MS-C-IRMS.

Curie-point pyrolysis-gas chromatography/mass
spectrometry compound-specific isotope ratio mass
spectrometry (Py-GC/MS-C-IRMS)

Approximately 10 mg of dried soil, sieved to 2 mm and
milled, was pyrolyzed in a Curie-point pyrolyzer (0316
Fischer, 53340 Meckeinheim, Germany) using a ferro-
magnetic sample tube for 9.9 s. Pyrolysis temperature was
500°C, while interface temperature was 250°C. Following
split injection, the pyrolysis products were separated on a
BPX 5 column (60 m x 0.32 mm, film thickness 1.0 pm,
Scientific Glass Engineering, 64331 Weiterstadt, Germany)
using a temperature program of 36°C for 5 min, in 5°C
min~" to 270°C, followed by a jump (30°C min~ ") to a
final temperature of 300°C. The injector temperature was
set to 250°C. The column outlet was coupled to a fixed
splitter (split ratio 1:9). The major proportion was trans-
ferred to a combustion furnace converting the pyrolysis



Environ Chem Lett (2009) 7:85-95

89

products to CO,, N, and H,O (CuO, NiO and PtO set at
940°C), and the 6'°C values were determined using an
isotope ratio mass spectrometer (Thermofinnigan Delta-
PlusYT ). The minor proportion of the GC elutes after the
fixed splitter was transferred to an ion-trap mass spec-
trometer (Thermoquest GCQ). The transfer line was heated
to 270°C, and source temperature was held at 180°C.
Pyrolysis products were ionized by electron impact (EI)
with 70 eV ionization energy and identified by comparison
with reference spectra using GCQ identification software
and Wiley mass spectra library (Gleixner et al. 1999, 2002;
Gleixner and Schmidt 1998).

Data analysis

The determination of the fraction of litter-derived C for
each soil compound over the total C in a specific soil
compound was obtained by applying an isotopic mass
balance to the difference between the §'°C of each soil
compound for soils incubated with litters and that for the
control soil, as follows:

Cllo) _ (1) — (1) "
Cs(t)  o(t) — dc(2)
where gg;; is the fraction of litter-derived C in soil (C!(%),

s = soil, 1 = litter) over the total soil C, 8.(¢) is the 6'>C of
the soils incubated with the litter at the end of incubation,
5.(1) is the d'>C of the control soil at the end of incubation
(¢ = control) and &,(r) is the §'°C of litter sample. Main
assumption with this mass balance is that the §'°C of litter-
derived C compounds in soil is equal to the 5'°C of the
bulk litter. Furthermore, since in the case of analysis of n-
alkanes, no data are available for control soil at the end of
incubation (see “6'2C of n-alkanes™), d.(¢) is substituted by
the 0'°C of each compound in soil at the beginning of
incubation. This is based on the assumption that no change

in the §'°C of single n-alkanes in control soil between the
beginning and the end of incubation occurred.

One-way ANOVA was used to test for significant dif-
ferences among the different litter species. ¢ tests were
applied every time we want to discuss the difference
between the same variable measured at the beginning and
at the end of incubation. When significant differences are
found, the significance level is given in parenthesis.

Results
5'3C of PLFAs

In Fig. 1, the 813C of SATFAs, MUFAs and PUFAs (just
one in our case: 18:2w6,9) for soils incubated with the
three litter species and for control soil are shown. No data
are available from soil at the beginning of incubation,
because the soil used had been air-dried, rewetted and an
inoculum was added to activate its microbial biomass
(Rubino et al. 2007).

The 6"*C of SATFAs for control soil ranged around the
8"3C of bulk control soil (—17.7 + 0.3%o, Table 1). The
8'3C of SATFAs for each soil incubated with litter follows
the same trend of the control soil, but they are all (except
14:0 of soil incubated with P. taeda) significantly more
negative than that of control soil (P < 0.01). In particular,
soil incubated with L. styraciflua shows the most negative
values, followed by that incubated with C. canadensis. The
8'3C of all MUFAs (except 16:1@7) for control soil is more
positive than the 8'3C of bulk control soil (P < 0.01). Like
for SATFAs, the trend of 6'3C of MUFAs for each soil
incubated with litter is similar to that of control soil. Also
in this case, they are all more negative in comparison to the
control soil.

Based on a classification referring to the group of micro-
organisms PLFAs are formed by (see also Table 3), bran-
ched SATFAs (characteristic of Gram-positive bacteria)

PLFA (n-C)

control soil

P 1aeda
25 ¢

C. canadensis

35 F

L. styraciflua

SATFA

45

C. canadensis

L. styraciflua

MUFA & PUFA

8°Cl%olpon

Fig. 1 6"°C,opp of SATFAs (left plor), MUFAs and PUFAs
(18:2w6, right plot) for control soil (open square) and soil incubated
with L. styraciflua (filled circle), with C. canadensis (open circle) and

with P. taeda (open triangle). Error bars are standard deviation,
n = 3 analytical replicates. Note the '*C depletion of soil incubated
with litters compared to the control soils (see arrows)
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had a more positive §'°C (—=24.6 & 0.7%o, —22.9 £ 1.0%o
and —19.3 4 0.9%o for soil incubated with L. styraciflua,
C. canadensis and P. taeda, respectively, errors are stan-
dard errors over four replicates) than cyclopropyl SATFAs
(typical of Gram-negative bacteria: —33.8 £ 1.0%o,
—32.1 £ 0.7%o0 and —27.0 £ 0.8%o for soil incubated with
L. styraciflua, C. canadensis and P. taeda, respectively,
P < 0.01). Straight chain MUFAs (characteristic of Gram-
negative bacteria) were significantly depleted in '*C than
branched SATFAs only in the case of soil incubated with
L. styraciflua (6"°C: —27.0 & 1.3%o, P < 0.05), whereas in
soils incubated with C canadensis and P. taeda, this was
not the case (6"°C: —22.4 + 2.6%0 and —20.3 + 0.9%o,
respectively). Cyclo SATFAs were significantly depleted
in 'C than straight chain MUFAs (P < 0.01).

The only PUFA we found (18:2w6,9, a marker for
fungi) is very depleted in '*C for all soils incubated with
litter, with 6'°C of —42.0 £ 0.4%., —38.4 £ 0.3%0 and
—38.4 £ 0.1%0 for soils incubated with L. styraciflua,
C. canadensis and P. taeda, respectively, with respect to
that of control soil (6'°C of —19.8 & 1.1%o, Fig. 1).

8'3C of n-alkanes

The 6'Cs of n-alkanes (C14-C32) for soils incubated with
each litter species are shown in Fig. 2. The §'°Cs of
n-alkanes from soil prior to incubation are also shown.
Unfortunately, for a technical problem during extraction,
the control soil was lost. However, we believe that the soil
prior to incubation can be considered a good reference to
determine the contribution of litter-derived C to n-alkanes.
Here, the assumption is that n-alkanes in the control soil do
not change their isotopic composition during the incuba-
tion. This will be further discussed below.

number of C atoms
Cl4 Cl6 C18 C20 C22 c27 C29 C30 C31 C32

-25

r = Initial soil
~
=30 + i E g /A & E
» ¢
35 P. taeda g
b [
40 b —
L C. canadensis
45
0] P t

L. styraciflua

55l
8"°C [%elweon

Fig. 2 S'3C values [%olv.ppg of n-alkanes for initial soil (open
square) and soil incubated with L. styraciflua (filled circle), with C.
canadensis (open circle) and with P. taeda (open triangle). Error bars
are standard deviation (n = 3 analytical replicates for initial soil and
n = 4 experimental replicates for soils incubated with litter)
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n-Alkanes from soil prior to incubation are 10-13%o
more depleted in '*C than the bulk soil. By comparing the
8'3C of n-alkanes for soils incubated with litters to the d'°C
of n-alkanes for initial soil, a general trend emerges: short
chain n-alkanes (i.e. C16-C22) have a 4'>C not statistically
different from those of initial soil, whereas long chain
n-alkanes (i.e. C27-C32) are significantly depleted in '*C
compared to initial soil. This is not true only for C29 of soil
incubated with P. taeda (see Fig. 2; C27: P < 0.05 for all
soils; C29: P < 0.01 for soils incubated with L. styraciflua
and C. canadensis; C31: P < 0.01 for soils incubated with
L. styraciflua and C. canadensis, while P < 0.05 for soil
incubated with P. taeda).

0'3C of Curie-point pyrolysis products

Pyrolysis products of Py-GC/MS-C-IRMS are classified in
Table 2 with regards to the compounds they are derived
from (column “Origin” in Table 2). Most of the pyrolysis
products are derived from polysaccharides. A general
enrichment in '*C of compounds from control soil at the end
of the incubation in comparison to soil prior to incubation is
evident. But this is significant only for three compounds
(cyclopent-3-en-1-one, 3-furaldehyde and 5-methyl-2-
furaldehyde, significance levels are given by asterisks in
Table 2: **P < 0.01, *P < 0.05). On the contrary, com-
pounds for soils incubated with litters are generally depleted
in 1*C, compared to both the initial soil and the control soil
(Table 2). However, only six compounds for L. styraciflua
[benzene, cyclopent-3-en-1-one, 1H-pyrrole + (pyridine),
3-furaldehyde, 2-furaldehyde, 5-methyl-2-furaldehyde],
seven compounds for C. canadensis [benzene, cyclopent-3-
en-1-one, 1H-pyrrole + (pyridine), 3-furaldehyde, 2-fural-
dehyde, o-xylene + styrene, 5-methyl-2-furaldehyde] and
four compounds for P. taeda (benzene, cyclopent-3-en-1-
one, 3-furaldehyde, 5-methyl-2-furaldehyde) are signifi-
cantly depleted in '*C compared to control soil.

Litter-derived C in specific soil compounds

As explained in the “Data analysis” section, by applying
an isotopic mass balance, the percentages of litter-derived
C in each soil compound (over the total soil C contained in
that specific compound) can be estimated. It is thus pos-
sible to compare the relative fractions of litter-derived C
among soil incubated with different litters or among dif-
ferent compounds in the same soil. Comparisons of the
absolute amount of litter-derived C in different compounds
are possible only assuming an equal soil C content in each
specific compound for all the soils incubated with different
litter species. This assumption will be further discussed in
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Table 2 513CVSPDB (%o) of Curie-point pyrolysis products for initial soil, control soil and soils incubated with all litter species
Origin Product Initial soil Control soil Soil incubated with

L. styraciflua C. canadensis P. taeda
Alkyl-benzene Benzene —-174 +£0.1 —-172+0.7 —-20.6 £ 1.1*¥* =209 £ 04**  —19.6 £ 0.8%*
Polysaccharides  Cyclopent-3-en-1-one —-20.8 £ 0.6 —20.0 £ 0.5*% —229 4+ 0.8%* 224 + 0.6%* —-21.2 £ 0.9*
Protein LH-pyrrole + (pyridine) —-175+15 —-156+13 —19.6 + 1.5%* —184 £ 0.7** —17.0 £ 0.9
Alkyl-benzene Toluene —268 +£34 243144 —279 +33 —244 + 1.2 —23.6 £ 0.5
Polysaccharides ~ 3-Furaldehyde -171 £ 1.0 —-149 £ 04** —18.0 £ 0.4** —18.0 £ 0.9%* —18.0 £ 0.6**
Polysaccharides  2-Furaldehyde —-156+04 —-145+14 —16.9 + 1.2* —17.8 £ 1.9% —-173 £ 2.6
Polysaccharides ~ 2,4-Pentadienal —243+ 1.6 —233+123
Alkyl-benzene 0-Xylene + styrene —223+13 -224+18 —245+24 —26.8 £ 0.6¥* —-240=£ 1.7
Polysaccharides ~ 2-Methyl-2-cyclopenten-1-one ~ —18.8 2.6  —18.5 + 2.9 —-233+39 —18.8 £ 0.7 -203 £ 1.9
Polysaccharides  5-Methyl-2-furaldehyde —-152+£05 —132 £ 0.1*%*  —169 £ 2.4**  —15.7 £ 0.2%%  —15.3 £ 1.2%*
Polysaccharides ~ Cyclohexen-one —173 £ 44 —20.6 £ 2.2 —139 + 0.8 —148 £ 423
Phenol Phenol —-193 + 39 —-15.0+ 1.0 —20.0 £ 0.5
Phenol Benzene —15.6 £ 3.0

Each compound of control soil is compared to the corresponding of the initial soil, whereas each compound of the soils incubated with litters is

compared to the corresponding of the control soil (*P < 0.05; **P < 0.01)

Table 3 Percentage of litter-
derived C over total soil C
contained in specific groups
of PLFAs

Group of micro-organisms  FA

Litter-derived C (%) for soil incubated with

L. styraciflua C. canadensis P. taeda

Mainly Gram-positive Branched SATFA 32 (13) 25 (17) 13 (16)
Mainly Gram-negative Cyclopropyl SATFA 61 (6) 52 (2) 32 (8)
Straight chain MUFA 41 (10) 23 (19) 15 (8)

Fungi 18:1w9; 18:2w6,9 79 (24) 66 (20) 60 (29)

the following section. Results for groups of PLFAs are
shown in Table 3.

Different PLFAs are grouped with regard to the
prevalent class of micro-organisms they are formed by
(see the “Discussion” for details): branched SATFA are
characteristic of Gram-positive bacteria; cyclopropyl
SATFA and straight chain MUFA are mainly formed by
Gran-negative bacteria; MUFA 18:1w9 and PUFA
18:2w6,9 are mostly found in fungi. As a general trend,
percentages of litter-derived C are higher for soil incu-
bated with L. styraciflua and lower for soil incubated with
P. taeda, but the differences are not always statistically
significant. On the other side, the highest percentages of
litter-derived C are found for PLFAs characteristic of
fungi (P < 0.01). Cyclopropyl SATFA show percentages
higher than both straight chain MUFA and branched
SATFA (P < 0.01). The latter two are not significantly
different. Percentages of litter-derived C in n-alkanes were
determined only for those n-alkanes (i.e. C27, C29, C31)
where a significant shift of the 6'>C occurred between the
beginning and the end of the incubation, and they are
reported in Table 4.

Table 4 Percentage of litter-derived C in soil n-alkanes over total
soil C contained in specific n-alkanes

n-Alkanes Litter-derived C (%) for soil incubated with

L. styraciflua C. canadensis P. taeda
Cc27 27 £ 11 10+ 4 442
C29 505 60 + 4 242
C31 54+3 19+ 4 6+2

Apart from C29 in C. canadensis, there is a general
decrease in the percentage of litter-derived C going from L.
styraciflua to C. canadensis and P. taeda. Finally, for com-
pounds obtained from the pyrolysis of soils, the percentages
of litter-derived C varied considerably, and in general, there
were no statistically significant differences between the
percentages of litter-derived C in all soils incubated with
each litter species [with the exception of cyclopent-3-en-1-
one and 1H-pyrrole + (pyridine) of soil incubated with L
styraciflua], which show significantly higher fractions of
litter-derived C in comparison to the corresponding com-
pounds in soil incubated with P. taeda (Table 5, P < 0.05).
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Table 5 Percentage of litter-

derived C in soil pyrolysis Origin Product Litter-derived C (%) for soil incubated with

products over total soil C L. styraciflua C. canadensis P. taeda

contained in specific pyrolysis

products Alkyl-benzene Benzene 135 14+£3 9+4
Polysaccharides Cyclopent-3-en-1-one 13+4 10£3 5+4
Protein 1H-pyrrole + (pyridine) 15+7 10£5 5£6
Alkyl-benzene Toluene 19 + 26 1£23
Polysaccharides 3-Furaldehyde 11+2 11+£3 11+£3
Polysaccharides 2-Furaldehyde 8+6 11+8 10 + 10
Polysaccharides 2,4-Pentadienal 26 £ 6 21 +£9
Alkyl-benzene o-Xylene + styrene 10 £ 14 21 £ 7 8§+ 11
Polysaccharides 2-Methyl-2-cyclopenten-1-one 19 £ 19 1£12 7+£13
Polysaccharides 5-Methyl-2-furaldehyde 12 £ 8 8§£1 T4
Polysaccharides Cyclohexen-one 13+ 17
Phenol Phenol 6+ 15 9+2
Phenol 3-Methyl-phenol

Discussion cyclopropyl SATFAs (cyclo SATFAs). Usually, branched

This study provides qualitative analyses of the fluxes of C
between leaf litter and SOM, during leaf litter decay.
Comparisons between soils incubated with different litter
species are possible on the assumption that the amount of C
in each compound is the same for all soils. We believe this
to be a reasonable assumption, since the same soil was used
for all the incubation and the amount of litter-derived C
input in the soil at the end of the incubation was negligible
if compared to the total amount of C present in the SOM
(Rubino et al. 2007).

Additionally, it is worth to stress that these results could
be mislead by processes of isotopic fractionation occurring
during the degradation of the organic material (Fernandez
et al. 2003; Santruckova et al. 2000). As suggested by past
studies (Fernandez and Cadish 2003; Fernandez et al.
2003), a fractionation of only few unities of %o is likely to
occur. In our experiment, the 813C of the litter substrates
did not significantly change during the incubation (see
Table 1), thus, supporting the hypothesis that, if an isotopic
fractionation was present, it was not greater than few
unities of %o. Since we used labelled '*C-depleted litter on
a 'C-enriched C4 soil, such a variation in 5"3C could be
considered negligible if compared to the difference in 6'°C
between the two endmembers (AS'°C ~ 26%o).

PLFA

Our results, by showing that the '°C of SATFA, MUFA
and PUFA for all soils incubated with litter was more
negative than that of control soil, testified an incorporation
of litter-derived C in soil microbial biomass (Fig. 1). On
average, branched SATFAs had a more positive 6'°C than
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SATFAs are used as biomarkers for Gram-positive bacteria
(Bardgett et al. 1999; Feng et al. 2002), whereas cyclo
SATFAs and straight chain MUFAs are generally charac-
teristic of Gram-negative bacteria (Ratledge and Wlkinson
1988; Zelles 1997). Thus, our results would indicate a
higher assimilation of litter-derived C by some Gram-
negative than by Gram-positive bacteria. Among all the
PLFAs, the PUFA 18:2w6,9 (linoleic acid) showed the
highest percentages of litter-derived C (Table 3). Linoleic
acid (18:2w6,9) is considered as an indicator fatty acid for
fungi (Frostegard and Baath 1996), but it is also one of the
major fatty acids in the plant kingdom (Hitchcock 1975).
Thus, this fatty acid is a good indicator for fungi when
plant cells are not present in the system. In our system, only
dead plant cells may have entered the SOM from litter
material. Dead plant cells into SOM can be assumed to be
readily hydrolyzed (Tollefson and McKercher 1983). For
this reason, we suggest that, in our systems, litter-derived C
assimilation by fungi was higher than that by bacteria. This
is in agreement with Frey et al. (2003), who demonstrated
that fungi were the mediators of the transfer of C from
decomposing litter to soil and of nitrogen from soil to litter.
However, the more negative 0'°C value measured for the
linoleic acid in soils incubated with litter, when compared
to other PLFAs, may also be interpreted as a spatial-tem-
poral dynamics (Dilly 2001) of microbial incorporation of
litter-derived C. Thanks to their filamentous hyphae, fungi
can grow on the substrate (litter) and they can be the first to
take up C from the leaves and to introduce it into the soil,
where it would then be assimilated by other soil micro-
organisms. Our hypothesis is also supported by high litter
C percentages found in the MUFA 18:1®9, which is often
considered characteristic of fungi (Bardgett et al. 1999;
Feng et al. 2002).
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n-Alkanes

There are several previous investigations focusing on long
chain n-alkanes as biochemically stable compounds in soil
derived from plants (Cayet and Lichtfouse 2001; Lichtfo-
use et al. 1994). In our systems, litter-derived n-alkanes
could enter the soil by physical transport, from the
decaying litter into the underlay soil. It is unlikely to
assume any process of incorporation of C in n-alkanes
mediated by micro-organisms (Huang 1999). Assuming no
variation in the isotopic composition of n-alkanes in soil
from the beginning to the end of the incubation (so that the
soil at the beginning of incubation can be used as a refer-
ence), a depletion in the isotopic composition of n-alkanes
with higher C number was a proof of incorporation of
litter-derived long chain n-alkanes in the soil. On the
contrary, short chain n-alkanes in soils incubated with all
litter species do not change their '°C in comparison to the
initial soil (Fig. 2). Besides giving us the proof that short
chain n-alkanes in the soil were not derived from the litter,
this result supports the validity of the assumption of no
change in the 6'C of n-alkanes between the beginning and
the end of the incubation. The assumption is, however,
theoretically supported by the biochemical and, as a con-
sequence, isotopic stability of this class of compounds
(Huang et al. 1997; Lichtfouse et al. 1997, 1998).

As in the case of PLFA, the application of the isotopic
mass balance allowed the determination of the fraction of
litter-derived C in n-alkanes (Table 4). This was possible
only for n-alkanes isotopically depleted in comparison to
the control soil (i.e. C27-C31) that have also been previ-
ously described as tree-specific biomarkers (Eglinton et al.
1997). As for PLFAs, very different percentages of litter-
derived C were measured for each soil incubated with
different litter species, but except for C29, the highest
fractions of litter-derived C for each n-alkane were found
for soil incubated with L. styraciflua. On the other hand,
soil incubated with P. taeda showed the lowest percentages
of litter-derived C (Table 4). Thus, it seems that the
quantity of C lost as n-alkane C could be proportional to
the total C lost by each litter in the soil that is the highest
for L. styraciflua and the lowest for P. taeda. This would
mean that the factors influencing the n-alkane C loss appear
to be the same affecting the total C loss.

However, since we did not extract n-alkanes from leaves
(because we did not have enough litter material), an iso-
topic mass balance for n-alkanes may be biased because of
the difference between the 6'°C of n-alkanes and that of
bulk litter material. Usually n-alkanes extracted from
leaves are depleted in '*C compared to bulk material
(Collister et al. 1994; Rieley et al. 1991). If this were true
in our case, our measured litter-derived C fractions for each
n-alkane should be higher than the correct values. In other

words, our esteem of litter-derived C fractions could be
overestimated. Nonetheless, assuming the same differences
in 0"3C between n-alkanes and bulk leaves material, the
error (expressed as percent of the measured value) we
introduce is equal for each species so that the comparison
between litter-derived C fractions for soils incubated with
different litter species still holds.

Pyrolysis products

In our experiment, pyrolysis products of control soil
became enriched in '*C at the end of the incubation. Since
no external C source was present, this 8"3C shift could be
the result of some isotopic fractionation occurring during
microbial breakdown of humic substances. A way to test
this hypothesis is by measuring the 6'°C of the CO,
respired by microbes in control soil. Since soil pyrolysis
products are found to be '*C-enriched at the end of incu-
bation, if this is the result of isotopic fractionation
associated to respiratory processes, the CO, respired by the
control soil during incubation should be '*C-depleted, with
respect to bulk 6'*C values. During the incubation period,
the 6'°C of the CO, respired by the control soil showed a
trend, going from more positive values (ca. —16%o) at the
beginning of the incubation towards more negative values
(ca. —22%o) at later samplings (Rubino et al. 2007). This
trend was interpreted to mirror the trend of temporal
decomposition of different compounds with different 6'°C,
but could hide some fractionation due to microbial
metabolism. In any case, as already suggested, this frac-
tionation would not be greater than few unities of %o
(Fernandez and Cadish 2003; Fernandez et al. 2003).

For soils incubated with litter samples, the observed
depletion in '*C of pyrolysis compounds clearly indicated
an incorporation of litter-derived C in these compounds,
independently of their origin (microbiologically mediated
or direct input in SOM from leaves). The depletion was
mostly found for compounds derived from polysaccharides,
but also for some of those derived from aromatic com-
pounds (Table 2), suggesting that, even after only 8 months
of decomposition, the litter-derived C can be found in less
and more chemically stable classes of compounds.

As for PLFA and n-alkanes, the fractions of litter-
derived C for each pyrolysis compound generally decrease
going from L. styraciflua to C. canadensis and P. taeda
(Table 5). Since the C lost by the litter decreased in the
same order (L. styraciflua > C. canadensis > P. taeda),
this is just a first qualitative suggestion that the quantity of
C lost in each compound could be proportional to the total
C lost by each litter species, and there is no dependence of
the percentage of C lost by litter in each specific compound
on the litter liability.
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Conclusions

The variation in the degree of assimilation of litter C
compounds between microbial biomarkers suggests that
among the different groups of micro-organisms, fungi are
the first to colonize the litter and act the transfer of C from
the litter layer into the soil. To better understand the
microbial succession in the decomposers community,
different studies, with a higher number of destructive
replicates, should be planned.

A general depletion in 6'°C of long chain n-alkanes
testifies an incorporation of litter C in soil that could not be
mediated by micro-organisms. In our systems, this is
probably due to the contact between litter and soil surface
at the soil-litter interface. Direct incorporation of litter
compounds into soil maybe a significant component of the
C flow belowground, and given the persistence of n-
alkanes in soils, it may also be significant in terms of C
sequestration below ground.

With regard to the control soil pyrolysis products, an
isotopic discrimination was found. Too little is currently
known about isotopic discrimination during SOM decom-
position, yet our results strongly suggest that it may well
occur: future research should be devoted to clarify this
issue, given the greater and greater number of studies on
SOM dynamics using isotopic methodologies.

The fractions of litter-derived C for each compound in
soils incubated with all litter species decreased almost
always in the order: L. styraciflua > C. canadensis > P.
taeda that is the same order of total C lost. This is just a first,
qualitative suggestion that the proportion of litter-derived C
incorporated in each compound of soil is not dependent on
litter degradability. Effort is needed now to quantitatively
determine the relative contribution of each component
process. Additionally, the residence time of the individual
litter-derived SOC compounds should be estimated.
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