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a b s t r a c t

Soil organic matter (SOM) is one of the earth’s largest reservoirs of actively cycled carbon and plays a crit-
ical role in various ecosystem functions. In this study, mineral soils with the same parent material and of
similar approximate age were sampled from the same climatic region in Halsey, Nebraska to determine
the relationship between overlying vegetation inputs to SOM composition using complementary molec-
ular level methods (biomarker analyses and solid state 13C nuclear magnetic resonance (NMR) spectros-
copy). Soil samples were collected from a native prairie and cedar and pine sites planted on the native
prairie. Free and bound lipids isolated from the pine soil were more enriched in aliphatic and cutin-
derived compounds than the other two soils. Cinnamyl type lignin-derived phenols were more abundant
in the grassland soil than in the pine and cedar soils. Acid to aldehyde ratios (Ad/Al) for vanillyl and
syringyl type phenols were higher for the pine soil indicating a more advanced stage of lignin oxidation
(also observed by 13C NMR) in the soil that has also been reported to have accelerated carbon loss. In
agreement with the more abundant aliphatic lipids and cutin-derived compounds, solid state 13C NMR
results also indicated that the SOM of the pine soil may have received more aliphatic carbon inputs or
may have lost other components during enhanced decomposition. The observed relationship between
vegetation and SOM composition may have important implications for global carbon cycling as some
structures (e.g. aliphatics) are hypothesized to be more recalcitrant compared to others and their accu-
mulation in soils may enhance below ground carbon storage.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Soil organic matter (SOM) represents an important component
of the global carbon cycle because it is one of the earth’s largest
reservoirs of actively cycled carbon (1500–2000 Pg C; Falkowski
et al., 2000; Janzen, 2004). SOM consists of a heterogeneous mix-
ture of organic matter originating from plant, microbial and animal
residues at different stages of degradation (Baldock and Skjemstad,
2000). SOM plays a key role in soil fertility and productivity by
retaining water and essential nutrients, and by providing energy
to soil microbes (Baldock and Skjemstad, 2000; Lal, 2004). It can
act as a source or sink of atmospheric CO2 and is hypothesized to
also be important in the regulation of global climate change (Trum-
bore et al., 1996; Davidson and Janssens, 2006; Trumbore and
Czimczik, 2008). Finally, SOM also strongly interacts with environ-
mental pollutants and governs the extent of pollutant sequestra-
tion in soils (Simpson and Simpson, 2012). Several studies have
demonstrated a strong correlation of various environmental
factors such as mean annual temperature (Trumbore et al., 1996;
Haddix et al., 2011), soil texture and mineralogy (Torn et al.,
1997; von Lützow et al., 2008; Schmidt et al., 2011; Dungait
et al., 2012) on SOM storage and turnover.

With the advancement of analytical techniques, such as nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry
(MS), significant progress has been made with respect to knowl-
edge about SOM composition at the molecular level (Hatcher
et al., 2001; Cardoza et al., 2004; Simpson et al., 2011; Simpson
and Simpson, 2012). Studies that have examined the relationship
between vegetation and SOM composition at the molecular level
have reported direct links between the two (Baldock et al., 1992;
van Bergen et al., 1997; Quideau et al., 2001; Otto and Simpson,
2005, 2006a, 2006b; Clemente et al., 2013). The combination of
two molecular level methods, namely geochemical biomarker
analysis and NMR spectroscopy, provides complementary and de-
tailed information on the source and transformation of various
SOM components (Kögel-Knabner, 2000; Simpson et al., 2008;
Feng and Simpson, 2011; Simpson and Simpson, 2012). These tech-
niques have been applied to examine SOM responses to several
environmental factors such as climate change (Feng et al., 2008;
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Feng and Simpson, 2011), landscape disruption (Pautler et al.,
2010) and elevated CO2 and nitrogen fertilization (Feng et al.,
2010). The relationship between the chemical composition of
SOM in organic soil horizons and vegetation in relation to podzol-
ization has also been studied (Nierop et al., 1999). The importance
of above (leaves and stems) and below ground (roots) inputs to
SOM has been recognized using specific biomarkers to quantify
the contribution from either source (van Bergen et al., 1997; Nie-
rop, 2001; Otto and Simpson, 2005, 2006a, 2006b). In these studies,
vegetation samples were examined in parallel with the underlying
soils in an effort to follow the fate of the major plant-derived com-
ponents. However, in these studies, other variables such as soil
temperature, pH and mineralogy, were hypothesized to also play
a role in the molecular level composition of SOM making it chal-
lenging to elucidate the precise relationship between plant compo-
sition and how this may impart specific shifts in SOM molecular
structure.

The objective of this study was to examine the relationship be-
tween different vegetation types and SOM composition by analyz-
ing soils that have developed from similar parent material under
comparable climatic conditions but that have experienced different
long term vegetation patterns. We hypothesized that the overlying
vegetation type dictates the molecular level composition of SOM.
We also hypothesized that some SOM structures are preferentially
preserved compared to others. To test these hypotheses, soil sam-
ples were collected from current native prairie and from ponderosa
pine and eastern red cedar plantations established on soils that
were formerly covered by native prairie at the Nebraska National
Forest at Halsey, Nebraska. The cedar site retained 73% of the origi-
nal prairie carbon after 55 years of vegetation change. The pine,
with a more dominant litter layer, retained only 37% of the original
prairie carbon (Mellor et al., 2013). Mellor et al. (2013) reported
that the mean residence time of prairie carbon was 278 years in
the cedar stands versus 90 years in the pine. The 97% sand content
at this site minimizes textural impacts on soil organic carbon
resulting in more easily discernible vegetation impacts on SOM
structure. The decomposition of organic matter is higher in sand
sized soil fractions due to the lack of protection from biodegrada-
tion as observed in fine sized soil fractions through associations
with mineral surfaces (Baldock et al., 1992; Baldock and Skjemstad,
2000; Christensen, 2001; Quideau et al., 2001). The low mineral
content of the Nebraska soil samples reduces the possibility of min-
eral interactions with SOM components and may facilitate the
determination of the role of vegetation type on SOM molecular
structure. In addition to mineral interactions, other mechanisms
of SOM stabilization should also be considered including the selec-
tive preservation of recalcitrant compounds and the spatial accessi-
bility to decomposer organisms (Kögel-Knabner et al., 2008). Both
molecular marker (biomarker) analyses and solid state 13C NMR
methods were employed because these methods provide unique
insight into the molecular level composition of SOM (Simpson
et al., 2008). Biomarkers are biological organic indicator com-
pounds that can be used as tracers for environmental processes be-
cause they retain the structural characteristics of their parent
precursor molecule after being released into the environment
(Simoneit, 2005; Medeiros and Simoneit, 2007). The biomarker
analyses used included: total solvent extraction, base hydrolysis
and copper (II) oxide (CuO) oxidation for the isolation and quanti-
fication of free lipids (of plant and microbial origin), bound lipids
(from leaf cutin and the suberin of roots) and lignin-derived phe-
nols, respectively (Otto and Simpson, 2007). Because biomarker
analyses provide information on only a small portion of SOM, it is
advantageous to use this technique in tandem with solid state 13C
NMR spectroscopy which provides information on the overall
structure of SOM (Simpson et al., 2008). Employing these methods
in tandem will enable an examination of how long term vegetative
shifts may alter SOM composition at the molecular level. A better
understanding of the relationship between vegetation and SOM
molecular composition may allow predictions to be made on the
stability of soil carbon pools with different mean residence times.
Climate change may result in changes in vegetative dominant
species within an ecosystem (Walther et al., 2002; Higgins and
Scheiter, 2012) which may shift the composition of SOM and
consequently SOM dynamics.
2. Materials and methods

2.1. Sample collection and site characteristics

Soil samples were collected from the Nebraska National Forest
in Halsey, Nebraska, USA (41.52�N, 100.20�W). The variable conti-
nental climate has a mean annual temperature of 8.1 �C and
584 mm average precipitation with the majority of the rainfall fall-
ing in April to May. The elevation is 715 m. The 90,444 acre forest
is composed of stands of a variety of species including: eastern red
cedar (Juniperus virginiana) and ponderosa pine (Pinus ponderosa)
mixed with areas of sand prairie that are dominated by short
grasses such as blue grama (Bouteloua gracilis) and buffalo grass
(Buchloe dactyloides). After removal of the top litter layer, mineral
soil samples were collected from a forested area dominated by pine
(pine), a forested area dominated by cedar (cedar) and a native
grassland prairie site (grassland). The pine stand was planted on
the native prairie 72 years before sampling and the cedar stand
was planted 55 years before sampling. Three replicates consisting
of twelve cores each (0–5 and 5–15 cm) were taken at each loca-
tion and consolidated into one (0–15 cm) composite sample for
molecular level analyses. The sand hills at Halsey, Nebraska have
an average 20% slope (mid-slope) with a representative soil profile
and vegetation. While the upper slope is typically eroded, the low-
er slope is depositional and both represent a much smaller compo-
nent of the landscape compared to mid-slope sites which are more
representative of the local topography. For this reason, all samples
were collected at mid-slope from a moderate, north facing site
(�20% slope). Visible plant material was removed and the soils
were sieved to 2 mm, air dried and stored at 4 �C. Samples were
ground and sieved to 180 lm and analyzed for total C and N using
combustion analysis with a Carlo Erba NA 1500 CN Analyzer (Carlo
Erba, Milan, Italy). Since the soils contain no inorganic carbon in
the form of carbonates, the total carbon corresponds to the organic
C. Soil pH was measured using a 1:2 ratio of soil to deionized water
(Thomas, 1993) with an Accumet� Basic AB15 pH meter (Fisher
Scientific).
2.2. Biomarker analyses

Sequential chemical extractions (solvent extraction, base
hydrolysis and CuO oxidation) were conducted on the soil samples
to analyze the extractable compounds, bound lipids and lignin-de-
rived phenols, respectively (Otto and Simpson, 2007). Briefly, the
soils (�15 g) were extracted in triplicate by sonication for 15 min
with 30 ml CH2Cl2, CH2Cl2:MeOH (1:1 v:v) and MeOH. The com-
bined solvent extracts were filtered through glass fiber filters
(Whatman GF/A and GF/F), concentrated by rotary evaporation
and dried under a N2 stream in 2 ml glass vials. Solvents were
evaporated from the remaining residues from solvent extraction
by air drying. The soil residues were then subjected to base hydro-
lysis to yield ester linked lipids (Otto and Simpson, 2006a, 2007).
The residues (0.1–3 g) were heated at 100 �C for 3 h in Teflon lined
bombs with 20 ml of 1 M methanolic KOH. The extracts were son-
icated twice with 15 ml CH2Cl2:MeOH (1:1 v:v), centrifuged and
acidified to pH 1 with 6 M HCl. Solvents were then removed by



O. Pisani et al. / Organic Geochemistry 62 (2013) 7–16 9
rotary evaporation. Hydrolysable lipids were recovered from the
water phase by liquid–liquid extraction (3�) with 30 ml diethyl
ether, dried with Na2SO4 to remove any remaining water, concen-
trated by rotary evaporation, and dried under a N2 stream in 2 ml
glass vials. Base hydrolysis residues were air dried and further oxi-
dized with CuO to release lignin-derived phenols (Hedges and Er-
tel, 1982; Otto and Simpson, 2006b). Soil residues (0.1–3 g) were
extracted with 1 g CuO, 100 mg ammonium iron (II) sulfate hexa-
hydrate [Fe(NH4)2(SO4)2�6H2O] and 15 ml 2 M NaOH in Teflon
lined bombs at 170 �C for 2.5 h. The extracts were acidified to pH
1 with 6 M HCl and kept for 1 h at room temperature in the dark
to prevent polymerization of cinnamic acids. After centrifugation,
the supernatants were liquid–liquid extracted (3�) with 30 ml
diethyl ether. The ether extracts were dried with anhydrous Na2-

SO4 and concentrated by rotary evaporation. The extracts were
then transferred to 2 ml glass vials and dried under a N2 stream.

2.3. Derivatization and gas chromatography–mass spectrometry

The extracts were re-dissolved in CH2Cl2:MeOH (1:1 v:v) and
aliquots (containing �1 mg extracts) were derivatized for gas chro-
matography–mass spectrometry (GC–MS) analysis. Solvent ex-
tracts and CuO oxidation products were converted to
trimethylsilyl (TMS) derivatives by reaction with 90 ll N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) and 10 ll anhydrous
pyridine for 1 h at 70 �C. After cooling, 400 ll of hexane was added
to dilute the extracts. For fatty acid esterification, base hydrolysis
products were first methylated by reacting with 500 ll of N,N-
dimethylformamide dimethyl acetal (2 mEq/ml in pyridine) at
60 �C for 15 min (Thenot et al., 1972). After being evaporated to
dryness under a N2 stream, the base hydrolysis products were then
silylated with BSTFA and anhydrous pyridine as previously de-
scribed. Dodecanoic acid, trehalose and ergosterol were deriva-
tized and used as external standards along with tetracosane for
solvent extracts. Tricosanoic acid methyl ester was used as an
external standard for base hydrolysis products, while vanillic
acid-TMS was used for CuO oxidation products. External standards
were used for quantification to avoid possible co-elution of inter-
nal standards with other compounds which are extracted using
solvent extraction, base hydrolysis and CuO oxidation. GC–MS
analysis was performed on an Agilent 6890 N GC coupled to an Agi-
lent 5973 quadrupole mass selective detector. Separation was
achieved on a HP-5MS fused silica capillary column
(30 m � 0.25 mm i.d., 0.25 lm film thickness) with helium as the
carrier gas (1.2 ml/min). The GC operating conditions were: 65 �C
(2 min), increased from 65 �C to 300 �C (at a rate of 6 �C/min),
300 �C (held for 20 min). The sample (1 ll) was injected with a
2:1 split ratio using an Agilent 7683 autosampler with the injector
temperature set at 280 �C. The mass spectrometer was operated in
the electron ionization mode (EI) at 70 eV and scanned from m/z 50
to 650. Data were acquired and processed with the Chemstation
G1701DA software. Individual compounds were identified by com-
parison of mass spectra with published data, NIST98 and Wiley275
MS library data and authentic standards.

2.4. Solid state 13C nuclear magnetic resonance spectroscopy

Soil samples for solid state 13C cross polarization with magic an-
gle spinning (CP–MAS) NMR were repeatedly treated with hydro-
fluoric acid (HF; 10%) to concentrate the organic matter content
and to remove paramagnetic minerals (Schmidt et al., 1997). It
has been reported that SOM structure is not significantly altered
by treatment with HF (Rumpel et al., 2006). After HF treatment,
the samples were rinsed with deionized water to remove excess
salts and then freeze dried. Approximately 100 mg of treated sam-
ple was packed into a 4 mm zirconium rotor with a Kel-F cap and
the spectra were acquired on a 500 MHz Bruker BioSpin Avance III
spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped
with a 4 mm H-X MAS probe and using a ramp-CP pulse program
(Conte et al., 2004). The spinning rate was set to 13 kHz with a
ramp-CP contact time of 1 ms and 1 s recycle delay. The NMR spec-
tra were processed using a zero filling factor of 2 and line broaden-
ing of 100 Hz. The spectra were integrated into four chemical shift
regions corresponding to: alkyl carbon (0–50 ppm) that arises from
cutin, suberin, aliphatic side chains and lipids; O-alkyl carbon (50–
110 ppm) including oxygen and nitrogen substituted aliphatic con-
stituents that arise from carbohydrates, peptides and methoxyl C
found in lignin; aromatic and phenolic carbon (110–165 ppm)
from components such as lignin, aromatic amino acids found in
peptides and black carbon; carboxyl and carbonyl carbon (165–
215 ppm) from fatty acids and amino acids found in peptides
(Baldock et al., 1992; Preston et al., 1997; Simpson et al., 2008).
The total signal (0–215 ppm) was normalized to 100% for compar-
ison of the relative contents of each type of carbon. Alkyl/O-alkyl
ratios were calculated by dividing the areas of the alkyl and the
O-alkyl regions of the spectra (Baldock et al., 1992; Simpson
et al., 2008).

2.5. Statistical analyses

A one way analysis of variance (ANOVA) was applied using the
Holm-Sidak multiple comparisons test for the determination of
statistically significant differences (p 6 0.05) in SOM molecular
composition between the three soil samples. Statistical analyses
were performed using SigmaPlot version 11.0.
3. Results

3.1. Soil chemical properties

The three mineral soil samples from Halsey, Nebraska were
composed of 97% sand with organic C contents of 0.81% (cedar),
0.44% (pine) and 0.57% (grassland). The nitrogen content was
0.09%, 0.04% and 0.07% for the cedar, pine and grassland soils,
respectively. Soil pH was weakly acidic for all three soils: 6.0, 4.9
and 5.2 for the cedar, the pine and the grassland soil, respectively.

3.2. Distribution and sources of soil organic matter biomarkers

3.2.1. Solvent extractable compounds
The major compound classes identified in the solvent extracts of

the soil samples from Halsey, Nebraska are summarized in Table 1
and included aliphatic lipids (n-alkanols, n-alkanoic acids and
n-alkanes), cyclic lipids (steroids, diterpenoids and triterpenoids),
ferulic acid and carbohydrates. Homologous aliphatic (lipids) and
cyclic (terpenoids) compounds can both be utilized as biomarkers
(Simoneit, 2005). For example, long chain aliphatic lipids with a
homologous series (P C20) are characteristic of epicuticular waxes
of vascular plants (Bianchi, 1995; Simoneit, 2005) whereas short
chain aliphatic lipids with a homologous series (< C20) are believed
to originate from soil microbes such as fungi and bacteria
(Lichtfouse et al., 1995). In the three soil samples, the n-alkanols
typically ranged from C16 to C26 with a predominant homologue
(Cmax) at C18. The secondary alcohol n-nonacosan-10-ol, which
has been found in extracts from conifers and pine needles (Bianchi,
1995; Koch et al., 2006), was more abundant in the pine compared
to the cedar soil and was not detected in the grassland soil (Table 1).
The n-alkanoic acids ranging from C14 to C28 were the most abun-
dant class of aliphatic lipids in all three soil samples (Table 1).
The short chain homologues were more abundant in the cedar
and grassland soils with typical microbial Cmax values at C18:1 and



Table 1
Major compound classes identified in the total solvent extracts of the mineral soil samples from Halsey, Nebraska.

Compound class Source Cedar Pine Grassland

Aliphatic lipids
n-Alkanols C18–C26 (C18) C16–C26 (C18) C16–C26 (C18)

RC16–C18 Microbial 0.07 ± 0.01 0.10 ± 0.03 0.10 ± 0.01
RC20–C26 Plant 0.002 ± 0.002 0.02 ± 0.01 0.06 ± 0.01
n-Nonacosan-10-ol Plant (conifers) 0.04 ± 0.002 0.11 ± 0.01 nd
R (mg/g C) 0.11 ± 0.01 0.23 ± 0.01 0.16 ± 0.01

n-Alkanoic acids C14–C28 (C18:1) C14–C28 (C22) C14–C28 (C16)
RC14–C18 Microbial/Plant 0.70 ± 0.05 1.14 ± 0.07 0.72 ± 0.02
RC20–C28 Plant 0.52 ± 0.06 1.87 ± 0.20 0.65 ± 0.07
R (mg/g C) 1.21 ± 0.11 3.01 ± 0.25 1.37 ± 0.09

n-Alkanes C27–C29 (C29) C27–C29 (C29)
R (mg/g C) Plant nda 0.005 ± 0.003 0.04 ± 0.0005
R Aliphatic lipids (mg/g C) 1.32 ± 0.11 3.24 ± 0.25 1.58 ± 0.10

Cyclic lipids
Steroids st 2-4 (st 4) st 1-4 (st 4) st 1-4 (st 4)

st 1 Microbial nd 0.03 ± 0.01 0.04 ± 0.005
st 2-4 Plant 1.47 ± 0.17 1.31 ± 0.07 0.97 ± 0.06
R (mg/g C) 1.47 ± 0.17 1.34 ± 0.07 1.01 ± 0.06
Diterpenoids d 2-3, 6 (d 2) d 1, 5 (d 5) d 1-6 (d 5)
R (mg/g C) Plant (conifers) 3.42 ± 0.47 1.91 ± 0.04 0.07 ± 0.004

Triterpenoids t 1 t 1-3 (t 1)
R (mg/g C) Plant (angiosperms) nd 0.17 ± 0.04 0.26 ± 0.004
R Cyclic lipids (mg/g C) 4.90 ± 0.64 3.42 ± 0.12 1.33 ± 0.05
Aliphatic/cyclic lipids 0.28 ± 0.03 0.94 ± 0.04 1.19 ± 0.10

Phenols
Ferulic acid (mg/g C) Suberin or lignin 0.01 ± 0.001 0.03 ± 0.006 0.01 ± 0.0004
R Lipids (mg/g C) 6.23 ± 0.71 6.69 ± 0.37 2.92 ± 0.10

Carbohydrates
R (mg/g C) 0.94 ± 0.05 1.93 ± 0.11 1.39 ± 0.05
Total (mg/g C) 7.17 ± 0.72 8.62 ± 0.46 4.31 ± 0.06

Compounds in parentheses indicate the most abundant compound within the series. Values in bold indicate a significant difference between samples (p 6 0.05).
Steroids are identified as cholesterol (st 1), campesterol (st 2), stigamsterol (st 3) and b-sitosterol (st 4).
Major diterpenoids are identified as pimaric acid (d 1), sandarocopimaric acid (d 2), isopimaric acid (d 3), levopimaric acid (d 4), dehydroabietic acid (d 5) and abietic acid (d
6).
Triterpenoids are identified as b-amyrin (t 1), a-amyrin (t 2) and ursolic acid (t 3).
Carbohydrates include glucose, mannose, sucrose and trehalose.

a nd = not detected.
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C16, respectively (Lichtfouse et al., 1995). The n-alkanes were only
minor components of the pine and grassland soils and ranged from
C27 to C29 and had a Cmax at C29, typical of contributions from the
epicuticular waxes of vascular plants (Bianchi, 1995; Simoneit,
2005).

The main steroids identified in the soil samples included: cam-
pesterol, stigmasterol and b-sitosterol which are among the most
common phytosterols of higher plants (Bianchi, 1995; Hartmann,
1998). Small quantities of cholesterol, found in soil micro- and
meso-fauna as well as in plants (Puglisi et al., 2003), were also de-
tected in the pine and grassland soils. Diterpenoids of the abietane,
pimarane and isopimarane classes are common constituents of
conifers and pine needles (Otto and Wilde, 2001; Otto and Simp-
son, 2005) and were most abundant in the cedar and pine soils.
Triterpenoids of the oleanane and ursane type, such as a- and
b-amyrin, are common constituents of angiosperms (Bianchi,
1995) and were only found in the pine and grassland soils. The
phenolic compound ferulic acid, a free compound originating from
suberin-associated waxes (Kolattukudy and Espelie, 1989; Otto
and Simpson, 2005), was observed in the three soils. Finally, the
carbohydrates detected included glucose, mannose, sucrose and
trehalose. Trehalose is a known biomarker for soil fungi (Koide
et al., 2000). Glucose, mannose and sucrose have been observed
in animals, plants and soil microbes (Simoneit et al., 2004) and
are not source specific.

Organic compounds from the source vegetation undergo vari-
ous degradation processes within the soil and it has been sug-
gested that short chain aliphatic lipids and carbohydrates are
more rapidly degraded compared to long chain aliphatic and cyclic
compounds (Jaffé et al., 2001; Otto and Simpson, 2005). The ratio of
aliphatic/cyclic lipids has been observed to decrease from the
source vegetation to the underlying soil horizons, indicating the
preferential degradation of aliphatic lipids in comparison to cyclic
lipids (Otto and Simpson, 2005). In the present study, the cedar soil
had the lowest ratio followed by the pine and grassland soils
(Table 1).

3.2.2. Base-hydrolysable compounds
The base hydrolysis products (Table 2) were comprised mostly

of n-alkanols, n-alkanoic acids, branched n-alkanoic acids, n-al-
kane-a,x-dioic acids, x-hydroxyalkanoic acids, a-hydroxyalkanoic
acids and mid-chain hydroxy and epoxy acids, aromatics and phen-
olics. Several hydrolysable aliphatic lipids isolated from SOM have
been attributed to the biomacromolecules cutin and suberin (Nie-
rop, 1998; Kögel-Knabner, 2000; Nierop et al., 2003; Otto and
Simpson, 2006a) which are common constituents of vascular
plants and primarily function as barriers to prevent water loss
(Kolattukudy and Espelie, 1989). The observed aromatic com-
pounds benzoic acid, p-hydroxybenzaldehyde and p-hydroxyben-
zoic acid are likely the degradation products of proteins or
tannins (Goñi et al., 2000). Five phenolic compounds were de-
tected: vanillic acid, syringaldehyde, syringic acid, p-coumaric acid
and ferulic acid. Although phenolic compounds of the vanillyl,
syringyl and cinnamyl type are known monomers of the biopoly-
mer lignin (Hedges and Mann, 1979), the compounds detected
after base hydrolysis may not solely originate from lignin because
the ether bonds of the lignin macromolecule are not cleaved during
this procedure. The phenols identified in these soils may also be



Table 2
Major compound classes identified in the base hydrolysis extracts of the mineral soil samples from Halsey, Nebraska.

Compound class Source Cedar Pine Grassland

Benzyls
R (mg/g C) Proteins and tannins 2.23 ± 0.35 5.41 ± 0.26 11.56 ± 0.96

Phenols
R (mg/g C) Suberin 12.63 ± 3.46 15.24 ± 0.68 36.84 ± 4.27

Aliphatic lipids
n-Alkanols C20–C22 (C22) C16–C22 (C22) C18–C28 (C22)

R (mg/g C) Suberin 4.02 ± 1.20 2.50 ± 0.28 4.34 ± 0.49
n-Alkanoic acids C12–C30 (C18:1) C12–C30 (C16) C12–C32 (C18:1)

R (mg/g C) Suberin 31.27 ± 3.21 35.82 ± 4.76 55.73 ± 0.29
Branched n-alkanoic acids C16–C18 (aC17) C17–C18 (aC17) C16–C18 (aC16)

R (mg/g C) Microbial 1.74 ± 0.12 1.25 ± 0.13 4.39 ± 0.28
n-Alkane-a,x-dioic acids C16–C26 (C16) C12–C26 (C16) C14–C28 (C24)

RC12–C18 Suberin and Cutin 25.79 ± 7.75 25.06 ± 2.17 14.37 ± 0.43
RC20–C28 Suberin 24.54 ± 6.56 11.86 ± 1.41 36.06 ± 2.29
R (mg/g C) 50.33 ± 14.30 36.92 ± 3.32 50.43 ± 2.68

x-Hydroxyalkaoic acids C16 C12–C26 (C16:1) C16–C26 (C16:1)
RC12–C18 Suberin and Cutin 4.19 ± 0.51 12.89 ± 0.98 6.13 ± 0.62
RC20–C26 Suberin nda 1.28 ± 0.11 5.08 ± 1.73
R (mg/g C) 4.19 ± 0.51 14.18 ± 0.98 11.21 ± 2.32

a-Hydroxyalkanoic acids C22–C24 (C24) C22–C24 (C24) C22–C26 (C24)
R (mg/g C) Animals, plants, fungi 3.21 ± 0.49 3.53 ± 0.80 8.15 ± 0.43

Mid-chain hydroxy and epoxy acids
x-OH C16 DA Cutin nd 4.13 ± 0.56 2.97 ± 0.51
9,10-ep-x-OH C18 Suberin and Cutin 1.15 ± 0.29 1.77 ± 0.32 3.12 ± 0.33

R Aliphatic lipids(mg/g C) 95.92 ± 19.00 100.09 ± 10.16 140.34 ± 5.42
Total (mg/g C) 110.78 ± 22.79 120.75 ± 10.41 188.74 ± 10.19

Suberin and Cutin monomersb

Total suberin R S (mg/g C) 24.54 ± 6.56 18.24 ± 1.91 41.14 ± 2.77
Total cutin R C (mg/g C) nd 15.25 ± 1.50 9.10 ± 1.12
Total suberin or cutin R SVC (mg/g C) 39.68 ± 11.98 42.38 ± 3.65 26.02 ± 1.35
Total suberin and cutin R SC (mg/g C) 64.22 ± 18.52 75.87 ± 6.58 76.27 ± 5.03

Compounds in parentheses indicate the most abundant compound within the series.
Values in bold indicate a significant difference between samples (p 6 0.05).
Benzyl compounds include benzoic acid, p-hydroxybenzaldehyde and p-hydroxybenzoic acid.
Phenol compounds include vanillic acid, syringaldehyde, syringic acid, p-coumaric acid and ferulic acid.
Branched n-alkanoic acids include iso- (i) and anteiso- (a) Cn.

a nd = not detected.
b Sum parameters defined according to Otto and Simpson (2006a): Total suberin RS = C20–C32 x-hydroxyalkanoic acids + C20–C32 a,x-diacids + 9,10-ep C18 dioic acid; total

cutin RC = mid-chain hydroxy C14, C15, C17 acids + C16 mono- and dihydroxy acids and diacids; total suberin or cutin RSVC = C16 and C18 x-hydroxyalkanoic acids + C18 di- and
trihydroxy acids + 9,10-ep-x-OH C18 acid + C16 and C18 a,x-diacids; total suberin and cutin RSC = RS + RC + RSVC.
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derived from suberin (Kolattukudy and Espelie, 1989). Ester-bound
hydroxyphenols such as p-coumaric acid and ferulic acid are be-
lieved to arise from phenolic constituents of suberin or ester-
bound moieties found in the ligno-cellulose complex of grasses
(Lam et al., 2001). As such, hydroxyphenol concentration was high-
est in the grassland soil (Table 2). The n-alkanols were predomi-
nantly even numbered in the range of C16 to C28 (Cmax at C22) and
likely originate from suberin (Kolattukudy and Espelie, 1989).
The n-alkanoic acids were also predominantly even numbered
and ranged from C12 to C32. The presence of a Cmax at C16 or C18:1

and minor concentrations of branched n-alkanoic acids (iso- and
anteiso-C16, C17 and C18), reflect inputs from soil microbes since
these compounds are not commonly found in higher plants (Otto
and Simpson, 2006a). The long-chain n-alkanoic acids represent
contributions from waxes and suberin of vascular plants (Bianchi,
1995). a,x-Alkanedioic acids were abundant components of the
hydrolysable lipids and ranged from C16 to C28 and are characteris-
tic constituents of suberin (Kolattukudy and Espelie, 1989). The x-
hydroxyalkanoic acids ranged from C12 to C26 and are also found in
the suberin of roots and bark (Kolattukudy and Espelie, 1989). Leaf
waxes of grasses and conifers also contain abundant polyesters
consisting of x-hydroxyalkanoic acids (estolides; Bull et al.,
2000b) and these compounds were more abundant in the pine
and grassland soils (Table 2). a-Hydroxyalkanoic acids, observed
in our samples in minor concentrations, have been reported as base
hydrolysis products of leaf waxes and wood (de Leeuw et al., 1995;
Freire et al., 2002).
Cutin monomers have characteristic patterns in different botan-
ical classes and are often used to determine their source in soils
and sediments (Goñi and Hedges, 1990a, 1990b; Otto and Simpson,
2006a). Gymnosperms yield higher amounts of x-C14 and x-C16

acids relative to angiosperms and a plot of x-C16/RC16 acids vs.
x-C14/RCn (Fig. 1a) highlights the differentiation between inputs
of cutin-derived compounds within the three soils. The high abun-
dance of the x-C14 acid in conifer samples have been reported to
originate from cutin and ester-bound x-hydroxyalkanoic acids
(estolides) found in leaf waxes (Bull et al., 2000b). We observed a
high concentration of the x-C14 hydroxy acid in the pine soil and
this biomarker clearly aids in the distinction from the other types
of vegetative inputs (Fig. 1a). The x-C16/RC16 ratio can be used as
an indicator of cutin degradation (Goñi and Hedges, 1990c) or to
trace varying vegetation inputs to soils (Otto and Simpson,
2006a) and was highest in the grassland soil (Fig. 1a). The grass-
land soil also had the highest suberin/cutin ratio (1.91) compared
to the cedar (1.63) and pine soils (1.05; Fig. 1b).

3.2.3. Lignin-derived phenols
Upon chemolysis with CuO, eight major lignin-derived phenols

were liberated and detected by GC–MS including: vanillyl (vanillin,
acetovanillone and vanillic acid), syringyl (syringaldehyde, aceto-
syringone and syringic acid) and cinnamyl (p-coumaric acid and
ferulic acid) groups. The composition of lignin-derived phenols is
characteristic of major plant groups (Hedges and Mann, 1979;
Hedges and Ertel, 1982; Otto and Simpson, 2006b). For example,



0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

0.00

0.20

0.40

0.60

0.80

1.00

1.20
Cedar
Pine
Grassland

Cedar Pine Grassland
0.0

0.5

1.0

1.5

2.0

2.5

ω-C16/ΣC16

ω
-C

14
/Σ

C
n

Su
be

ri
n/

C
ut

in

(b)(a)

Fig. 1. Cutin and suberin source parameters and distribution in the soil samples. Error bars are standard errors of triplicate samples. (a) Ratios of angiosperm vs. gymnosperm
markers. RC16 = RC16 hydroxy acids and diacids, and RCn = RC14, C15 and C17 hydroxy acids. (b) Suberin/cutin ratio calculated as S/C = (RS + RSVC)/(RC + RSVC) according to
Otto and Simpson (2006a).

12 O. Pisani et al. / Organic Geochemistry 62 (2013) 7–16
gymnosperms only produce vanillyl phenols while angiosperms
produce equal quantities of both syringyl and vanillyl phenols
(Hedges and Mann, 1979). Non-woody tissues of gymnosperms
and angiosperms (e.g., conifer needles, grass, angiosperm leaves)
contain cinnamyl units that link carbohydrates and lignin in the
ligno-cellulose complex (Hedges and Mann, 1979; Lam et al.,
2001). For this reason, a plot of cinnamyl/vanillyl (C/V) vs. syring-
yl/vanillyl phenols (S/V) has been used for the assessment of lignin
and plant sources in soils and sediments (Goñi et al., 2000; Otto
and Simpson, 2006b). The grassland soil had the highest C/V ratio
(0.45; Fig. 2a) likely due to high inputs from grasses which contain
abundant cinnamyl phenols (Fig. 2b). The cedar and pine soils had
lower C/V ratios of 0.18 and 0.21, respectively. Although these soils
are dominated by gymnosperm inputs, the lower cinnamyl content
may be derived from grasses or small shrubs which may also be
present within the forest understory. The S/V ratio was also differ-
ent between the three soils. Again, the grassland soil had the high-
est value (0.85) and contained similar amounts of vanillyl and
syringyl monomers, typical of angiosperm vegetation inputs. The
cedar and pine soils had lower values of 0.30 and 0.18, respectively,
which are typical values of gymnosperm inputs.

Lignin phenol monomers have also been used to assess the deg-
radation state of SOM (Otto and Simpson, 2006b; Feng et al., 2011).
Lignin is biodegraded by white-rot and brown-rot fungi (Hedges
et al., 1988) causing side chain oxidation of the phenol monomers
(ten Have and Teunissen, 2001). Progressing lignin degradation is
reflected by elevated ratios of lignin-derived phenolic acids and
their corresponding aldehydes (referred to as the Ad/Al ratio) for
both vanillyl and syringyl units (Hedges et al., 1988). Fresh angio-
sperm and conifer wood has been reported to have Ad/Al ratios of
0.1–0.5 for both syringyl and vanillyl units and higher values of
0.2–1.6 have been reported for fresh non-woody tissues such as
leaves and grasses (Hedges et al., 1988; Benner et al., 1990; Otto
and Simpson, 2006b). The Ad/Al ratios for the samples analyzed
in this study ranged from 0.94–1.32 (Fig. 2c), indicating some de-
gree of lignin oxidation. The pine soil had the highest values for
both ratios (1.03 and 1.32 for syringyls and vanillyls, respectively).
Forest soils are observed to be more oxidized due to the optimal
soil conditions for lignin-degrading fungi (e.g., pH, temperature,
moisture; Paul and Clark, 1988). Furthermore, the three soils had
higher Ad/Al values for the vanillyl compared to the syringyl phe-
nols (Fig. 2c) likely because of the preferential degradation of
syringyl monomers. Vanillyl phenols have been reported to accu-
mulate more than cinnamyl and syringyl phenols (Hedges et al.,
1988) and possibly undergo oxidation through abiotic processes
such as photochemical processes (Opsahl and Benner, 1998; Feng
et al., 2011).
3.3. Soil organic matter structure analysis with nuclear magnetic
resonance

Solid state 13C NMR has been widely used to characterize SOM
because it provides basic structural information on the whole soil
sample (Kögel-Knabner, 2000; Simpson et al., 2008; Simpson and
Simpson, 2012). The solid state 13C NMR spectra (Fig. 3) and inte-
gration results (Table 3) identified similar types of carbon present
but the proportion of SOM components varied among the three
samples studied. The pine soil contained a relatively higher
amount of alkyl carbon (0–50 ppm) compared to the cedar and
grassland soils. This region corresponds to methane groups in alkyl
chains and methylene carbons in lipids, waxes, or cutin and suber-
in (Preston et al., 1997; Simpson et al., 2008). The high alkyl carbon
of the pine soil is in agreement with the higher amount of aliphatic
lipids and cutin-derived compounds found in this soil (Tables 1 and
2). The O-alkyl carbon region (50–110 ppm) which contains signals
from carbon bonds and methoxy groups corresponding to carbohy-
drates and lignin (Simpson et al., 2008) was most intense in the
grassland soil. Aromatic and phenolic carbons (165–215 ppm) de-
rived from lignin, proteins and black carbon (Baldock et al., 1992;
Simpson et al., 2008), were more abundant in the pine and cedar
soils compared to the grassland soil. This was also the case for
the carboxyl and carbonyl carbons (165–15 ppm) derived from car-
boxylic, amide and ester carbons.

Solid state 13C NMR has previously been used to examine the
chemical changes associated with the decomposition of SOM
(Kögel et al., 1987; Baldock et al., 1992; Feng et al., 2011). The rel-
ative degree of SOM degradation can be estimated by using the al-
kyl/O-alkyl ratio which has been shown to increase with
progressive organic matter degradation (Baldock et al., 1992; Qui-
deau et al., 2001; Simpson et al., 2008). The grassland soil was
found to have the lowest alkyl/O-alkyl ratio (0.65; Table 3) indicat-
ing that it is relatively less degraded compared to the cedar (0.80)
and pine (0.94) soils. The high value obtained for the pine soil sug-
gests enrichment in alkyl carbon and/or an advanced stage of or-
ganic matter decomposition in this soil (Simpson et al., 2008).
This observation is consistent with the observed lignin degradation
trends (Fig. 2c).
4. Discussion

4.1. Vegetation–soil organic matter relationships at the molecular level

In this study, soil samples collected within the same climatic re-
gion, developed on the same parent material and originally under
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prairie grassland were used to determine the relationship between
vegetation and SOM molecular composition. Clear differences were
observed in the SOM composition of the three soil samples. These
are very closely linked to the different types of vegetative inputs
and the impact of vegetation on the soil formation process and soil
cation status (Paul et al., 2003) in a dry environment. Solvent
extractable compounds observed for the pine soil are consistent
with aliphatic lipids likely originating from roots and cuticles of
pine needles. The short chain aliphatic lipids found in the three soil
samples (Table 1) may be derived from soil microbes or from the
degradation of long chain homologues. Since the degradation of
aliphatic lipids results in the formation of the same lipid classes,
the products of degradation cannot be distinguished from the ori-
ginal biosynthesized compounds (Otto and Simpson, 2005). In the
present study, the absence of information about the molecular
composition of the local vegetation makes it difficult to distinguish
recent inputs from selective degradation of specific SOM compo-
nents. However, the aliphatic/cyclic lipid ratio can be used to
determine the extent of SOM degradation in soils because aliphatic
lipids are believed to preferentially degrade compared to cyclic
compounds that may be protected from biodegradation through
mineral interactions (Otto and Simpson, 2005). Because the soils
analyzed in this study have low clay content (97% sand), low ali-
phatic/cyclic lipid ratios cannot be explained with mineral protec-
tion of cyclic compounds and should be interpreted with caution.
The cedar soil had the lowest ratio (Table 1) and may suggest a
more advanced stage of SOM degradation. However, this soil sam-
ple also contained the highest amount of diterpenoids and the low-
est amount of aliphatic lipids, resulting in a low aliphatic/cyclic
ratio. The findings by Mellor et al. (2013) on SOM dynamics on this
site reported, based on 13C contents, that cedar soils are both
accruing more tree C and preserving much more of the original
prairie C than the pine soils. It has recently been suggested that
the persistence of SOM is largely due to complex interactions be-
tween organic matter and its environment (e.g., compound chem-
istry, climate, water availability, soil pH and the soil microbial
community; Schmidt et al., 2011). The higher aliphatic/cyclic lipid
ratio observed for the pine soil may be due to the preservation of
aliphatic lipids (mainly n-alkanoic acids) previously reported for
acidic soils (Bull et al., 2000a). The pine soil pH was slightly more
acidic (pH = 4.9) compared to the cedar soil (pH = 6.0), which may
have enhanced the preferential preservation and accumulation of
aliphatic lipids under pine vegetation. SOM has been shown to
accumulate in sandy soils with decreasing soil pH because of re-
duced microbial activity (Nierop et al., 2003). The grassland soil
had the highest aliphatic/cyclic lipid ratio, suggesting fresh inputs



Table 3
Relative contribution (%) of the four main carbon structures to the solid state 13C CP–MAS-NMR spectra after integration and the resulting alkyl/O-
alkyl ratios.

Alkyl C O-Alkyl C Aromatic and Phenolic C Carboxylic and Carbonyl C Alkyl/O-alkyl
(0–50 ppm) (50–110 ppm) (110–165 ppm) (165–215 ppm)

Cedar 32 40 18 10 0.80
Pine 34 36 19 11 0.94
Grassland 30 46 15 9 0.65
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of aliphatic lipids and/or their preferential preservation in this soil.
Furthermore, diterpenoids were found at low abundances in the
grassland soil and is consistent with their low abundance in
grasses (Otto and Wilde, 2001).

Components identified in the base hydrolysis extracts suggest
that the three soil samples are dominated by root inputs. The pine
soil seems to receive more cutin-derived inputs as shown by higher
RC and the presence of the x-C14 hydroxy acid. The aboveground
inputs at the pine site were noted to accumulate as a deep litter
layer that was not found at the grassland or cedar sites. The lower
suberin/cutin ratio of the pine soil compared to the cedar and grass-
land soils indicates more inputs from leaf cuticles. This is corrobo-
rated by the 13C NMR integration results that show a higher relative
abundance of alkyl C in this soil (also shown by the higher alkyl/O-
alkyl ratio). The x-C16/RC16 ratio has been reported to increase with
progressing cutin degradation in coastal marine sediments (Goñi
and Hedges, 1990c) noting that roots have also been found to be
rich in the C16 and C18 x-hydroxy acids (Otto and Simpson,
2006a). This ratio may also be used to trace varying vegetative in-
puts and their relative preservation in soil. For example, the high
x-C16/RC16 ratio observed for the grassland soil may indicate the
preferential degradation of cutin or a higher input from the suberin
of roots. The latter is more likely as this soil also had the highest to-
tal suberin (RS) content suggesting higher concentrations of root-
derived organic matter inputs (Table 2). The grassland soil also
had the highest suberin/cutin ratio compared to the cedar and pine
soils. However, high suberin/cutin ratios have been reported for
grasses and have been attributed to the presence of long-chain
(C20, C22, C24) ester-bound x-hydroxyalkanoic acids derived from
leaf waxes (Bull et al., 2000b; Otto and Simpson, 2006a). Thus, the
resulting high values of RS and therefore suberin/cutin ratios for
grasses compared to other vascular plants may result in an overes-
timation of the abundance of suberin compared to cutin in grass-
land soils. The lower suberin/cutin ratio of the pine soil supports
the high abundance of the cutin-derived x-C14 hydroxy acid.

These results indicate enhanced preservation of aliphatic lipids
in the pine soil. It has been suggested that an increase in litterfall
and coniferous needle inputs to forest soils may accelerate soil res-
piration rates by as much as 22% by ‘‘priming’’ of SOM (Crow et al.,
2009; Leff et al., 2012). In these studies, it was found that an in-
crease in ecosystem net primary production, brought about by cli-
mate change, may lead to accelerated processing of stored soil
carbon, although this process is likely to be ecosystem dependent
(Crow et al., 2009; Schmidt et al., 2011). However, it is also hypoth-
esized that alkyl carbon structures are recalcitrant and that their
stability in soils may enhance the terrigneous storage of atmo-
spheric CO2 (Lorenz et al., 2007; von Lützow et al., 2008). The pine
soil from Halsey, Nebraska, which showed accelerated C and N
losses relative to the cedar soil (Mellor et al., 2013), may be accu-
mulating aliphatic structures due to enhanced decomposition of
other, more labile components by priming of SOM. The low clay
mineral content of this soil (97% sand) suggests that physical pro-
tection is not a significant mechanism for carbon sequestration and
that these aliphatic components may be preserved as a result of
their inherent molecular structure.

The lignin phenols showed a higher cinnamyl content in the
grassland soil derived from non-woody tissues of grasses. The
cedar and pine soils contained more vanillyl phenols relative to
the other lignin monomers, typical of gymnosperm inputs. Further-
more, the elevated S/V ratios of the cedar and pine soils compared
to reported literature values for fresh gymnosperm needles and
woody tissues (Hedges and Mann, 1979) suggest a mixed source
of lignin and support the 13C analysis showing preservation of
the native prairie organic matter (Mellor et al., 2013). The higher
S/V of the cedar compared to the pine soil may be due to better
preservation of grass-derived lignin in the cedar soil which was
found to contain �80% of the original prairie carbon (Mellor
et al., 2013). There was agreement between the degradation
parameters obtained with CuO lignin analysis and solid-state 13C
NMR. The Ad/Al ratios indicated that the pine soil is at an advanced
stage of oxidation and degradation compared to the cedar and
grassland soils. The pine soil has been observed to have a lower
amount of mineralizable carbon on long term incubation as com-
pared to the cedar and grassland soils (Mellor, unpublished data),
which may be due to the more degraded state of its SOM and the
preferential sequestration of aliphatic lipids that are more chemi-
cally recalcitrant. The higher degree of lignin oxidation in the pine
soil may also be due to the lower pH of this soil which has been
suggested to favor fungal biomass, the primary bio-degraders of
lignin, over bacteria (Nierop et al., 2003). Both the Ad/Al ratio of
the syringyl monomers and the alkyl/O-alkyl ratio obtained with
13C NMR, increased in the following order; grassland > cedar > pine
soil demonstrating consistency between the two methods.
5. Conclusions

The combination of molecular marker analyses and solid state
13C NMR methods provided insight into the molecular level com-
position of SOM and its relationship to long term vegetation shifts.
Although SOM inputs are primarily controlled by the current veg-
etation at a particular site (cedar, pine or grassland), evidence was
found for the preservation of native prairie organic matter in the
pine and cedar stands. Due to increasing atmospheric concentra-
tions of CO2, it is important to enhance our understanding of
how to sequester carbon in biochemically recalcitrant compounds.
The turnover of recalcitrant compounds in soils is still poorly
understood, especially in response to both climate and land-use
change. This study suggests that vegetation induced differences
in decomposition processes may be coupled to litter chemistry
and quality and may result in distinct molecular SOM patterns.
Vegetation shifts brought about by global climate and land-use
change may result in shifts in the molecular level composition of
SOM and the stability of the soil carbon pool with time. Although
our sample set reflects long-term vegetative shifts (55 and
72 years), laboratory incubations also show a clear link between
litter chemistry and SOM composition (Clemente et al., 2013).
Thus, plant–soil interactions should be examined more closely
using molecular level methods.
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