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ABSTRACT

We examined chemical changes from leaf tissue to
soil organic matter (SOM) to determine the per-
sistence of plant chemistry into soil aggregate
fractions. We characterized a slow (Dicranopteris
linearis) and fast-decomposing species (Cheiroden-
dron trigynum) and surface (O), and subsurface
(A-horizon) SOM beneath each species using
pyrolysis-gas chromatography/mass spectrometry
(py-GC/MS), with and without derivatization. The
live tissues of Dicranopteris had greater lignin con-
tent whereas Cheirodendron had a greater lipid, N-
bearing, and polysaccharide component. Despite
this difference in leaf chemistry, SOM chemistry
was similar between soil aggregate fractions, but
different between horizons. The O-horizon con-
tained primarily lignin and polysaccharide bio-
markers whereas the A-horizon contained
polysaccharide, aromatic, and N-derived com-
pounds, indicating considerable microbial process-

ing of plant litter. The soils beneath Cheirodendron
inherited a greater lipid signal composed of cutin
and suberin biomarkers whereas the soils beneath
Dicranopteris contained greater aromatic biomarker
content, possibly derived from plant lignins. The
soils beneath both species were more similar to root
polysaccharides, lipids, and lignins than above-
ground tissue. This study indicates that although
plant-derived OM is processed vigorously, species-
specific biomarkers and compound class differences
persist into these soils and that differences in plant
chemical properties may influence soil develop-
ment even after considerable reworking of plant
litter by microorganisms.
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INTRODUCTION

There are broad differences in decomposition rates
between plant functional types including conifers,
deciduous trees, and grasses (Cornelissen 1996;
Cornwell and others 2008; Weedon and others
2009). Although it is clear that plant functional
characteristics affect litter decomposition rates, it is
less clear how these differences influence organic
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matter (OM) preservation in soils. Some studies
hypothesize a broad similarity in soil chemistry
across a range of conditions, including variable
vegetation types, suggesting homogenization of
plant inputs during decomposition and soil devel-
opment (Gleixner and others 1999; Mahieu and
others 1999; Grandy and Neff 2008). Other studies
suggest that soils may inherit key aspects of plant
tissue characteristics that then influence soil prop-
erties (Filley and others 2008; Vancampenhout and
others 2010). These latter studies suggest a role for
plant species in the control of soil organic matter
(SOM) composition and highlight the potential for
plant—soil feedbacks to occur via the formation and
decomposition of SOM.

Plant chemical characteristics, including high
concentrations of polyphenols and lignins, are
known to slow litter decomposition (Melillo and
others 1982) and are recognized as a key factor in
plant-soil feedbacks including nutrient cycling
(Hobbie and Vitousek 2000). It is, however, consid-
erably less clear as to whether plant characteristics
can result in distinct patterns of soil development
and SOM composition and even whether plant
chemical differences are inherited by and persist in
soils. Most organic inputs to soils are plant derived,
and the organic materials comprising humic frac-
tions derive from modified polyphenolic compounds
originally from plants (Sollins and others 2007) and
therefore polyphenols dominate the OM composi-
tion of some O- and A-soil horizons (Buurman and
others 2007; Nierop and Filley 2007). However,
investigations using NMR (Sollins and others 2007),
X-ray spectrometry (Lehmann and others 2007),
and analyses of specific lignin monomers (Kiem and
Kogel-Knabner 2003; Nierop and Filley 2007) sug-
gest that plant-derived phenols make up a small
proportion of the carbon stabilized in deeper soil
horizons (Buurman and others 2007; Nierop and
Filley 2007).

The accumulation of plant-derived compounds in
soils is a complex process that can be controlled by
mechanisms related to the initial litter chemical
composition (for example, biochemical recalci-
trance, lignin, or cutin composition), and/or by
physical protection and interaction of minerals
with the SOM (Six and others 2002; Kiem and
Kogel-Knabner 2003). Plant-derived compounds
that are difficult or inefficient to degrade are re-
tained in the soils, and include lignin and aliphatic
compounds, such as cutin (aboveground) and sub-
erin (belowground). Prior study suggests that ali-
phatic compounds preserved in soils are plant
derived (Nierop and others 2007; Filley and others
2008; Vancampenhout and others 2010). However,

relatively undecomposed plant fragments can be
preserved in soils through physical protection and
mineral interactions which decrease SOM accessi-
bility to soil decomposers (Six and others 2002).
Minerals such as allophane and imogolite have
considerable surface charge and large specific surface
areas that form stable mineral-OM complexes
(Buurman and others 2007; Mikutta and others
2009).

The islands of Hawaii provide an interesting case
study in the role of plant composition on decom-
position processes. These ecosystems include many
vegetation types, including an exceptionally high
abundance of ferns, which possess a range of
unusual attributes including a slow decomposition
rate and unusually high concentrations of leaf
waxes (Amatangelo and Vitousek 2008, 2009).
Components of leaf waxes have been found in
fossilized fern cuticles illustrating their potential
long-term persistence in some environments
(Lyons and others 1995; Zodrow and Mastalerz
2002; Gupta and others 2007). These attributes
have the potential to alter decomposition dynamics
but relatively little is known about their influence
on soil chemistry in these ecosystems.

Pyrolysis-gas chromatography/mass spectrometry
(py-GC/MS) is a method of assessing the molecular
biochemistry of OM comprising a diverse range of
probable source molecules and compounds includ-
ing lignins, polysaccharides, aromatics, lipids, and
proteins, allowing the ““fingerprinting’” of an entire
soil sample to illustrate the relative contribution of
these classes to SOM. Recent study illustrates py-GC/
MS can be generalized into categories similar to the
3C NMR molecular-mixing model (Baldock and
others 2004). Kaal and others (2007) obtained high
correlations between the two methods’ categorical
grouping of lignin, lipid, and carbohydrate groups,
although sometimes with large quantitative differ-
ences between the two methods, given their inher-
ent limitations (Kaal and others 2007).

In this study, we explore how differences in plant
tissue and root chemistry affect the chemical
composition of soil aggregate fractions. We exam-
ine OM composition using categorical chemical
groupings (lignin, lipid, and so on) similar to those
proposed by Kaal and others (2007) and subse-
quently examine if variation in specific plant bio-
markers (pyrolysis products) are retained in the
soils that form beneath each species. The specific
hypothesis we explore here is whether there will be
a comparatively higher abundance of plant-derived
molecules in SOM (polyphenols as well as aliphatic
leaf waxes) under the slow-decomposing fern
Dicranopteris linearis due to accumulation of
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chemically recalcitrant cell-wall components com-
pared to the rapidly decomposing species, Cheiro-
dendron trigynum. In contrast, we would expect that
the comparatively more decomposable lignin/
polyphenols will not persist in soils and therefore
differences in plant lignin content would exert
relatively little influence on the resulting soil bio-
chemistry. In making both these predictions, we
assume that the capacity to stabilize OM is similar
across these broad compound classes, an assump-
tion that we further test and discuss below.

METHODS
Field Sampling

We sampled a wet tropical forest on the island of
Hawaii in the Kohala Mountains. The site is at
1200 m asl within a cool wet rainforest (16°C and
2500 mm MAP) (Vitousek 2004). Two species of
plants were chosen due to their widespread pres-
ence throughout the Hawaiian Islands (Kitayama
and others 1995), and their large difference in
organic chemistry (Raab and others, unpublished-
a), nutrient concentrations, and decomposition
rates (Allison and Vitousek 2004a; Amatangelo and
Vitousek 2008). We sampled three field replicates of
live leaves, root mats, and attached, recently
senesced litter from C. frigynum, a native angio-
sperm tree and D. linearis, a thicket-forming non-
polypod fern. In the case of Cheirodendron, the litter
layer beneath the species contains some litter con-
tributions from other forest species including the
common Hawaiian tree Metrosideros polymorpha. For
D. linearis, the dense thicket structure means that
most of the surface litter under this species is derived
from the fern—and fern mats can be relatively long-
lived (decades) and so have been contributing to SOM
formation for an extended period of time.

For both species, we sampled the soils beneath
three replicates of each plant from two genetic soil

horizons 0-3, 3-10cm (O- and A-horizons,
respectively) which have high OM contents
(Table 1). These soils have been extensively char-
acterized (Crews and others 1995; Vitousek and
others 1997), but are briefly described here. The
soil is classified as a Hydric Hydrudand, dominated
by a non-crystalline mineralogy including allo-
phane, imogolite, and ferrihydrite (Torn and others
1997, 2005). Sodium-extractable Fe’* + AI’** com-
prised 1.5 and 2.9% of the O and A-horizon,
respectively (Torn and others 2005). Soil texture is
difficult to determine in Andisols and may be
approximated from 15-bar water content
(2.5% x 15 bar water content) (Torn and others
2005). For the O and A-horizon, water contents
were 69.9 and 33.2%, respectively, resulting in a
texture of 43% clay, 51% silt, and 6% sand for the
A-horizon (Torn and others 2005). Interaction
of soil water with the high OM content of the
O-horizon resulted in silt + clay estimates greater
than 100% and should not to be used quantita-
tively (Torn and others 2005). Soil pH for the
A-horizon was 3.9 (Mikutta and others 2009).
Samples were frozen at 0°C and transported to the
laboratory within 48 h of collection, on ice, and
subsequently freeze-dried in bulk.

Soil Fractionation and C/N
Measurements

Soils were sieved to 2 mm removing large rocks
and roots and subsequently dry sieved to obtain
four aggregate fractions: 850-590, 590-180, 180-
53, and less than 53 pm. Samples were placed on
the top sieve of the series of stacked sieves and
shaken at moderate speed on a standard sieve
shaker for 20 min (Grandy, personal comm.). To
assure that samples were separated, individual
fractions were shaken at 5-min intervals until the
sample loss was less than 0.01 g per interval. Soil
fractions were finely ball-ground, and C and N

Table 1. C and N Concentration of Cheirodendron and Dicranopteris Tissue and Soil Horizons of the O- and
A-Horizons

Cheirodendron Dicranopteris

% C %N C:N % C %N C:N
Live 45.4c¢ 1.2ab 38 46.9¢ 1.1ab 43
Litter 46.9¢ 0.5a 96 46.4c 0.6a 77
Root 42.2¢ 1.0a 67 47.8¢ 0.8a 61
O-horizon 46.0c 1.6b 28 41.1c 1.6b 26
A-horizon 23.1b 1.3ab 17 18.1a 0.8a 22

Letters indicate significant differences within response variable (either C or N)
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were measured using an EA 1110 CNS combustion
analyzer (Thermo Electron Corporation, Waltham,
Massachusetts).

Pyrolysis-Gas Chromatography/Mass
Spectrometry and Methylation

Py-GC/MS is a method of assessing the molecular
chemistry of OM including lignins, polysaccharides,
aromatics, lipids, and proteins. Py-GC/MS uses
thermal, non-oxidative fragmentation of large
molecules into fragments that can be identified and
traced (in some cases) back to particular plant or
microbial sources (Hempfling and Schulten 1990;
White and others 2004). Unlike NMR that observes
functional groups, py-GC/MS enables the observa-
tion of a diverse range of chemical constituents in
fragments large enough to identify probable source
molecules (that is, lignins, aromatics, proteins, and
so on). Although the method is generally only semi-
quantitative without the use of internal or external
standards, it provides a relatively comprehensive
evaluation of SOM chemistry, although slightly
underestimating polysaccharides and fatty acid
methyl esters (Gauthier and others 2002; Grandy
and others 2007; Stewart, unpublished). Use of
differing GC columns can improve detection of
select compounds. The addition of tetramethyl-
ammonium-hydroxide (TMAH) to the sample im-
proves detection of acids (Hatcher and others 1995)
and of lignin monomer derivatives of guaiacyl (G),
syringyl (S)- and p-coumaryl-derived (P) aldehydes,
carboxylic acids, and ketones, which may be lost in
conventional py-GC/MS due to their polarity (Saiz
Jimenez 1994; del Rio and others 1998).
Py-GC/MS and TMAH-py-GC/MS analyses were
performed as described elsewhere (Stewart,
unpublished). In brief, approximately 5-10 mg of
sample was weighed into a pyrofoil (Pyrofoil
F590, Japan Analytical Company, Tokyo, Japan)
with and without preapplied 5 pl tetramethyl-
ammoniumhydroxide. The samples were incubated
for 24 h before pyrolyzing to allow TMAH to absorb
into the sample (Klingberg and others 2005), then
pyrolyzed at 590°C within a Curie-point pyrolyzer
(Pyromat; Brechbuhler Scientific Analytical Solu-
tions, Houston, Texas). Pyrolysis products were
transferred online to a gas chromatograph (Ther-
moQuest Trace GC; Thermo-Finnigan, San Jose,
California) with an interface temperature of 250°C
with a split-injection (split ratio 50:1, He carrier gas
flow-rate 1.0 ml min~'). Separation of pyrolysis
products was done on a BPX-5 column
(60 m x 0.25 mm, film thickness 0.25 um) using a
temperature program of 40°C for 5 min, 5°C min !

to 270°C followed by a jump (30°C min™'), to a
final temperature of 300°C. The column outlet was
coupled to a Thermo Polaris-Q ion trap mass
spectrometer (Polaris Q; Thermo Finnigan, San
Jose, California) operated at 70 eV in (electron
ionization) EI mode. The transfer line was heated
to 270°C, and source temperature held at 200°C.
Live, litter, roots, O- and A-horizon samples were
analyzed with py-GC/MS, but the A-horizon sam-
ples were not included with TMAH.

Data Analysis

Products were identified with reference spectra after
de-convolution and identification based on the pri-
mary characteristic ions (for example, Buurman and
others 2007) using AMDIS v 2.64 and National
Institute of Standards and Technology 2002 mass
spectral libraries. Each spectrum was inspected
manually. All the identified components with a sig-
nal intensity greater than 0.5% of the spectra were
selected using a Matlab script (version 7) to ensure
data quality. Requiring a high signal-to-noise ratio
for peak identification increased the probability of
correct compound identification. Using this method,
we identified more than 80% of the peaks in a given
spectra. The data are quantitatively expressed as
relative intensity with respect to total measured
intensity (for example, Vancampenhout and others
2009). Relative intensity (RI) is expressed as

RL; = (22 )100
1] ZXI

where x;; is the total integrated area for compound j
in sample 7, and ) x; is the sum of all identified
compounds.

Compound identification and classification were
done according to probable source using the pub-
lished literature (for example, Hempfling and
Schulten 1990; Chiavari and Galletti 1992;
Gutierrez and others 1995; Hatcher and others
1995; Galletti and others 1997; del Rio and others
1998, 2007; Moldoveanu 1998; Gleixner and
others 1999, 2002; Chefetz and others 2002; Filley
and others 2002; Gauthier and others 2002). During
source classification, compounds were grouped into
six source categories including lignin, polysaccha-
ride, lipids, N-bearing, phenols, aromatic, and
unidentified, based on the literature (Appendix 1, 2
in Supplemental Material). Classification included
all the compounds identifiable by spectra. Of the
compounds extracted, compounds which could not
be assigned to a source category comprised fewer
than 5% of the spectra. Summing relative intensities
of py-GC/MS does not yield comparable results to
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wet-chemical analyses for whole plant content, but
is useful, like the molecular mixing model with '>C-
NMR data, to interpret general differences in bulk
chemistry content (Kaal and others 2007; Baldock
and others 2004). Evaluation of total sample
chemistry by groups (lignin, lipid, polysaccharide,
N-bearing) was performed on unmethylated data
(Kaal and others 2007); due to the more complete
chemical characterization that includes N-bearing
compounds and polysaccharides (Raab and others,
unpublished-b). Differences between soils were
expressed as a proportion of the summed differences
in compound classes (Appendix 1 in Supplemental
Material). Methylated data were used to confirm the
presence of lignin-derived acids and fatty-acids.
The origin of compound groups cannot be
assigned plant versus microbial origin unequivo-
cally except for lignins, but individual compounds
can be biomarkers of plant (above and below-
ground) and more processed C sources. Lignin
biomarkers are entirely of plant-origin (guaiacyl,
syringyl, and p-hydroxyphenyl groups), as are odd
numbered long-chained alkenes from plant waxes.
Even chained fatty acid methyl esters can indicate
cutin versus suberin sources. Smaller-chained lip-
ids are primarily of microbial origin. Some poly-
saccharide biomarkers that are indicative of plant
cellulose (Steinbeiss and others 2006) can be dis-
tinguished from those of more microbial processed
products, although some compounds, may be
derived from both sources (for example, Moldov-
eanu 1998). Some pyrolysis products have multiple
origins, such as tannins and some types of lignins
(Nierop and Filley 2007), whereas phenols may be
derived from lignin or protein sources and have been
separated into their own category (Appendix 1).

Statistics

The chemistry of the soil fractions was evaluated
using principle component analysis (PCA) with a

correlation matrix to account for differences in
variance between chemical groups in SAS (SAS
Institute, Cary, North Carolina). Results were
orthogonally rotated using Proc FACTOR to corre-
late components with variables and consequently
to provide the most interpretable results. We used
categorical groupings based on probable origin and
included lignin, lipid, phenol, polysaccharide, aro-
matic, N-bearing, and unidentified categories
(Appendix 1). Soil C and N were analyzed using an
ANOVA. To explain variation between angiosperm
versus fern biomarkers, we performed a PCA
analysis with a correlation matrix on each class of
compounds present in the major chemical classes
[lignin (13), polysaccharide (17), lipid (14), and
aromatic (11)] (Appendix 1).

REsuLTs
Soil Fractions

The SOM chemistry was surprisingly similar across
soil fractions although the O-horizon had a greater
lignin content than the A-horizon (Table 2).
Incorporating the six compound groups together
into a PCA, soil fractions did not show a unique
chemistry, although the three PCA axes combined
explained 86% of the variability (Table 3). The
O- and the A-horizons separated along PCAI,
dominated by positive loading for aromatic (0.402)
and polysaccharides (0.256) (A-horizon) and neg-
ative loadings for lignin (0.447, O-horizon)
(Figure 1). PCA2 was dominated by negative load-
ings for N-bearing (—0.491) and positive loadings
for lipid (0.663) and PCA3 was dominated by neg-
ative loading of polysaccharides (—0.544) and po-
sitive loading for phenol (0.638). Owing to the small
differences in SOM chemistry between soil frac-
tions, we focused the remaining analysis on the less
than 53-pum fraction and compared it to above-
ground tissue (live and litter) of the two species.

Table 2. Chemistry of the Soil Fractions Beneath Cheirodendron and Dicranopteris

Aromatic Lignin Lipid N-bearing Phenol Polysaccharide

O-horizon

590-850 pm 0.050 0.320 0.050 0.110 0.010 0.440

150-590 pm 0.055 0.360 0.195 0.095 0.035 0.260

53-150 um 0.070 0.460 0.030 0.140 0.025 0.260

<53 um 0.080 0.375 0.075 0.095 0.015 0.345
A-horizon

590-850 um 0.200 0.080 0.060 0.130 0.030 0.470

150-590 pm 0.190 0.100 0.090 0.160 0.040 0.390

53-150 pm 0.155 0.105 0.095 0.160 0.060 0.390

<53 um 0.243 0.093 0.101 0.113 0.031 0.389
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Table 3. PCA of the Soil Fractions Beneath Cheirodendron and Dicranopteris in the O- and A-Horizon (590—
850, 150-590, 53-150, and <53 pum) within Group (Lignin, Lipid, Phenol, N-bearing, Polysaccharide, and

Aromatic)

PC 1 2 3

Eigenvalues 2.38 1.73 1.03

Total variance 0.40 0.29 0.17

Cumulative variance 0.40 0.69 0.86

Eigenvectors
Lignin —0.447* —0.101 —0.041
Lipid 0.104 0.663* 0.211
Phenol 0.118 —0.032 0.638*
N-bearing —0.009 —0.491* 0.099
Polysaccharide 0.256* —0.201 —0.544*
Aromatic 0.402* 0.083 0.152

* Loading greater than 0.40.
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Figure 1. PCA of the unmethylated py-GC/MS data in
the soil aggregate fractions (850-590, 590-180, 180-53,
>53 um) of O-horizon and A-horizons beneath both
Cheirodendron and Dicranopteris.

Chemical Groups Along the Continuum

The two species’ live tissue had different lignin,
polysaccharide, lipid, and N-bearing contents
(Figure 2). Dicranopteris had a greater lignin-
derived signal compared to Cheirodendron (Fig-
ure 2A) whereas Cheirodendron had a greater lipid
(Figure 2D), N-bearing (Figure 2E), and polysac-
charide component compared to Dicranopteris
(Figure 2D). The low lignin and high lipid content
of Cheirodendron as well as the high lignin content
of Dicranopteris agreed with previously reported wet
chemistry data of these two species (Allison and
Vitousek, 2004b; Amatangelo and Vitousek 2008;
Raab and others, unpublished-a).

The species differences in live tissue chemistry also
were reflected in different decomposition trajecto-

ries from the live tissue into the soil (Figure 2). Lig-
nin-derived compounds decreased from live tissue
through litter and the A-horizon soil under the fern
Dicranopteris (0.59-0.10 RA) (Figure 2A). Cheiro-
dendron, however, had a maximum lignin-derived
content in the O-horizon (0.35) that then decreased
to the A-horizon (Figure 2A). Polysaccharides and
aromatics increased from live tissue into the
A-horizon (Figure 2B, E). The high lipid content of
the live tissue of Cheirodendron decreased into the
O-horizon and was only slightly less in the A-hori-
zon compared to litter tissue, whereas the lipid
content of the A-horizon soils under Dicranopteris
was greater than that of the live tissue (Figure 2D).

The chemistry of A-horizon soils was different
between the species although both soils contained
similar compound classes compared to live tissues,
(polysaccharides, aromatics, N-bearing compounds,
and lipids). Aromatic compounds comprised more
of the chemical signature of soil under Dicranopteris,
whereas lipid and polysaccharide compound sig-
natures were greater in soil under Cheirodendron
(Figure 2C, D, B).

Compound-Specific Chemistry Within
Groups

Lignin

There was clear separation in the PCA between the
two species live tissue, the roots, and the A-horizon
soils. A PCA analysis explained a combined 66% of
the variability between the first three axes. The live
tissue of both species separated along PCA1, which
had positive loadings for guaiacyl structures (trans-
isoeugenol 0.220, 4-propylguaiacol 0.220, and

vinylguaiacol 0.449) and negative loading for
some syringyl structures (syringol —0.073 and
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ethylphenol —0.097) (Figure 3; Table 4). PCA2 had
positive loading for both guaiacyl and syringyl lig-
nins (vanillic acid 0.395, and ethylsyringol 0.377)
and negative loading for 4-eugenol (—0.243). PCA3
separated guaiacyl from syringyl lignins and had
positive loading for syringol (0.415) and vanillic
acid (0.415) and negative loading for acetosyrin-
gone (—0.325).

Lignin-derived chemical signatures of the live
tissue and litter of two species reflected their dif-
ferent growth forms (Figure 3). Angiosperms, such
as Cheirodendron, are known to contain a mix of
guaiacyl (G) and syringyl (S) lignin compounds,
whereas ferns (Dicranopteris) and non-woody plants
contain G, or a mixture of G and p-hydroxyphenyl
(P) structures (Ros and others 2007). Cheirodendron
live tissue and litter were associated with loadings
for syringyl compounds, whereas Dicranopteris was
associated with loadings of biomarkers for ferns and
non-woody plants, including 4-vinylphenol, a

Cheirodendron Dicranopteris

Figure 2. Relative
intensity (RI) of
compound classes: lignin
(A), polysaccharides (B),
aromatic (C), lipid (D),
N-bearing (E), and
phenol (F) from
unmethylated py-GC/MS
chemical characterization
of Cheirodendron and
Dicranopteris over the
decomposition sequence
(live tissue to A-horizon).
Units are relative
intensity; error bars
represent the standard
error of the mean, n = 3.
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Figure 3. Principle component analysis (PCA) of major
lignin compounds present in live tissue, litter, O-horizon
and A-horizon and roots beneath both Cheirodendron and
Dicranopteris over the decomposition sequence (live tissue
to A-horizon) determined by unmethylated py-GC/MS.
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known pyrolysis product of p-coumaric acid and a
large constituent of non-woody tissue (Del Rio and
others 2007).

The O-horizon and roots of both species were
associated with positive PCA2 loadings that
included vanillin, syringaldehyde, and benzene-
diol suggesting a strong root component to the
O-horizon soils. The A-horizon soils were associ-
ated with negative loadings for PCA1, indicative
of syringyl lignin and slightly negative loading for
PCA2. Although the compositions of both species’
A-horizon soils are different from either the live
tissue, litter, or roots, their lignin composition
appears to be distinct from one another (Figure 3).

Polysaccharides

A PCA analysis of polysaccharide-derived bio-
markers explained a combined 73% (first three
axes) of the variability that separated the two spe-
cies live tissue, the roots, and the A-horizon soils
(Figure 4; Table 5). The live tissues separated along
PCA1 with positive loadings for maltol (0.169), and
2-cyclopenten-1-one, 3-ethyl-2-hydroxy (0.157),
and the roots and soils separated along negative
loading furfural (—0.112) and levoglucosenone
(—0.105). PCA2 had positive loadings for 2,5-di-
methyl-4-hydroxy-3(2H)-furanone (0.270), and
negative loadings for furan, 3-methyl- (—0.258).
Some 2-cyclopent-1-ones have been identified as
pyrolysis products of lignin—cellulose (Gauthier and
others 2003; Galletti and others 1997) and of
purified cellulose in angiosperm leaves (Stewart,
unpublished data) and may reflect greater cellulose
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Figure 4. The PCA of major polysaccharide compounds

present in live tissue, litter, O- and A-horizons, and roots

beneath both Cheirodendron and Dicranopteris over the

decomposition sequence (live tissue to A-horizon)

determined by unmethylated py-GC/MS.

content in Cheirodendron (Raab and others,
unpublished-a).

Compound-specific differences in polysaccha-
rides between these two species may reflect known
differences in non-cellulose composition. The
pectic polysaccharides of Cheirodendron have a
predominant five-carbon base (arabinose), whereas
the hemicellulose of the fern Dicranopteris is domi-
nated by six carbon sugars (mannose and galactose)
(Raab and others, unpublished-a). The greater
2-cyclopent-1-one content of live and litter tissue
in Cheirodendron may reflect the greater proportion
of 5-C sugars, although the py-GC/MS temperature
of our run was not optimal for recovery of an-
hydrose sugar biomarkers (Moldoveanu 1998).

Roots of both species contained levoglucosan and
2(5H)-furanone, both plant cellulose biomarkers
(Steinbeiss and others 2006). Levoglucosenone,
another plant cellulose biomarker was present in
the soils along with furfural, which can be derived
from cellulose, lignin, or microbial sources
(Gutierrez and others 1995; Steinbeiss and others
2006).

Both species’” O- and A-horizons had distinct
polysaccharide chemistry and generally had nega-
tive loading for PCA1 and PCA2 (Figure 4;
Table 2). In the A-horizon, non-specific polysac-
charides were dominated by furfurals (2-furalde-
hyde and 5-methyl furaldehyde), and general
polysaccharide biomarkers were also found in
fungal biomass (Gutierrez and others 1995), and
cellulose as well as 3-methyl furan, a polysaccha-
ride commonly observed in soils (Saiz Jamaiz 1986)
(Table 5).

Lipids
The two plant species were different in both lipid
content and chemistry, with Cheirodendron having
much greater lipid relative intensities in live tissue
compared to Dicranopteris (Figure 2D). A PCA of
the methylated fatty acids (TMAH-py-GC/MS)
explained 60.5% of the variability (PCA1, 2 and 3
combined) (Figure 5; Table 6). Live tissue and roots
separated along PCA1 with positive loadings asso-
ciated with C5g.9, C25.0 and C,4.¢ fatty acids (0.333,
0.333, and 0.305) and negative loading toward
succinic acid, dimethyl ester (—0.84) and propanoic
acid, methyl ester (—0.81). PCA2 had positive
loading for tridecanoic acid, 12-methyl-, methyl
ester (0.300) and negative loadings for hepta-2,
4-dienoic acid, methyl ester (—0.233).

The live tissues and litter of both species as well
as Dicranopteris O-horizon were indistinguishable in
the PCA. Both species contained lipids derived from
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Table 4. The PCA of py-GC/MS Lignin Biomarkers in Cheirodendron and Dicranopteris Live, Litter, and O- and

A-Horizons
PC Prinl Prin2 Prin3
Eigenvalue 4.586 2.060 1.886
Difference 2.526 0.174 0.618
Proportion 0.353 0.158 0.145
Cumulative 0.353 0.511 0.656
Eigenvectors
4-Vinylphenol 0.080 —0.122 0.414
Benzoic acid, 4-hydroxy-3-methoxy- (Vanillic acid) 0.018 0.395 —-0.177
Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- (Acetosyringone) 0.013 0.012 —0.325
Ethylphenol (Phenol, 2-methyl) —-0.097 —0.002 0.037
Phenol, 2-methoxy- (Guaiacol) 0.099 0.197 0.053
Phenol, 2-methoxy-4-(1-propenyl)- (trans-Isoeugenol) 0.220 —0.054 —0.104
Phenol, 2-methoxy-4-(1Z)-1-propen-1-yl- (cis-Isoeugenol) 0.167 —0.069 0.051
Phenol, 2-methoxy-4-(2-propenyl)- (4-Eugenol) 0.111 —0.243 —0.036
Phenol, 2-methoxy-4-methyl- (4-Methylguaiacol) 0.169 0.151 —0.083
Phenol, 2-methoxy-4-propyl- (4-Propylguaiacol) 0.219 —0.105 0.029
Phenol, 2-methoxy-4-vinyl- (Vinylguaiacol) 0.180 0.010 0.102
Phenol, 2,6-dimethoxy- (Syringol) —-0.073 0.166 0.415
Phenol, 4-ethyl-2,6-dimethoxy- (Ethylsyringol) —0.029 0.377 0.087

Table 5. The PCA of py-GC/MS Polysaccharide Biomarkers in Cheirodendron and Dicranopteris Live, Litter,

and O- and A-Horizons

PC Prinl Prin2 Prin3
Eigenvalue 7.276 3.117 1.972
Difference 4.159 1.145 0.139
Proportion 0.428 0.183 0.116
Cumulative 0.428 0.611 0.727
Eigenvectors
1,2-Cyclohexanedione 0.080 0.149 0.111
1,4:3,6-Dianhydro-a-d-glucopyranose —0.025 0.210 —0.140
2(5H)-Furanone —0.046 0.175 —0.112
2,5-Dimethyl-4-hydroxy-3(2H)-furanone 0.003 0.270 0.118
2-Cyclopenten-1-one, 2,3-dimethyl- 0.153 —0.061 —0.112
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 0.114 0.049 0.056
2-Cyclopenten-1-one, 2-methyl- 0.050 —0.123 0.140
2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- 0.157 —-0.013 —-0.103
2-Cyclopenten-1-one, 3-methyl- 0.138 —0.065 —0.082
2-Furancarboxaldehyde, 5-(hydroxymethyl)- —0.012 0.206 0.056
2-Furanmethanol 0.111 0.103 0.047
4H-Pyran-4-one, 3-hydroxy-2-methyl- (Maltol) 0.169 —0.039 —0.302
Acetic acid —0.069 0.058 0.375
Furan, 3-methyl- —0.066 —0.258 0.077
2-Furaldehyde (Furfural) —0.112 —0.031 0.001
5-methyl- Furaldehyde —0.052 —0.015 0.338
Levoglucosenone —0.105 —0.051 —0.071

plant epicuticular waxes that were evident as fatty
acid methyl esters (C;4, Cig.). Although both Ci¢
and C,g fatty acids may also be found in microbial
sources (Jandl and others 2005), these fatty acids
are likely to be of plant-derived origin. Despite the
similarity in aboveground lipid composition in the
PCA analysis, the roots of both species and the

O-horizon of Cheirodendron separated belowground
suberin-derived biomarkers C,, and C,4 fatty acids
(Naafs and others 2004; Jandl and others 2005)
(Figure 5). Short-chained aliphatic compounds are
generally of microbial origin, derived from frag-
ments of microbial lipids or microbial degradation
of longer chained lipids by microbes. The soils
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Figure 5. The PCA of major lipid compounds present in
Cheirodendron and Dicranopteris over the decomposition
sequence (live tissue to A-horizon) determined by
TMAH-py-GC/MS.

contained microbial lipid biomarkers, which were
more fungal (alkenoic acid 18:1) (Rubino and
others 2009) and bacterial (C;s) (Naafs and van
Bergen 2002).

However, with the unmethylated data (alkanes
and alkenes), the PCA analyses separated the
Cheirodendron live tissue from Dicranopteris tissue
(Table 7) and explained 75% of the variability. The
PCA1 had positive loading for short-chained
alkanes and alkenes (Cg.o 0.162) and negative
loading for longer-chained alkanes (C,9.9) Whereas
PCA2 had positive loading for the long-chained

alkanes (Css.0_29.0) and negative values for mid-
length alkanes (Ci4.0). The clear separation of Che-
irodendron along positive PCA1 and PCA2 axes
indicative of long-chained plant waxes (C,s5, C,7,
C,9, and Cs;) (Chefetz and others 2002; Gupta
and others 2007) supports wet chemical data that
document a thick wax layer on the outside of
Cheirodendron live tissue (Raab and others, unpub-
lished-b).

Aromatic compounds

The PCA analysis of the aromatic biomarkers
explained 86% of the variability in the first three
axes and separated only the A-horizon soils and
Cheirodendron O-horizon (Figure 6; Table 8). The
A-horizon of Dicranopteris had positive PCA1 with
positive loading from 1,3,5,7-cyclooctatetraene
(0.334), and Cheirodendron had negative loading
from 1,3,5-cycloheptatriene (—0.224). PCA2 had
positive loading from 1,3,5-cycloheptatriene
(0.427) and negative loading from 1,3,5,7-cyclo-
octatetraene (—0.199). The distinct separation
between the soils beneath species in aromatic bio-
markers is interesting, as these compounds indicate
increasing decomposition either as a result of
intense lignin modification or a component of
fungal communities (Jelen and Wasowicz 1998).
The aromatic group consisted of ring structures
primarily composed of benzenes and napthalenes
that were unable to be classified into other
categories (Appendix 1). Highly modified lignin

Table 6. The PCA of TMAH-pyGC/MS Lipid Biomarkers in Cheirodendron and Dicranopteris Live, Litter, and

O- and A-Horizons

PC Prinl Prin2 Prin3
Eigenvalue 4.456 2.384 1.624
Difference 2.072 0.760 0.039
Proportion 0.318 0.170 0.116
Cumulative 0.318 0.489 0.605
Eigenvectors
Nonanedioic acid 0.055 0.224 0.252
Propanoic acid, methyl ester —0.081 —0.041 0.177
Succinic acid, dimethyl ester —0.084 0.104 0.336
Tridecanoic acid, 12-methyl-, methyl ester 0.076 0.300 —-0.025
Pentanedioic acid, dimethyl ester —0.029 —0.012 0.290
Hexadecanoic acid, methyl ester 0.004 0.259 —0.121
Hepta-2,4-dienoic acid, methyl ester 0.004 —-0.233 —0.017
Heptadecanoic acid, methyl ester 0.060 0.149 —0.248
9,12,15-Octadecatrienal, dimethyl acetal 0.104 -0.177 0.021
9,12-Octadecadienoic acid (Z,Z)-, ME -0.017 0.069 —0.235
9-Octadecenoic acid, methyl ester, (E)- 0.167 0.267 0.029
Eicosanoic acid, methyl ester 0.333 0.144 —0.064
Docosanoic acid, methyl ester 0.333 0.079 —0.076
Tetracosanoic acid, methyl ester 0.305 0.025 —0.111
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Table 7. The PCA of py-GC/MS Lipid Biomarkers in Cheirodendron and Dicranopteris Live, Litter, and O- and

A-Horizons
PC Prinl Prin2 Prin3
Eigenvalue 5.957 3.083 2911
Difference 2.874 0.172 1.161
Proportion 0.372 0.193 0.182
Cumulative 0.372 0.565 0.747
Eigenvectors
1-hexadecene, 6-ethyl 0.143 0.058 0.057
3,7,11,15-Tetramethyl-2-hexadecen-1-ol —0.030 0.031 —0.361
n-Octane (n-C8:0) 0.162 —0.088 0.070
n-Octene (n-C8:1) 0.140 0.168 —0.070
n-Hexadecane (1n-C16:0) 0.124 —0.143 0.079
n-Heptadecane (n-C17:0) 0.159 —0.035 0.005
n-Heptadecene (n-C17:1) —0.011 0.140 0.383
n-Octadecane (n-C18:0) 0.145 0.143 —0.090
n-Nonadecane (7-C19:0) 0.153 0.012 0.060
n-Nonadecene (7-C19:1w9) 0.136 —0.030 —0.015
n-Docosene (n-C22:1w1) 0.031 —0.057 0.302
n-Pentacosane (1n-C25:0) 0.057 0.303 —0.121
n-Heptacosane (n-C27:0) —0.003 0.372 0.022
n-Nonacosane (n-C29:0) —0.021 0.260 0.229

phenols, or aromatic compounds are expected
through a decomposition continuum (Stout and
others 1988). However, these biomarkers are gen-
erally not specific to either a plant or microbial
source classification (Hermosin and Saiz-Jimenez
1999; Buurman and others 2007) and might be a
result of organic—soil minerals interaction during
py-GC/MS (Faure and others 2006) although this is
unlikely due to the extremely high OC content of
these soils (Table 1).
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Figure 6. The PCA of major aromatic compounds pres-
ent in live tissue, litter, O-, and A-horizons, and roots
beneath both Cheirodendron and Dicranopteris over the
decomposition sequence (live tissue to A-horizon)
determined by unmethylated py-GC/MS.

N-Containing Compounds

Nitrogen-bearing compounds were greater in the
live tissue of Cheirodendron compared to Dicranop-
teris, which is consistent with patterns (if not
absolute concentrations differences) in foliar N
content (Allison and Vitousek 2004b; Amatangelo
and Vitousek 2009) (Table 2). In general, detection
of N-bearing compounds will differ from bulk N
determination in tissue and soils both because
py-GC/MS detection does not address the stoichi-
ometry of compounds (the intensity is based on
compound detection rather than N concentration
alone) and because py-GC/MS techniques often
miss small compounds such as amino fragments
that may be generated during the pyrolysis process.
For these reasons, the GC/MS data can be inter-
preted across samples but should not be taken as a
quantitative measure of N.

Leaf material was composed predominantly of
indoles, pyrroles, and pyridines. Substituted pyr-
roles (Schulten and Schnitzer 1997) and 3-meth-
ylpyrrole (Bracewell and Robertson 1987) may be
derived from the tetrapyrrole ring of chlorophyll
whereas pyrroles (Chiavari and Galletti 1992) and
indoles (Schulten and Schnitzer 1997) are primar-
ily derived from amino acids.

Apart from chitin biomarkers, N-bearing com-
pounds cannot be separated into microbial versus
plant-derived compounds very well because of the
ubiquitous nature of amino acids. Nitrogen-bearing
compounds, doubled from the O- to the A-horizon
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Table 8. PCA of py-GC/MS Aromatic Biomarkers in Cheirodendron and Dicranopteris Live, Litter, O-, and A-

Horizons
PC Prinl Prin2 Prin3
Eigenvalue 6.114 1.964 1.379
Difference 4.150 0.585 0.557
Proportion 0.556 0.179 0.125
Cumulative 0.556 0.734 0.860
Eigenvectors
1,3,5-Cycloheptatriene —-0.224 0.427 0.121
1,3,5,7-Cyclooctatetraene 0.334 —0.199 0.052
1,4-Dihydroxybenzene —0.013 —0.128 —0.383
2,3,6-Trimethylnaphthalene 0.003 0.050 0.474
Acetophenone 0.211 0.002 —0.015
Benzaldehyde 0.261 —0.072 —0.050
Benzene 0.275 —0.081 0.042
Cadalene —0.061 0.290 0.022
Cadina-1(10),6,8-triene 0.051 0.194 0.043
Calamenene (Naphthalene) —0.006 0.239 0.028
Phenol, 3,4-dimethyl- 0.002 0.005 0.463

under both species, comprised mostly pyrroles and
pyridines. Pyridines have been found to be the
most abundant pyrolysis product in commercially
available chitin (Stankiewicz and others 1996).
Pyridines also may derive from plant lignin
decomposition with available ammonia (Schulten
and Schnitzer 1997) or from other nitrogenous
sources (amino acids, polypeptides, or chitin)
(Buurman and others 2007). The increased N signal
in the A-horizon may be due to the accumulation
of decomposition products as well as decomposing
organisms. The A-horizon in both soils had a large
component of pyrazoles that have been found as
pyrolysis products of chitin (Gleixner and others
1999).

DiscussioN

In this Hawaiian forest, soils inherited different
proportions of compound classes from a fast-
decomposing species, Cheirodendron, and a slow
decomposing species Dicranopteris, and some
specific plant-derived biomarkers persisted into the
A-horizon of the soil. SOM chemical differences
between the O- and the A-horizon followed a
commonly observed pattern—the loss of lignin
derived phenols (Kiem and Kogel-Knabner 2003;
Nierop and others 2006) and increase in aromatic
and N-bearing compounds. Depending on the
species, however, we observed either an increase in
polysaccharides (Dicranopteris) or lipids (Cheiroden-
dron) from the O horizon to the A horizon (Gleix-
ner and others 1999; Sollins and others 2007). The
loss of lignin is consistent with the decomposition

of plant material in tropical ecosystems and agrees
with previous study on SOM composition of allo-
phanic Andisols, which found a high contribution
of polysaccharides and N-bearing compounds (Na-
afs and others 2004; Nierop and others 2005) but
not plant-derived compounds to SOM chemistry.

We found surprisingly similar SOM chemistry
between all aggregate sizes in contrast with others
who observed chemical differences across soil
aggregate fractions (Chefetz and others 2002;
Poirier and others 2005; Grandy and Neff 2008).
These Hawaiian soils have a much greater SOC
content than soils of other aggregate studies and
have high mineral-OM loadings (Mikutta and
others 2009). Sorption to minerals effectively sta-
bilizes organic material against oxidative degrada-
tion, but as minerals become more fully loaded
with OM, C becomes more available to microbial
attack (reviewed von Lutzow and others 2006) and
more influenced by differences in SOC input
sources and quantity (Hassink and others 1997;
Stewart and others 2008). This could explain the
similarity of size fraction chemistry observed here.
In contrast to similarities across size classes in these
soils, there were distinct patterns in SOM chemistry
between the O and A horizon in these soils.

The inheritance of plant compounds into both
O- and A-horizons is complex and varies across
compound classes. Overall, plant lignins disap-
peared relatively quickly whereas plant-derived
lipids were more strongly preserved in soils. In the
case of lignin, the complexity of the lignin structure
retards decomposition of aboveground tissue and
indeed lignin content is often a good predictor of
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litter decomposition rates (Melillo and others
1989). Despite a much higher concentration of
lignin in its tissue, the slow-decomposing species
Dicranopteris, did not have greater lignin content in
the A-horizon soil compared to Cheirodendron
which suggests that despite the mat growth form of
Dicranopteris, differences in microclimate (canopy
and soil moisture) had minimal effects on decom-
position between the two species.

This study suggests that plant lignins from a
variety of species disappear quickly from these soils,
and this finding is consistent with a number of
other observations including studies that show that
extracellular lignin degrading enzymes are pre-
valent in these Hawaiian soils (Allison and
Vitousek 2004a; Amatangelo and Vitousek 2009)
and a growing body of soil chemical study that finds
lignin-derived compounds are rarely retained
intact in soils with high decomposition rates
(Gonzalez-Perez and others 2007; Nierop and
others 2007). Although we did not observe intact
lignin biomarkers in the soil, we did observe sig-
nificantly more aromatic compounds that could be
derived from lignins, under the fern. The largest
difference between the two species’ A-horizon
chemistry was in aromatic compounds; the pres-
ence of aromatic compounds, paralleled the greater
concentration of lignins in aboveground plant tissue
suggesting that although specific lignin biomarkers
are not preserved in soils, the decomposition
byproducts of the lignins may continue to influence
SOM chemistry (Zech and others 1992).

In contrast to lignin dynamics, the greater lipid
content of the soils underneath Cheirodendron sug-
gests either preservation of plant-derived cutin and
suberin and/or greater relative input combined
with slower decomposition of these compounds
compared to Dicranopteris. These results are
intriguing in that, even in conditions that support
rapid decomposition of OM, some plant-derived
compounds persist (in a relatively undecomposed
state) in soil horizons with turnover times of sev-
eral decades (Torn and others 2005). These obser-
vations suggest that either these compounds are
biologically recalcitrant or particularly prone to
stabilization through mineral-OM association.
Given that we observe relatively little differentia-
tion in OM chemistry across soil aggregate fractions
that typically are composed of a strong signal of
microbial processing (Grandy and Neff 2008), it
seems likely that these lipid constituents of ferns
are somewhat or highly resistant to microbial
degradation. In other settings as well, lipid-derived
or alkyl-C are selectively preserved (Baldock and
others 1997), and it has been suggested that this is

due to the relatively high amount of energy nec-
essary to decompose aliphatic bonds (Zech and
others 1992; Baldock and others 2004; Nierop and
others 2007). Also, lipids are hydrophobic, which
can prevent access by degrading enzymes, but they
can also adsorb on clay surfaces and intercalate
existing mineral structure (von Lutzow and others
2006).

Although there is good evidence for biochemical
mechanisms that explain the preservation of lipids
in these soils, the possibility of physical (and pref-
erential) stabilization of lipids cannot be ruled out.
Allophanic Andic soils tend to have unusually high
polysaccharide levels (Nierop and others 2005) and
in alu-Andic soils, high lipid content (Gonzalez-
Perez and others 2007; Nierop and others 2007),
and are also well known for high surface area and
sorption capacity (Torn and others 1997). In this
regard, both chemical recalcitrance and mineral
stabilization (to the degree these mechanisms can
be separated) of lipids could play a role in the
preservation of these compounds. Although the
proximate mechanism responsible for lipid preser-
vation is unclear, these findings, particularly when
evaluated alongside those for plant lignins, suggest
that lipids may represent one of the few plant-de-
rived structural compounds that are likely to con-
tribute to intermediate to slow-turnover time
(decadal or longer) SOM fractions.

The slow C pool of these soils comprises between
80 and 90% of total soil and has a turnover from
15-40 years (O- and A-horizon, respectively) that
may emerge from differential decompositions of
chemical groups (Torn and others 2005). Previous
incubations of a broad range of Hawaiian soils,
including this site, found carbon turnover times in
these soils were not significantly correlated with
texture (15-bar water content), Fe>*, or AI>* con-
tent, mineralogy or non-crystalline mineral con-
tent (Torn and others 2005). However, the
turnover of litter pools at each site and the turn-
over times of the slow pool of SOC were positively
correlated for the A-horizon and could be due to
the inheritance of plant-derived recalcitrant com-
pounds (Torn and others 2005). Amatangelo and
others (unpublished) found that lipid compounds
generally increased through litter decomposition,
and we show that they can comprise a large pro-
portion of plant-derived chemical SOM signature.

The observations from this study parallel a
number of observations made in other soils; how-
ever, the measurements of chemical compounds
from living tissue into soils offer several new
insights as well. First, these results illustrate
two mechanisms by which plant compositional
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variation may influence SOM chemistry. These
mechanisms include the production and stabiliza-
tion of secondary compounds related to relatively
rapid lignin degradation as well as the direct sta-
bilization of lipid-derived plant compounds by
inherent recalcitrance, or onto mineral surfaces.
Even across relatively small spatial scales within a
forest (that is, under individual species), these dif-
ferences in SOM chemistry are evident. There are a
number of questions that emerge from these
observations and include a fundamental one of
whether the differences in SOM under differing
plant species influence soil C or nutrient cycling on
short-time scales. Although we cannot address that
question here, this study suggests an interaction
between factors that facilitate decomposition and
factors that facilitate OM stabilization with varia-
tion in the relative importance of these two pro-
cesses across compound classes. Because mineral-
OM associations are one of the few mechanisms
that can sequester terrestrial carbon into temperate
or tropical soils for periods greater than a few
decades, these associations represent an important
repository of both carbon and nutrients in terres-
trial ecosystems. The findings of this study suggest
that plant composition and chemical diversity may
play a role in the development of stabilized SOM.
Further study including a broader range of species
using both py-GC/MS and TMAH-py-GC/MS, a
broader range of sites, as well as using compound-
specific isotope analysis could clarify these results.
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