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Earthworms, stand age, and species composition interact
to influence particulate organic matter chemistry during

forest succession
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Abstract The landscapes colonized by invasive
earthworms in the eastern U.S. are often patchworks
of forest stands in various stages of successional
development. We established six field sites in tulip
poplar dominated forests in the Smithsonian Envi-
ronmental Research Center in Edgewater, MD, that
span mid (50-70 years-three plots) and late (120-
150 years-three plots) successional stages where
younger sites had greater earthworm density and
biomass than older sites and were dominated by non-
native lumbricid species. In particular Lumbricus
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rubellus, a litter-feeding species, was abundant in mid
successional forests. Here, we separated particulate
organic matter (POM) from the bulk soil by a
combination of size and density fractionation and
found that patterns in soil POM chemistry were
similar to those found previously during litter decay:
in younger forests with high abundance of earth-
worms, organic carbon normalized cutin- and suberin-
derived substituted fatty acid (SFA) concentration
was lower and lignin-derived phenols greater than in
older forests where earthworms were less abundant.
The chemistry of the dominant litter from mid versus
late successional tree species did not fully explain the
differences in POM chemistry between age classes.
Instead, the differences in leaf body versus petiole and
leaf versus root chemistry were the dominant drivers
of POM chemistry in mid versus late successional
stands, although aspects of stand age and tree species
also impacted POM chemistry. Our results indicate
that preferential ingestion of leaf body tissue by
earthworms and the subsequent shifts in sources of
plant biopolymers in soil influenced POM chemistry
in mid successional forests. These results indicate that
invasive earthworm activity in North American for-
ests contributes to a shift in the aromatic and aliphatic
composition of POM and thus potentially influences
carbon stabilization in soil.

Keywords Cutin - Invasive earthworms - Lignin -

Litter quality - Forest succession - Particulate organic
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Introduction

The introduction of non-native earthworms into a
forested area can cause a strong initial disturbance in
the detritusphere (Beare et al. 1995), the region where
the organic litter layer interacts with and impacts the
mineral soil, and alter ecosystem dynamics. A balance
exists between carbon (C) losses and retention in soil
(Lajtha et al. 2005; Trumbore 2006) during the
transformation of plant litter to soil organic matter
(SOM). Invasive earthworm species often heavily
reduce the amount of organic litter layer in forests
(Bohlen et al. 2004a) and promote rapid mixing of
organic debris into the mineral soil horizons (Bohlen
et al. 2004b), actions which may ultimately impact
SOM dynamics (Bohlen et al. 2004c).

Much research on the impact of earthworms on
forest biogeochemistry has been conducted in northern
U.S. forests where native populations were eliminated
by the geographical maximum extent of the Laurentide
ice sheet (~ 18,000 years ago) (e.g., Reynolds 1994;
Hale et al. 2005; Frelich et al. 2006; Eisenhauer et al.
2007). However, more southern regions in the U.S.,
where native earthworm populations have continu-
ously existed, also are experiencing the effects of the
introduction and spread of non-native species. These
regions, particularly in the eastern U.S., are often
vegetated with forest stands in various stages of
successional development since logging or abandoned
agriculture and have received less attention than their
northern counterparts. As a result, how the complex
temporal interactions of earthworm species and forest
successional stage affect ecosystem processes is
largely unknown (Szlavecz and Csuzdi 2007).

The research forest at the Smithsonian Environ-
mental Research Center (SERC, Edgewater, MD is
typical of deciduous forests that cover a large area of
the mid-Atlantic and southeastern U.S., with stands in
various stages of post-agriculture or logging recov-
ery. Twelve earthworm species have been identified
in the SERC forest, three of which are native and nine
non-native (Szlavecz and Csuzdi 2007) and the
community composition, dominant species, and total
biomass differed between early and later successional
forest sites (Filley et al. 2008a). In younger forests,
earthworm biomass and density were 4-5 times
greater than in more mature sites, driven largely by
two non-native species, Lumbricus rubellus and
Octolasion lacteum (Filley et al. 2008a).
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One of the most widespread invasive earthworm
species in North America is L. rubellus. This species
is epi-endogeic, ingesting both surface litter and soil
and promoting rapid mixing of organic debris and
their casts into the mineral soil by burrowing (Bohlen
et al. 2004a). In particular, the epi-endogeic behavior
of L. rubellus could impact plant litter on the forest
floor and facilitate mixing of litter residue into the
mineral horizon. O. lacteum, is a soil dweller
(endogeic) and feeds on both organic debris and
mineral soil. Both species could potentially further
impact soil chemistry directly by ingesting soil.

Aromatic plant biopolymers (such as lignin) and
aliphatic biopolyesters (such as contained within
cutin and suberin) are thought to compose a large
portion of refractory organic matter in soil (Nierop
1998; Nierop et al. 2003; Mikutta et al. 2006).
However, recent work has shown that lignin derived
phenols are not always present in stabilized organic
matter pools (Dignac and Rumpel 2006) and that
aliphatic compounds can be preferentially preserved
(Lorenz et al. 2007).

During decomposition of leaf litter from tulip
poplar (Liriodendron tulipifera L.), the dominant tree
species at SERC, earthworm activity fundamentally
altered the chemical trajectory of litter residue (Filley
et al. 2008a). High earthworm abundance was
associated with tulip poplar litter residue that was
strongly depleted in cinnamyl-based lignin and
aliphatic compounds measured as alkaline cupric-
oxide extractable hydroxyl-substituted fatty acids
(e.g., cutin) and enriched in non-cinnamyl lignin
compared to litter residue from low earthworm
abundance sites. These patterns were likely a result
of feeding habits of the earthworms, which selec-
tively ingest the leaf body but not the petioles (Suérez
et al. 2006), thereby leaving the cinnamyl lignin- and
aliphatic-poor but non-cinnamyl lignin-rich petiole
behind on the soil surface. Slight differences among
sites were also seen in leaves within earthworm-
excluding litter bags as well as in soil enzyme assays,
which suggest microbiological shifts may also play a
role (Filley et al. 2008a).

Over time, this chemical trajectory of litter decay
should be transferred belowground to SOM (Kogel-
Knabner 2002). Earthworms digest carbohydrates and
proteins in leaf litter (Brown et al. 2004) and have
been shown to have esterase enzymes with the
potential to degrade aliphatic polyesters such as cutin



Biogeochemistry (2009) 92:61-82

63

and suberin (Nakajima et al. 2005). This, combined
with the affinity for eating aliphatic-rich leaf body
material leaving aliphatic-poor litter residue behind,
implies that the dominance of soil mixing species
such as L. rubellus could potentially impact the
composition and flux of stabilized soil C. However,
whether the earthworm-induced chemical trajectory
observed for tulip poplar leaf litter persists below-
ground at SERC has not been determined.

In this study we sought to answer two questions:
(1) Will the chemical trajectory promoted by invasive
earthworms previously seen for tulip poplar leaf
decomposition be transferred to soil organic matter?
(2) In a complex ecosystem, representative of much
of eastern US forested land, can we distinguish the
impact on soil chemistry among factors associated
with forest succession, i.e., stand age, tree species and
invasive earthworm populations?

Based on the chemical trajectory of leaf decom-
position promoted by earthworms and their ability to
mix surface residues into the soil horizons, we
hypothesized that non-mineral associated soil organic
matter, representing the closest physical and temporal
link to the surface litter, in the high earthworm
abundance-younger sites would be depleted in ali-
phatic plant biopolymers and enriched in lignin-
derived phenols compared to the low earthworm
abundance-older sites. If earthworm preferential
feeding on leaf body tissue was the dominant driver
of organic matter chemistry in POM, then we
hypothesized that differences in plant biopolymer
chemistry between leaf bodies and petioles would
influence POM plant biopolymer chemistry to a
greater extent than existing differences between age
classes in plant litter input chemistry.

Methods
Site description

The Smithsonian Environmental Research Center
(SERC) lies along the western shore of Maryland
on the Rhode River estuary (www.serc.si.edu).
Within the 2,886 ha SERC research forest (38°53' N,
76°33' W), long-term experimental sites were estab-
lished in 2003 within two groups of three stands that
differed in forest successional stage since abandon-
ment of agriculture or logging: one group of three

mid successional stands (50-70 years) and another of
three late successional stands (120-150 years). The
experimental sites are located in a 1,500 ha region
within the SERC forest and the successional stands
are interspersed within that area. Leaf input rates at
SERC typically are 330—450 g/m?/year with high and
low rates ranging from 272 to 525 g/m*/year (G.
Parker, unpublished data). Tree biomass is 375 Mg/
ha in mid successional stands and 555 Mg/ha in late
successional stands at SERC (G. Parker, unpublished
data). Tulip poplar is the most abundant tree species
in both age classes. In mid successional stands, the
dominant species are tulip poplar (150 Mg/ha) and
sweet gum (Liquidambar styraciflua L.) (145 Mg/ha).
Red maple (Acer rubrum L.) (40 Mg/ha), white oak
(Quercus alba) (20 Mg/ha), American beech (Fagus
grandifolia Ehrh) (15 Mg/ha), and red/black oaks
(Q. falcata, Q. coccinea, Q. velutina, and Q. rubra)
(5 Mg/ha) are the secondary species (G. Parker,
unpublished data). In late successional stands, tulip
poplar alone is the dominant species (250 Mg/ha).
White oak (100 Mg/ha), red/black oaks (75 Mg/ha),
American beech (70 Mg/ha), and hickories (Carya
spp.) (40 Mg/ha) are the secondary tree species
(G. Parker, unpublished data).

The soils at all the sites are considered to have fine
sandy loam in the Collington-Monmouth series and
are classified as associations of the Collington sandy
loam (fine-loamy mixed, active, mesic Typic Hap-
ludult) and the Monmouth fine sandy loam (fine,
mixed, active, mesic Typic Hapludult) (Soil Survey
Staff http://soils.usda.gov/technical/classification/osd/
index.html). The late succession sites are Collington
series, two of the mid succession sites are Monmouth
series, and one of the mid succession sites is Don-
lonton series. The primary difference between these
series is greater fine sand (particle diameter
0.2-0.02 um) content in the Monmouth series than in
the Collington series. Differences in land use history,
e.g., agriculture and logging, resulted in only minor
differences in mineralogy and soil chemistry within
the SERC forest (Pierce 1974). The average pH was
5.4 in late successional stands and 5.7 in mid suc-
cessional stands at SERC (Szlavecz and Csuzdi 2007)
and volumetric soil moisture measured in spring-
early summer was 33.0 = 1.5% in our mid succes-
sion sites and 25.0 & 1.9% in our late succession
sites (unpublished data). There is little persistent
forest floor in any of the sites.
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At our experimental sites, surveys conducted over
several years showed that the dominant earthworm
species were L. rubellus, O. lacteum, and Eisenoides
loennbergi, all of the Lumbricidae family (Szlavecz
and Csuzdi 2007). Lumbricus rubellus and O. lacteum
are non-native species and E. loennbergi is a native,
endogeic species. Earthworm biomass (g/m”) and
density (individuals/m?) were significantly greater in
the mid successional stands than the late successional
stands (Filley et al. 2008a). In 2004, earthworm
biomass was four times greater at the younger sites
than at the older sites. Density was 130 individuals/m”
at the younger sites and 18 individuals/m?” at the older
sites. About 65% of individuals at the younger site
were L. rubellus and Lumbricus juveniles compared to
35% at the older sites. Lumbricus rubellus is the only
earthworm species at SERC that dwells in the litter
layer (epi-endogeic), all other species are soil dwell-
ing (anecic or endogeic) (Filley et al. 2008a).
Although anecic species also ingest leaf litter and
transport litter into their burrows, less than 5% of
individuals in either age class were anecic. Long term
sampling of the SERC forests indicates this distinction
is consistent over multiyear periods (Szlavecz and
Csuzdi 2007), although earthworm abundance may
fluctuate due to changes in regional precipitation.

Collection of soil and litter

In each of the six sites a 3 x 3 m plot was delineated
and then divided into a 0.5 m grid for a total of 36
subplots as part of a larger long-term litter amend-
ment experiment. In November 2005, six cores were
taken from each site of the 0-5 cm layer of soil A
horizon from the control treatment grids. The moist
soil was bagged and kept refrigerated during transit
from SERC to Purdue University. Within a week of
collection the field-moist soils were passed through a
2 mm sieve to remove rocks, large roots, and other
debris, and then dried at 50°C to a constant weight. A
composite was made randomly of three of the six
samples collected (the remaining three were used for
analyses not included in this manuscript), mixed well
inside a plastic bag, and stored for use in our
analyses. Of the >2 mm material, roots were hand
picked and re-rinsed with distilled and deionized
water to remove as much soil as possible.

Leaf litter from the dominant tree species was
collected for archive at the SERC forest in the fall of
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1999, 2003, and 2006. Leaves were collected from
leaf litter traps during the period of leaf senescence
and were subjected to little, if any, decomposition
and no earthworm processing while in the traps. A
subset of each year’s collection was combined for
chemical and elemental analysis. For the tulip poplar,
oak spp., hickory spp., and sweet gum leaves, which
had distinct petioles/mid-veins (henceforth referred to
as “petiole tissue”), the leaf body was separated from
the petiole, prominent mid-vein, and large secondary
veins with a razor blade and analyzed individually.
Red maple and beech leaves did not have prominent
mid-veins and secondary veins that were easily
distinguished and separated from the leaf body, thus
they were analyzed as whole leaves.

Isolation of soil particulate organic matter (POM)

A combination of size and density fractionation was
used to isolate the partially decomposed, highly
organic debris present in the 0-5 cm layer of the
sieved mineral soil (Cambardella and Elliott 1992,
1993). To remove potential differences between
individuals collecting soil samples (in particular
contamination of mineral soil by surface litter or
organic horizon), free-floating particulate organic
matter was removed. To do this, 100 ml of distilled,
deionized water was added to a 30 g subsample and
gently shaken on a benchtop shaker for one hour.
After settling for 24 h, material floating in the water
was aspirated and removed. Shaking and aspiration
was repeated until no material floated (typically 2
cycles). The maximum amount removed in this
manner was 20 mg, the equivalent of 0.3% of total
bulk soil C. The volume in the bottle with remaining
sample was raised to 200 ml and sodium hexameta-
phosphate (HMP) was added to make a 0.5% solution
of HMP. Bottles were shaken overnight (~ 15 h) to
fully disrupt the soil aggregate structure. The soil-
HMP slurry was passed through a micrometer sieve
to remove silt and clay sized particles and mineral
associated C. The >53 pm material (consisting of
organic debris and sand) was rinsed with distilled,
deionized water, collected, dried at 50°C overnight,
and weighed.

To facilitate separation of organic debris from
sand, 50 ml of a 1.4 gml™' solution of sodium
polytungstate (SPT, Geoliquids, Chicago, IL, USA)
was added to the >53 um material and vigorously



Biogeochemistry (2009) 92:61-82

65

mixed in a beaker with a stirring stick for 30 s and
was allowed to settle overnight. The heavy fraction
(sand) sank and the POM (remaining organic debris)
floated and was aspirated from the surface. The
mixing and aspiration cycle was repeated until no
material remained floating after mixing (typically 2-3
cycles). The POM from each sample was collected on
a 20 pm nylon filter, rinsed thoroughly with distilled,
deionized water to remove excess SPT, dried at 50°C
overnight, and weighed. At 1.85 ¢ ml~', the density
typically used during this step (Cambardella and
Elliott 1992, 1993), all >53 um material floated, thus
a lower density of 1.4 ¢ ml~" was chosen based on a
trial conducted with a range of solution densities
from 1.4-1.7 g ml™" to determine the most appro-
priate density at which to achieve a clear separation
between the organic debris and sand.

To ensure that we had homogenous samples for
analysis, a sub-sample of each bulk soil as well as the
recovered POM for each sample were individually
ground with a mortar and pestle until the entire
sample passed through a 250 pm sieve. Litter sam-
ples, including petiole, leaf body, whole leaf, and
roots, were more fibrous than the soil and were
ground with a liquid N, SPEX CertiPrep (Metuchen,
NJ, USA) freezer mill to a powdered consistency.

Elemental analysis

The organic carbon (OC) concentration of bulk soil
and POM were determined by dry micro-Dumas
combustion (CHN EA1108 Elemental Analyzer, Carlo
Erba Instruments, Milan, Italy). Duplicate analyses
were run for every sample; in some cases triplicate
analyses were necessary to reduce variability.

Lignin and substituted fatty acid quantification

Lignin-derived phenols and cutin- and suberin-derived
substituted hydroxy fatty acids (SFA) were quantified
using alkaline cupric-oxide (CuO) oxidation (Hedges
and Mann 1979; Goii and Hedges 1990a, b, c) with
modifications based upon Dalzell et al. (2005) for plant
litter and soil POM. The reactions utilized Monel
reaction vessels (Prime Focus, Inc. Seattle, WA,
USA). Internal recovery standards for lignin and
SFA biopolymers (ethyl vanillin and DL-12 hydroxy-
stearic acid) were added to each vessel following the
initial alkaline reaction and before the solvent

extraction phase. Lignin-derived phenols were quan-
tified by the analysis of trimethylsilane derivatives of
three classes of lignin monomers: vanillyl (V),
syringyl (S), and cinnamyl (Ci) (Table 1) relative to
the internal standard ethyl vanillin. The abbreviation
Ci for cinnamyl is typically referred to as C in the
literature (Hedges and Mann 1979) but to avoid
confusion with references to carbon, Ci is used
throughout this manuscript. Lignin content was
expressed as both the sum of S 4+ V + Ci (SVCi-
Lignin) and as S 4+ V (SV-Lignin) (Hedges and Ertel
1982). Ratios of the classes of lignin monomers in the
POM can be used to identify dominant sources of
lignin (Hedges and Mann 1979) and ratios of acid and
aldehyde monomers within the S and V classes
(Ac/Alg y) can be used as an index for the degree of
lignin oxidation where higher values suggest increased
microbial oxidation (Kogel 1986). The derivatives of
eight SFA were assessed by extracted ions based on
similar proxy standard calibration curves relative to

Table 1 Lignin-derived phenols and substituted hydroxyl
fatty acids (SFA) isolated by CuO oxidation and quantified by
GC-MS

Lignin-derived phenol Class®
Vanillin \'%
Acetovanillone \%
Syringaldehyde S
Vanillic acid \'%
Acetosyringone S
Syringic acid S
p-hydroxycinnamic acid Ci
Ferulic acid Ci
SFA Symbol®
16-Hydroxyhexadecanoic acid -Cie
Hexadecane-1,16-dioic acid C¢DA
18-Hydroxyoctadec-9-enoic acid -Cig.q
9,16&10,16-Dihydroxyhexadecanoic acid 9&10, w-Cg
9-Octadecene-1,18-dioic acid Cis.1DA
7&8-Hydroxyhexadecandioic acid 7&8-C6.1DA
9,10,18-Trihydroxyoctadec-12-enoic acid 9,10, o-Ci3.;
9,10,18-Trihydroxyoctanoic acid 9,10, w-Cg

The abbreviated notation is used throughout the paper to
identify specific compounds

# Lignin-derived phenol classes—S syringyl; V vanillyl; Ci
cinnamyl

® Symbols from Goiii and Hedges 1990a
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the IRS DL-12, hydroxystearic acid (Tablel). Within
an ecosystem, groups of SFA can be identified as either
cutin- or suberin- derived in plant litter and soil
(Kogel-Knabner 1989; Riederer et al. 1993; Filley
et al. 2008b).

A Hewlett-Packard (5971) quadrupole mass spec-
trometer interfaced to a 5890 series II gas
chromatograph was used in the quantification of
individual compounds by extracted ion calibration
curves. Derivitization of samples and GC-MS per-
formance were verified by the addition of a methyl-
3,4-dimethoxybenzoate recovery standard immedi-
ately prior to derivatization. Duplicate CuO analyses
were performed for every plant litter sample to assure
consistency. Beyond the calibration curves and
internal standards, a standard peach leaf (NIST
1547) was used as a lab CuO reference material in
each batch of analyses and used to monitor the
consistency of the reaction and GC performance on a
biological substrate similar to our samples. Mean
standard reproducibility for the analytical method
was 2-5% for lignin phenols and 2-9% for SFA. The
SFA were assigned abbreviated names that are used
throughout the text (Table 1).

Calculation of reconstructed leaves and litter

To gain the most detailed information about plant
chemistry in light of the known impact of selective
plant tissue detritivorous feeding, CuO analysis was
done on leaf body and petiole tissue separately when
leaf morphology allowed the physical separation of
the two tissues (Filley et al. 2008a). The chemistry of
the whole leaf was then reconstructed using a
weighted mean of the leaf body and petiole tissues
for each species (WLg). To determine the amount of
weight given to each tissue in this calculation, five
leaves of each species were carefully dissected into
leaf body and petiole (including a prominent mid-
vein and any large secondary veins) tissues. Leaf
bodies and petioles were dried at 70°C for 10 h and
weighed. The proportion of leaf body and petiole
mass was then calculated for each leaf and averaged
for each species. The mean proportion of dry
weight + one standard error within the leaf body
was 0.77 £ 0.02 for sweet gum, 0.81 % 0.02 for tulip
poplar, 0.79 &+ 0.02 for red/black oak spp.,
0.83 £ 0.02 for white oak, and 0.76 £ 0.02 for
hickory. Since the final CuO data are normalized to

@ Springer

C, the mass balance and %C values for each species
were used to calculate the proportion of leaf C within
leaf body and petiole tissue for each species with the
following equation:

(LBunass) (“155°)
[(LBaass) (55 + (Pmass) (756)]

where LB is the proportion of total C within the leaf
body, LB, is the proportion of total dry weight
with the leaf body, LB, is the %C of leaf body
tissue, P, 1S the proportion of total dry weight with
the petiole, and P, is the %C of petiole tissue. The
leaf C balance between leaf body and petiole tissue
was then used to calculate the weighted means for the
whole leaf chemical parameters:

WL = (LBC)(LBX) + (PC)(PX)v

LBc =

where WLy is the reconstructed whole leaf, LBc is
the proportion of total C within the leaf body, LBy is
the parameter value measured for leaf body tissue, Pc
is the proportion of total C within the petiole, and Py
is the parameter value measured for petiole tissue.

Similarly, we reconstructed what the average
chemistry of leaf litter inputs would have been in
the mid and late successional forests. Species-specific
litterfall rates were not available for our study sites at
SERC, therefore the proportion of total biomass (Mg/
ha) each tree species comprised for each age class
was used as a first estimate to calculate a weighted
mean for whole leaf (or WL when appropriate), leaf
body, and petiole chemical parameters for the mid
and late successional stands:

= (SGp) (SGy) + (TP,) (TPy) + (RM
+ (ROp) (ROy) + (WOp) (WO)
+ (ABy) (ABy) + (H, ) (H,),

p) (RMy)

where RL is the reconstructed litter, SG,, is the
proportion of total tree biomass that is sweet gum,
SGx is the parameter value measured for sweet gum
WLy, TP, is the proportion of total tree biomass that
is tulip poplar, TP, is the parameter value measured
for tulip poplar WLg, RM,, is the proportion of total
tree biomass that is red maple, RM is the parameter
value measured for red maple whole leaf, RO, is the
proportion of total tree biomass that is red/black oak
spp., ROy is the parameter value measured for red/
black oak spp. WLg, WO, is the proportion of total
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tree biomass that is white oak, WO is the parameter
value measured for white oak WLk, AB, is the
proportion of total tree biomass that is American
beech, ABy is the parameter value measured for
American beech whole leaf, H, is the proportion of
total tree biomass that are hickory spp., and Hy is the
parameter value measured for hickory spp. This
method provided approximate values for recon-
structed litter chemistry representative of the age
classes relevant to our study sites at SERC.

Statistical analyses

Means for POM from the two age classes were
compared using a two-tailed #-test (PROC TTEST) in
SAS v.9.1 (SAS Inc., Cary, NC). Due to the influence
of the low number of replicates (n = 3) and high
natural heterogeneity common in forest soils on the
interpretation of statistical analyses, differences
between means with a significance level of
P < 0.100 are discussed.

The measured values of SFA and lignin-derived
phenols for all 16 compounds identified were used to
examine compositional similarities and differences
between plant inputs and soil POM. Concentrations
were converted to relative abundance by dividing
each concentration by the sum total concentration for
all the plant biopolymers measured. This relativiza-
tion is representative of biopolymer composition and
is more meaningful than concentration for identifying
compositional similarities and differences among
plant inputs and POM. The chemical composition
was examined by non-metric principal components
analysis (PCA) using the PC-ORD software package
(McCune and Mefford 1999). A correlation cross-
products matrix, which produces correlation coeffi-
cients among the compounds, was used in the PCA.
This method provides a broken stick eigenvalue; the
broken-stick eigenvalue was less than the actual
eigenvalue for the first and second axes; therefore
these were used for interpretation (McCune and
Mefford 1999). Pearson and Kendall correlations
with the main matrix were calculated in PC-ORD.
Suberin-derived SFA (X Suberin acids) and cutin-
derived SFA (X Cutin acids) were identified by
superimposing relativized abundances of each SFA
onto the ordination produced with all of the chemical
compounds. Using this method the SFA dominant in
roots versus foliar tissue were apparent.

Results
Litter chemistry

Large differences existed in the CuO compositional
data, ratios of lignin classes, and plant biopolymer
(lignin-, cutin, and suberin-derived compounds)
parameters among the plant litter types analyzed
(Table 2, see also Appendix Table 7 for concentra-
tions of individual compounds). The total
concentration of lignin-derived phenols (SVCi-Lig-
nin) was 2.7-11.7/100 mg OC for all litter. American
beech leaves and tulip poplar petioles had the greatest
concentrations of SVCi-Lignin. Petiole tissue had
greater concentrations of V and S lignin-derived
phenols than the leaf body tissue for every species.
The total concentration of extractable substituted fatty
acids (£ SFA) was 1.2-8.1/100 mg OC for all litter.
Red/black oak spp. and tulip poplar leaf bodies had the
greatest ¥ SFA and, within each species, £ SFA was
always greater in leaf bodies than in petioles (Table 2).

The ratio of S-to-V lignin classes (S/V) was
greater in petioles than in leaf bodies for every
species. Tulip poplar petioles had the greatest S/V.
The ratio of Ci-to-V lignin classes (Ci/V) was greater
in leaf bodies than petioles for every species. Sweet
gum leaf body had the greatest Ci/V of all the species
as a result of lower V concentration. The ratio of
acid-to-aldehyde moieties within the V [Ac/Alw,]
and S [Ac/Als] lignin classes, was less than 0.25 for
all of the plant inputs, which is typical of fresh litter
(Hedges et al. 1988; Filley et al. 2008b).

Mid and late successional species differed in Ci/V
and the ratio of SFA-to-SV-Lignin (£ SFA/SV-Lignin)
(Fig. 1). Sweet gum and tulip poplar are dominant
early in the development of SERC forests following
agricultural abandonment or logging. These early and
mid successional species had the highest Ci/V and X
SFA/SV-Lignin in leaf bodies and the greatest differ-
ence between leaf bodies and petioles among all of the
dominant tree species at SERC. Oak spp., hickory spp.,
and American beech become more abundant later in
forest succession and generally had lesser Ci/V and X
SFA/SV-Lignin values and smaller difference in
chemistry between leaf body and petiole than the mid
succession species. Overall, roots had lower Ci/V and
Y SFA/SV-Lignin than the foliar tissue (Table 2).
There were no similar generalized patterns along the
successional gradient in S/V in leaf tissues (Table 2).
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Fig. 1 Comparison of the ratio of cinnamyl-to-vanillyl based
lignin phenols (Ci/V, upper panel) and extractable substituted
fatty acids-to-SV-Lignin-derived phenols (X SFA/SV-Lignin,
lower panel) in leaf tissue among various plant species along a
successional gradient. Whole leaf values for tree species
indicated with an asterisk (*) are calculated using a weighted
mean of the measured petiole and leaf body values

Among the plant litter analyzed from SERC,
different groups of SFA were found to be more
concentrated in foliar tissues or roots. In foliar

tissues, 7&8,w-Ci6.1DA (particularly in sweet gum
and tulip poplar) and 9,10,w-C,g (particularly in oak
spp.) were concentrated. As found previously for
tulip poplar (Filley et al. 2008a), 9&10,w-C,¢ was
characteristically high in leaf bodies and low in
petioles of all species analyzed (Appendix Table 7).
The sum of these compounds (X Cutin acids) was
high in foliar tissues and low in roots comprising on
average 91% of the total SFA extracted from foliar
tissues (Table 3). In roots, w-C;s, Ci6DA, w-Cyg.1,
and C,g.;DA were concentrated compared to the
other plant inputs (Appendix Table 7). The sum of
these compounds (X Suberin acids) was high in root
tissue and low in foliar tissue comprising on average
89% of the total SFA extracted from roots (Table 3).

Among the various plant biopolymer concentra-
tions and parameters measured, there were no
differences between roots from mid versus late
successional stands that fell outside the overlap of
variances (Tables 2, 3).

POM recovery and chemistry

Bulk soil %C was greater and more POM was
recovered by mass in the late successional stands than
in the mid successional stands. There was no
difference in POM %C between age classes. As a

Table 3 Concentration of those substituted fatty acids (SFA) identified as predominantly cutin-derived (X Cutin acids), suberin-
derived (X Suberin acids), and the proportion of total SFA each of these groups comprise

Species/Age class Type X Cutin acids % Suberin acids X Cutin acids/ 2 Suberin acids/
(mg/100 mg OC) (mg/100 mg OC) X SFA X SFA

Sweet gum Petiole 2.73 0.36 0.88 0.12

Leaf body 4.45 0.42 0.91 0.09
Red maple Whole leaf 4.29 0.35 0.91 0.07
Tulip poplar Petiole 3.13 0.15 0.95 0.05

Leaf body 6.84 0.21 0.96 0.03
Red/black oak spp. Petiole 4.01 0.41 0.89 0.09

Leaf body 7.28 0.76 0.90 0.09
White oak Petiole 4.20 0.49 0.89 0.10

Leaf body 4.56 0.51 0.90 0.10
Hickory sp. Petiole 1.09 0.12 0.89 0.10

Leaf body 3.19 0.26 0.92 0.08
Beech Whole leaf 3.01 0.24 0.92 0.07
Mixed species, mid Roots 0.26 +£ 0.13 2.86 + 1.34 0.09 £+ 0.04 091 £+ 0.04
Mixed species, late Roots 0.70 £ 0.68 3.81 £0.28 0.14 £ 0.07 0.86 £ 0.07

Values reported are means of the analytical replicates for the foliar tissues and means + one standard error for mixed roots and
particulate organic matter (POM) isolated from the mid (50-70 years) and late (120-150 years) successional stands (n = 3)
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Table 4 Summary of bulk

. . Mid succession Late succession P-value
soil %C and particulate
organic matter (POM) C Bulk soil C (%) 2.7 4+ 0.2+ 3.5 4 03* 0.080
and chemistry from mid . . .
(50-70 years) and late Proportion mass in POM (of bulk soil) 0.04 £+ 0.00* 0.09 £+ 0.02* 0.076
(120-150 years) POM C (%) 13.8 £ 0.6 125 £ 0.6
successional stands Proportion POM C (of bulk soil C) 0.23 + 0.01* 0.31 + 0.03% 0.057
POM C/N 17.4 £ 0.5 175 £ 1.0
S (mg/100 mg OC) 2.63 £+ 0.21%* 1.45 + 0.07** <0.001
V (mg/100 mg OC) 3.08 + 0.49 2.47 £ 0.25
Ci (mg/100 mg OC) 0.40 £ 0.07 0.49 + 0.12
SIV 0.86 £ 0.07** 0.59 4 0.04** 0.033
Ci/V 0.13 £ 0.01* 0.20 &+ 0.03* 0.058
Ac/Ad, 0.29 £ 0.02** 0.39 4+ 0.03** 0.014
Values are means =+ one Ac/Ads, 0.29 £ 0.02%* 0.36 £ 0.03%* 0.031
standard error, n = 3 . SV-Lignin (mg/100 mg OC) 5.70 £ 0.59%* 3.91 £ 0.24%* 0.008
Values with an asterisk (%) SVCi-Lignin (mg/100 mg OC) 6.1 £ 0.66%% 441 + 030+ 0.015
indicate a significant
difference between young 2 SFA (mg/100 mg OC) 1.81 + 0.66 4.09 £+ 1.98
and old sites at the X SFA/SV-Lignin 0.32 £+ 0.03* 1.05 £ 0.30* 0.075
P <0.100 level, ¥ Cutin acids (mg/100 mg OC) 1.07 + 0.10% 3.13 £ 1.51% 0.081
** indicates significant . .
differences at the P < 0.050 = Suberin acids (mg/100 mg OC) 0.73 £ 0.02 0.97 £ 0.51
level. The probability % Cutin acids/Z SFA 0.59 £+ 0.01** 0.76 £+ 0.04%* 0.013
(P-value) is reported for T Suberin acids/S SFA 0.40 + 0.01%* 0.23 £ 0.04%* 0.014

significant comparisons

result, a significantly larger proportion of bulk soil C
was recovered within the POM from older sites than
from the younger sites (Table 4).

Overall, POM from the mid succession sites was
depleted in SFA and enriched in SV-Lignin compared
to the late succession sites (Table 4). In particular,
the S concentration and S/V was significantly greater
in POM from the younger sites compared to the older
sites. The SFA concentration in POM from the older
sites was more than twice that from the younger sites;
however, high variability within the older sites kept
the difference in POM X SFA between age classes
from being statistically significant. Particulate OM X
SFA/SV-Lignin, Ac/Alw sy, and Ci/V were signifi-
cantly greater from the older sites compared to the
younger sites. The concentration of Cutin acids and X
Cutin acids/~ SFA was greater in POM from the
older sites than from the younger sites. There were no
differences between age classes in the concentration
of Suberin acids but in the younger sites, X Suberin
acids/X SFA was significantly greater than in the
older sites.

The patterns previously documented by Filley
et al. (2008a) during tulip poplar litter decay, i.e., a

@ Springer

depletion in Ci and SFA and enrichment in SV-
Lignin when invasive earthworms are present, per-
sisted in POM and were not explained by differences
in initial litter chemistry alone (Fig. 2a—d). Particu-
late OM Ci/V was greater in the late succession sites
compared to the mid succession sites, yet the
reconstructed litter values showed the opposite
pattern. At the younger sites, POM Ci/V was
approximately equal to that of the reconstructed
petioles (Fig. 2a). Although not significant, ¥ SFA
was substantially greater in the POM from the older
sites than the younger, but ¥ SFA in reconstructed
litter was similar between the age classes (Fig. 2b).
SV-Lignin was significantly greater in POM from the
younger sites compared to the older sites. In contrast,
SV-Lignin in reconstructed litter was greater in the
older sites than the younger sites. At the younger sites
SV-Lignin was more concentrated in POM than in
reconstructed litter whereas SV-Lignin was less
concentrated in POM than in reconstructed litter at
the older sites (Fig. 2¢). Particulate OM X SFA/SV-
Lignin was significantly greater at the older sites
compared to the younger sites (Fig. 2d). At the older
sites, X SFA/SV-Lignin was approximately equal
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Fig. 2 Patterns in the chemical trajectory of plant biopolymers
during the transformation of mixed plant litter (bars) to
particulate organic matter (POM, @) at mid (50—70 years) and
late (120-150 years) successional forest sites at SERC. The
values shown for leaf body, whole leaf, and petiole are
weighted means of the measured tissues from all of the plant
species present at each site. Weight was given to each tree
species based on the relative biomass of each species in young

between the POM and reconstructed litter. In con-
trast, POM was enriched in lignin and depleted in
SFA compared to the reconstructed litter at the
younger sites. At the younger sites, XSFA/SV-Lignin
of POM was approximately equal to that of the
reconstructed petioles.

PCA, chemical composition

The first two axes of the PCA accounted for 62.6% of
total variability present within the relative abundance
compositional data (see Table 5 for all correlation
coefficients). Axis 1 (40.7%) segregated roots (more
negative scores) from foliar tissues (more positive
scores) with POM intermediate (Fig. 3). Along the
first axis, the C¢DA, ferulic acid, and C;g.;DA (high
negative correlation) were separated from 9&10 -
Ci6, p-hydroxycinnamic acid, and 9,10,m-Cg.; (high
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and old forests at SERC. Thus, the bars are representative of
the average aboveground plant litter expected in each age class.
The values for POM are means & one standard error,
significant differences between the age classes are indicated
by asterisks (¥), see Table 3 for P-values. Arrows indicate the
direction of the chemical trajectory along the successional
gradient when comparisons were significant

positive correlation) (Fig. 3). Axis 2 (21.9%) segre-
gated petioles and POM from mid succession sites
(more negative scores) from leaf bodies and POM
from late succession sites (more positive scores).
Along the second axis, acetosyringone, syringalde-
hyde, and syringic acid (high negative correlation)
separated from w-C,4, p-hydroxycinnamic acid, and
w-Cyg.; (high positive correlation).

The overall plant biopolymer composition among
the major groups of plant inputs and POM was
distinct (Fig. 3). Within the cluster of root samples,
there was no distinction between the age classes. In
contrast, within the cluster of POM samples the older
sites had more positive scores along axis 2 whereas
younger sites were more negative. Among the cluster
of foliar tissues, there was no clear distinction
between mid- and late successional tree species,
although the mid-successional species (tulip poplar,
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Table 5 Correlations between quantified lignin-derived phe-
nols and SFA and the first two axes of the PCA

Variable Axis 1 (40.7%)  Axis 2 (21.9%)
Vanillin —0.672 —0.359
Acetovanillone —0.709 —0.235
Syringaldehyde 0.119 —0.878
Vanillic acid —0.735 —0.153
Acetosyringone 0.126 —0.906
Syringic acid —0.391 —0.770
p-hydroxycinnamic acid 0.662 0.413
Ferulic acid —0.854 0.302
w-Cig —0.674 0.492
Ci6DA —0.873 0.303
-Cyg. —0.749 0.375
9&10, 0-Ci¢ 0.873 0.256
Cis.:DA -0.771 0.306
7&8-Cy6.1DA 0.510 0.311
9,10, w-Cyg; 0.511 0.143
9,10, w-Cyg 0.128 0.311

Bold coefficients are the three most positive or negative values

sweet gum, and red maple) tended to have more
positive scores along both axes than the late succes-
sional species (tulip poplar, oak spp., beech, and
hickory spp.). However, there was a clear distinction
between leaf body and petiole composition. Leaf
bodies had more positive scores along both axes
while petioles were more negative.

Relative importance of individual compounds

Superposition of the relativized abundances of each
SFA onto the ordination revealed characteristic
groups of compounds were present in high relative
abundance within plant tissues and distinguished a
given input type from the others. In addition to the
suberin-derived SFA identified previously, the lignin
monomer ferulic acid was also present in high
abundance in roots relative to other plant inputs
(Table 6). In addition to the cutin-derived SFA

discussed previously, syringaldehyde, acetosyrin-

for each axis gone, and syringic acid were present in
Fig. 3 Principal o e P
components analysis with g 5 % + POM ,__',-,-'5"’ = gag\_
all of the alkaline CuO- = ee Roots 3. e \
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characteristically high relative abundance in petioles
compared to the other plant inputs (Table 6).

We found that some compounds important in plant
inputs were not conserved in POM. The relative
abundances of w-Cig.q, and C;g.1DA were high in
roots and 9,10,w-C;g.; was high in leaves compared
to other inputs but were relatively depleted in POM
(Table 6). The relative decay rates of the cutin and
suberin monomers appears to be environment specific
but a number of studies that have shown hydroxy
acids with double bonds and ones with more than one
hydroxyl group can be preferentially degraded com-
pared to compounds without these features (Gofii and
Hedges 1990c; Otto and Simpson 2006; Feng and
Simpson 2007). The relative abundance of p-
hydroxycinnamic acid was high in sweet gum leaf
body tissue but did not remain high in POM.
Conversely, acetovanillone, vanillin, vanillic acid,
and syringic acid were present in relatively high
abundance in POM compared to the original plant
inputs (Table 6).

The chemical composition of POM differed
between age classes in several aspects. The relative
abundance of syringaldehyde, acetosyringone, and
syringic acid was higher for POM from the younger
sites compared to the older sites (P = 0.005) whereas
ferulic acid, w-Ci¢4, C;gDA, 9,10, »-C;g, and 9&10
w-Ci¢ were present in higher abundance in POM
from the older sites compared to the younger sites
(P = 0.022) (Fig. 4).

Discussion
Leaf chemistry and food source potential

Tulip poplar is the dominant tree species at both our
mid and late succession sites at SERC, but many
other species also are present and the relative
abundance of these other species change over time.
Tulip poplar leaves shared many basic chemical
characteristics with leaves from all of the trees
measured at SERC (Fig. 1). For all species measured,
the leaf body and petiole were distinguishable by
their plant biopolymer signature, e.g., the leaf body
SFA concentration was greater than the petiole and
petiole S- and V-lignin concentrations were greater
than leaf body (Table 2). Lumbricus rubellus is the
primary litter feeding species present at SERC, but
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Fig. 4 The sum relative abundances of suites of compounds
that distinguished the composition of POM between age
classes. Values are means + one standard error for the
concentration of each suite relative to the total amount of
lignin-derived phenols and SFA extracted. ** Differences
between age classes were significant at the P < 0.05 level,
see text for P-values. Ci2, ferulic acid; S1, syringaldehyde; S2,
acetosyringone; S3, syringic acid

L. friendi, an anecic species comprising less than 5%
of adult individuals in both age classes, also feeds on
leaf litter. In addition, even endogeic species ingest
leaf litter, although perhaps less than L. rubellus.
Filley et al. (2008a) found that high earthworm
activity heavily impacted the chemistry of tulip
poplar litter residue during decomposition primarily
through selective ingestion of the leaf body causing
residue to selectively accrue S- and V-lignin phenols.

Although there is the potential for alteration of the
chemical trajectory for litter residue of all tree
species, earthworms and other invertebrates prefer
highly nutritious leaf litter such as sweet gum, maple,
tulip poplar, and ash, to oak and beech, which
initially have higher concentrations of polyphenols
and lower N and P concentration (Satchel and Lowe
1967; Zicsi 1983; Curry 2004; Curry and Schmidt
2007). Calcium content of leaf litter may also
enhance earthworm feeding activity and thus leaf
litter transformation (Hobbie et al. 2006). With only
beech leaves as a food source for 25 days, L. rubellus
lost 50% of body-mass (Hedde et al. 2007). Yet,
when preferred food sources are not available,
earthworms will consume what is available. Although



Biogeochemistry (2009) 92:61-82

75

oak is not a preferred food source, L. rubellus
increased litter mineralization of fresh oak leaves
(Zimmer et al. 2005). Partial decomposition of leaf
material reduces the amount of deterrent chemicals
and recalcitrant compounds making it more palatable
for soil invertebrates such as isopods and earthworms
(Zimmer 2002).

At SERC L. rubellus and Lumbricus juveniles are
neither abundant nor dominant within the earthworm
community in the late successional forests where
oaks and American beech are common, instead large
earthworm populations occur primarily in early and
mid successional stands at SERC (Szlavecz and
Csuzdi 2007; Filley et al. 2008a). In these mid
successional forests, tulip poplar and sweet gum
comprise ~80% of aboveground biomass and have
the greatest ratio of Ci/V and SFA-to-SV-Lignin in
leaf body and whole leaf and among the lowest ratio
of Ci/V and SFA-to-SV-Lignin in petioles of all the
species (Fig. 1). Because of the large difference in
chemistry between the leaf body and petiole in tulip
poplar and sweet gum and high abundance in young
forests where L. rubellus is abundant, among the
tree species at SERC, these have the greatest
potential for impacting litter residue chemistry
through earthworms selectively feeding on the leaf
body tissue.

Continuation of the earthworm-driven chemical
trajectory of litter

The partially-decayed organic fraction from the soil
(i.e., POM) represented a starting point to test our
hypothesis that the generalized chemical trajectory
observed during tulip poplar litter decay in the
presence of earthworms would be transferred below-
ground to soil organic matter. We found that the plant
biopolymer chemistry of POM in mid versus late
succession sites was consistent with earlier findings of
a distinct chemical trajectory in tulip poplar litter
decay associated with earthworm abundance (Fig. 2a—
d). These patterns suggest that invasive earthworms
may directly impact SOM chemistry and thus poten-
tially SOM dynamics. However, factors other than
earthworm abundance, including stand age and tree
species, also influence POM chemistry and we sought
to distinguish between these three factors as drivers of
POM plant biopolymer chemistry.

Stand age as a driver of POM chemistry

Some aspects of POM recovery and chemistry were
consistent with expected differences due to stand age.
Soil generally accumulates organic carbon during
early forest succession (Chapin et al. 2002). The older
sites at SERC contained more C within POM than the
younger sites (Table 4), perhaps as a result of greater
time for accumulation and NPP in the older sites. The
lignin-derived phenols in POM from the older sites
were more decayed, i.e., higher Ac/Als ), than in
POM from the younger sites (Table 4), which is
indicative of greater microbial processing either over
time or by more active populations of lignin degrad-
ing organisms such as fungi.

Roots can contribute a greater relative amount of
soil C than shoots (Rasse et al. 2005). Ferulic acid, w-
Ci6, and C;gDA were part of the suite of compounds
prevalent in POM from the old sites (Fig. 4). These
compounds were all predominant in root tissue and
remained prevalent, and in some cases accumulated
(i.e. the relative abundance was greater in POM than
in the root tissue itself) (Table 5), in POM from the
late successional forests.

Aliphatic components, including suberin, are con-
sidered to be major contributors to stabilized soil
carbon (Nierop 1998; Nierop et al. 2003; Mikutta
et al. 2006). Recent work showed that w-Cig, in
particular, is stable in soil and remained constant
relative to other long chain (C;¢) substituted fatty
acids during incubation, even at elevated tempera-
tures (Feng and Simpson 2007). The relative
abundance of w-C;s, and C;¢DA was similar in the
roots collected from both age classes and the
differences observed in POM (Fig. 4) were likely
due in part to greater root inputs and/or accumulation
over time in the older sites (i.e. stand age).

Tree species as a driver of POM chemistry

The difference in POM plant biopolymer concentra-
tion and bulk parameters between the age classes was
not a direct reflection of the dominant tree species’
chemistry. For example, Ci/V and X SFA/SV-Lignin
were greater in mid successional species than in late
successional species (Fig. 1) but both parameters
were greater in POM from the late successional
forests than from the mid successional forests
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(Fig. 2a, d). Additional inputs, such as roots, impact
the bulk POM values, e.g., Ci/V and X SFA/SV-
Lignin in POM is lower than the foliar tissue in part
due to the influence of root inputs, which have lower
ratio values than aboveground tissue (Table 2).

Preferential decay of specific compounds is likely
responsible for some of the differences in POM
chemistry between sites (e.g., Riederer et al. 1993;
Filley et al. 2008b). A large percentage of Ci class
lignin phenols are thought to be bonded to lignin
polymers and sugars by ester linkages that are readily
hydrolyzed and are preferentially lost during early
stages of litter decomposition (Hedges and Weliky
1989; Haddad et al. 1992). The p-hydroxycinnamic
acid is highly concentrated in sweet gum leaf body
(Fig. 3; Table 6) and selective loss of this compound
and/or tissue could also be responsible for the
decrease in Ci/V in POM compared to initial leaf
litter, particularly in the mid successional forests.

Overall, PCA indicated that tree species was not
the predominant driver of differences in chemical
composition within our dataset (Fig. 3). A general-
ized pattern distinguishing the biopolymer
composition of leaves by successional stage did
emerge. However, this pattern was opposite from the
one distinguishing POM from mid and late succes-
sion sites.

The aliphatic components of suberin and cutin are
composed of similar compounds that are present in
different abundances in root and leaf tissue (i.e.,
Kogel-Knabner et al. 1989; Otto and Simpson 2006;
Filley et al. 2008b). On a global level, across
ecosystems and vegetation types, many compounds
are found in both suberin and cutin polyesters (Otto
and Simpson 2007); however, on a site level we
identified distinct groups of compounds that were
predominant in either root or leaf tissue. Among the
species present at our site, suberin- and cutin acids
were identified that were ~90% exclusive of each
other in root and foliar inputs (Table 3).

Some of the cutin-derived acids identified at SERC
were preserved in POM whereas others were prefer-
entially lost during decomposition. Of the three cutin-
derived acids, 9,10,w-Cg.; was high in foliar tissues
(especially for sweet gum, red maple, and tulip
poplar) but was not present in high abundance in
POM (Table 6). This result is consistent with previ-
ous research that has shown hydroxy acids with
double bonds and more than one hydroxyl group are
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preferentially degraded relative to other cutin-derived
acids (Goiii and Hedges 1990c; Kogel-Knabner
et al.1989; Otto and Simpson 2006; Feng and
Simpson 2007), although this pattern is environ-
ment-specific and not always the case (Riederer
et al.1993). The other two cutin-derived acids
remained prevalent in POM (Table 6) and the total
amount of cutin-derived acids was significantly
greater in the old sites than the young sites (Table 4).
Oak spp. were characteristically high in 9,10,w-C;g
and this compound accumulated in POM only in the
late successional stands where oaks played an
increasingly dominant role in the canopy, contribut-
ing in large part to the difference in total cutin-
derived acids. Increased abundance of oak spp. in
forests could provide a source of stabilized aliphatic
compounds to soil and is an example of the impact a
specific species could potentially have on POM
chemistry.

Lignin and aliphatic components such as cutin and
suberin polyesters are often considered refractory in
the litter layer and can be major contributors to
stabilized soil carbon (Nierop 1998; Nierop et al.
2003; Mikutta et al. 2006). In the simplest sense, if
factors controlling decomposition (e.g., decomposer
community, moisture, temperature) are similar across
a successional gradient, then the general chemical
trajectory of litter decay and POM formation also
should be consistent. That is, POM chemical com-
position should generally resemble the initial litter
unless an additional factor is present to substantially
alter the decay trajectory. We found that generalized
patterns in POM plant biopolymer chemistry between
sites were not consistent with patterns in chemistry
among litter inputs along a successional gradient
(Fig. 2a—d). Further, we did not find that tree species
was the predominant factor driving patterns in
chemical composition overall within our dataset
(Fig. 3). These data suggest an important difference
in the factors controlling the chemical trajectory of
litter decay and POM formation in mid- and late
successional forests exists that is independent of tree
species.

Earthworm activity as a driver of POM chemistry

The body of chemical evidence presented herein
suggests that in the mid succession sites, where
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invasive earthworms are abundant, petioles appeared
to be a predominant source of POM. For example,
syringyl-based lignin phenols were more concen-
trated (Table 2) and more predominant in POM
(Fig. 4) from the younger sites compared to the older
sites. Syringyl-based lignin phenols were character-
istically high in petiole tissue (Table 2; Fig. 3) and
are likely the predominant source of these compounds
in POM from the mid successional stands. Further,
POM Ci/V and ¥ SFA/SV-Lignin from the younger
sites were similar in value to the petiole tissue of the
tree species in that age class, also indicating that this
tissue potentially played a larger role in POM
composition than leaf body. In contrast, the relative
amount of these plant biopolymers in POM at the
older sites was more similar to the whole leaf than
to petioles, suggesting that POM at these sites
contains organic matter from the leaf body as well
(Fig. 2a, d).

Both S and V lignin classes are also abundant in
woody tissue, on the order of twice what were found
in petioles (Hedges and Mann 1979). However,
woody debris has not been an important input at
SERC in the recent past due to agricultural land use at
the research sites. In addition, sites were chosen
specifically to avoid as much large wood debris as
possible and woody inputs have been minimized
since the beginning of the experiment. Nonetheless,
observational data have shown that woody debris is
more common in the late successional stands com-
pared to the mid-successional stands at SERC and is
thus opposite of the pattern we found in POM.

Earthworms have the capacity to decompose
many classes of compounds because of internal
flora that are thought to have enzyme activities
reflective of the microbes in the ingested soil and
litter (Lattaud et al. 1998; Li et al. 2002). Cutin and
suberin may be degraded or rapidly hydrolyzed to
monomers by earthworms through the action of
enzymes such as serine-proteases, which have been
shown to have esterase activity (Nakajima et al.
2005). These hydroxy fatty acids may then be better
able to associate with mineral surfaces and follow a
different input mechanism to SOM than the petiole-
sourced and lignin-rich POM. It is likely that the leaf
body is not entirely mineralized but becomes
fragmented and incorporated into casts and micro-
aggregates with immediate mineral associations

(Bossuyt et al. 2006). The soil fractionation method
used herein disrupted aggregate structure and does
not allow for such distinctions. Nonetheless, if
earthworm feeding on leaf bodies effectively reduces
leaf body tissue as an input to POM, then the SOM
chemistry should reflect those changes in inputs to
some degree.

Plant tissue type was a more important driver than
tree species of overall differences in chemical
composition among POM in both age classes. The
PCA showed that leaf bodies and petioles were
chemically distinct and, in the same manner, POM
from the older and younger sites also was distinct
(Fig. 3). We found that 9&10,0-C;¢ was character-
istically high in all leaf body tissue compared to
petioles and roots. This compound is abundant in
angiosperm cutin (Baker and Holloway 1970) and, at
least in ocean sediments, is thought to be preferen-
tially degraded to a certain degree during initial
decomposition and sedimentation before stabilizing
(Goifii and Hedges 1990c). Even so, these compounds
were more prevalent in POM from the older sites
compared to the younger sites and further support
other data that have indicated greater overall leaf
body inputs to soil in the late successional stands
compared to the mid successional stands.

If aliphatic-rich leaf body inputs were reduced,
then root-derived aliphatic compounds may become
more prevalent in POM chemistry. Of the four
suberin-derived acids, ®w-Cig.;, and C;g.;DA were
high in roots but were not preserved in POM relative
to the other plant biopolymers (Table 6). Conversely,
the relative abundance of w-C;4 and C;¢DA was high
in roots and even greater in POM (Table 6). The
concentration of suberin-derived acids was not
different between age classes (Table 4). However,
POM from the younger sites had a significantly
greater proportion of total SFA that were suberin-
derived than the older sites (Table 4), indicating that
leaf inputs play a less important role in overall SFA
composition in the young sites.

Several lines of evidence suggest that selective
loss or relative gain of a specific tissue component
drove differences in POM chemistry and composition
between the age classes. Although for the same
nutritional reasons that earthworms and other inver-
tebrates prefer leaf litter such as sweet gum, maple,
and tulip poplar to oak and beech (which initially
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have higher concentrations of polyphenols and lower
N and P concentration) (Satchel and Lowe 1967;
Zicsi 1983; Curry 2004), decay rates even in the
absence of earthworms are likely greater for the mid
successional species than the late successional spe-
cies. However, given previous evidence of the
physical impact of earthworm feeding activity on
leaf inputs (Filley et al. 2008a) and our collective
results, it seems that earthworm feeding on leaf body
tissue preferentially to petioles can be an important
mechanism driving differences in POM chemistry
between successional stage forest soils.

The impact of earthworm feeding habits

In addition to feeding habits resulting in lignin-rich
litter inputs, high earthworm activity has been
associated with a shift away from lignin degrading
fungi (Li et al. 2002). Fungi are important food
sources for earthworms and a number of studies have
shown that they preferentially feed on litter exten-
sively colonized by fungi (see reviews by Brown
1995; Brown et al. 2004). Earthworm feeding and
mixing activities may also shift the decomposer
community towards being bacteria dominated
(McLean et al. 2006). At the SERC sites phenol
oxidase enzyme activity in bulk surface soil was
greater in the young forest sites compared to the old
sites (Filley et al. 2008a) perhaps in response to the
high availability of lignin-derived residue remaining
after earthworm feeding.

If litter dwelling earthworms impact soil chem-
istry by selectively feeding on the SFA-rich, SV-
Lignin-poor leaf body and leaving behind SFA-poor
and SV-Lignin-rich petioles, then tree species with
(1) a high ratio of total SFA to lignin in leaves and
(2) a large difference between leaf body and petiole
chemical composition will have greater potential to
impact soil chemistry. We found that the species
with the greatest potential for impacting soil
chemistry in this manner (sweet gum and tulip
poplar) were consistent with species that are
dominant during early forest succession. Even if
earthworms continue to ingest leaf bodies of later
successional species, because the relative amount of
plant biopolymers is not very different between
foliar tissues the potential impact of selective
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feeding on soil organic matter chemistry is inher-
ently reduced.

It is not clear why earthworm abundance differs
among successional stages at SERC or how long the
invasive species have been present. It is possible that
earthworms invaded recently and the late succes-
sional forests have never had high earthworm
abundance or that late successional forests at one
point went through a period of high earthworm
abundance that declined as the forest matured. The
patches of forests in various stages of succession are
adjacent at SERC and there are no physical barriers
between stands of different ages keeping earthworms
from migrating, which suggest a natural decline in
earthworm abundance occurs with stand maturation
(Szlavecz and Csuzdi 2007). Further, other studies in
France and the Czech Republic showed that earth-
worm abundance declines along a successional
gradient (Pizl 1992; Bernier et al. 1993). Historic
land-use, propagule pressure, or small differences in
pH may reduce populations in later successional
forests.

At SERC, tulip poplar is still abundant and
providing a preferred food source to the earthworm
assemblages in the older sites. Yet, as forests at
SERC enter later successional stages (~ 150 years
since abandonment) high abundances of litter-con-
suming earthworms are no longer supported
(Szlavecz and Csuzdi 2007). As tulip poplar begins
to disappear over time, the impact of earthworms on
the chemical trajectory of litter residue may also
continue to decline in concert.

Summary

Our hypotheses addressed whether patterns observed
in the chemical trajectory of decomposition of tulip
poplar litter at the same study sites at SERC by Filley
et al. (2008a) would persist in the underlying soil
organic matter. Specifically, our earlier work showed
that high earthworm activity in the mid-successional
stands resulted in degraded tulip poplar litter that was
depleted in Ci/V and SFA and enriched in SV-Lignin
compared to litter exposed to low earthworm activity
in the late successional stands. Tulip poplar litter at
the old sites with low earthworm activity had a
greater ratio of SFA-to-SV-Lignin and degree of
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lignin decay than at the young sites with high
earthworm activity. We found that the chemical
trajectories of plant biopolymers in tulip poplar litter
following earthworm processing persisted in soil
POM.

In response to our original questions: (1) Patterns
previously documented in the chemical trajectory of
tulip poplar litter decay driven by earthworm abun-
dance persisted in the soil POM indicating that
similar processes were likely impacting the formation
of soil POM as was observed during litter decompo-
sition. (2) Stand age, tree species, and selective
feeding on leaf body tissue by invasive earthworms
all impacted POM composition in different manners
and should be considered together as aspects of forest
succession that affect soil C chemistry and thus
potentially soil C dynamics.

Overall, differences in the soil POM chemistry
were not driven by differences between the succes-
sional species. Instead, the data indicated that much
dissimilarity in chemistry between plant tissues, e.g.,
leaf body versus petiole and leaf versus root, was also
present between soil POM chemistry in mid and late
successional forests. Invasive earthworms that feed
preferentially on one tissue over the other potentially
are important drivers of forest litter disappearance
and soil C dynamics in regions where native species
assemblages exist and not just in originally earth-
worm-free forests. Our results are consistent with our
hypothesis that selective feeding on leaf body tissue
contributes to a shift in the aliphatic and aromatic
composition of litter residue that is transferred
belowground to POM in early and mid successional
forests at SERC where non-native, litter-feeding,
earthworms are abundant.

Acknowledgments We thank Geoffrey Parker, Dennis
Whigham, and John O’Neill for providing leaf and wood
samples, Rhonda Graef for laboratory support, and Amanda
Eggink for help with root-picking. Support from the editors and
helpful comments from two anonymous reviewers improved
the utility and clarity of the final manuscript. This research was
supported by grants #DEB-0316523 and #EAR-0748746 from
the National Science Foundation. This is Purdue Climate
Change Center paper #0810.

Appendix

See Table 7.

Table 7 The concentration (mg/100 mg OC) of each compound extracted and quantified for the plant inputs and particulate organic matter (POM)

SFA

Lignin-derived phenols

Tissue

Type

9,10,

9,10,

Cis DA 7&S,

9&10,

w-

CU-C](, C|6DA

V2 S1 V3 S2 S3 Cil Ci2

Vi

or age

®-Cig. -Cig

®-Cy6.1DA

(D-C16

C18:1

0.02
0.05
0.04
0.33
0.06
0.10
0.09
2.62
3.47

0.00
0.00
0.00
0.06
0.03
0.05
0.05
0.06
0.08

0.60
1.11
0.99
0.44
0.32
0.55
0.51
0.09
0.31

0.02
0.02
0.02
0.03
0.00
0.02
0.01
0.11

0.20

2.11
3.29
3.02
3.51
2.75
6.19
5.54
1.30
3.49

0.05
0.05
0.05
0.14
0.02
0.02
0.02
0.22
0.46

0.14
0.18
0.17
0.06
0.03
0.04
0.03
0.04
0.05

0.15
0.18
0.17
0.13

0.06
0.05
0.05
0.11
0.08
0.14
0.13
0.10
0.20

0.36
0.84
0.73
0.33
0.09
0.37
0.32
0.19
0.73

0.41
0.11
0.18
0.15
0.71
0.27
0.35
0.41
0.30

0.78
0.19
0.33
0.21
1.57
0.43
0.64
0.64
0.45

0.21
0.10
0.12
0.32
0.23
0.16
0.17
0.37
0.31

3.52
0.63

0.30
0.15
0.19
0.35
0.36
0.14
0.18
0.45
0.41

1.65
0.64
0.87
1.82
2.14
0.66
0.94
2.43
1.85

SG
SG
SG
RM
TP

LB

1.29
0.92
6.48

Wl

WL

0.10
0.13
0.13
0.05
0.05

1.39
2.35
2.94

LB

TP

WLR

TP

R/BO P

1.83

R/BO LB

3.29
2.15
1.47

0.08
0.03
0.00

0.27
0.15
0.26

0.18
0.09
0.08

0.05 0.41 3.03
0.09 0.22 1.90
0.07 0.27 2.83

0.42 2.06 0.33 0.49 0.32 0.62 0.18 0.05
0.38 1.68 0.33 0.38 0.24 0.17 0.17 0.09
0.35 1.35 0.26 0.32 0.18 0.35 0.09 0.09

1.97
1.97
1.74

R/BO WLy
WO
WO
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