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[1] To investigate the control of earthworm populations on leaf litter biopolymer decay
dynamics, we analyzed the residues of Liriodendron tulipifera L. (tulip poplar) leaves after
six months of decay, comparing open surface litter and litter bag experiments among
forests with different native and invasive earthworm abundances. Six plots were
established in successional tulip poplar forests where sites varied in earthworm density
and biomass, roughly 4–10 fold, of nonnative lumbricid species. Analysis of residues by
diffuse reflectance Fourier transform infrared spectroscopy and alkaline CuO extraction
indicated that open decay in sites with abundant earthworms resulted in residues depleted
in cuticular aliphatic and polysaccharide components and enriched in ether-linked lignin
relative to open decay in low earthworm abundance plots. Decay within earthworm-
excluding litter bags resulted in an increase in aliphatic components relative to initial
amendment and similar chemical trajectory to low earthworm open decay experiments. All
litter exhibited a decline in cinnamyl-based lignin and an increase in nitrogen content. The
influence of earthworm density on the chemical trajectory of litter decay was primarily a
manifestation of the physical separation and concentration of lignin-rich and cutin-poor
petioles with additional changes promoted by either microorganisms and/or mesofauna
resulting in nitrogen addition and polysaccharide loss. These results illustrate how
projected increases in invasive earthworm activity in northern North American forests
could alter the chemical composition of organic matter in litter residues and potentially
organic matter reaching the soil which may result in shifts in the aromatic and aliphatic
composition of soils in different systems.
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1. Introduction

[2] Both substrate quality, i.e., plant nutrients and bio-
polymer composition, and local environmental conditions,
i.e., temperature and moisture, have been considered as the
primary controls of the path of litter decomposition by
microbial agents [Moore et al., 1999]. Numerous studies
have shown strong correlations between plant chemistry

(e.g., lignin, nitrogen, and Ca2+ content) and the rate of litter
decomposition across forest floors [e.g., Berg et al., 1996;
Lorenz et al., 2000; Hobbie et al., 2006]. In northern North
American (NA) forests there is, however, an increasing
awareness of the role that detritivore macroinvertebrates,
specifically earthworms, have on litter decay dynamics and
the associated nature of stabilized soil organic matter
[Bohlen et al., 2004a; Reich et al., 2005; Brussaard et al.,
2007; Heneghan et al., 2007]. The study of the earthworm-
litter-soil system is particularly relevant today as most
identified earthworm species in northern NA forests are
introduced from Europe and Asia [Hendrix and Bohlen,
2002; James and Hendrix, 2004]. It is anticipated that over
the next few decades they will expand farther into northern
forests driven by both global, e.g., rising surface tempera-
ture, and local, e.g., soil transport, discarded fishing bait,
land use change, factors [Hendrix and Bohlen, 2002].
[3] A well-documented effect of earthworm introduction

into forests with no native earthworm populations is the
overall depletion of organic horizons and forest floor litter
[Alban and Berry, 1994; Gundale, 2001; Bohlen et al.,
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2004b; Hale et al., 2005; Eisenhauer et al., 2007]. Meso-
cosm and field manipulation studies have demonstrated that
earthworm activity can dramatically influence the decay
rate, physical breakdown, and translocation of litter below
ground into stabilized structures above the background
microbial action [Blair et al., 1995; Cortez, 1998; Seeber
et al., 2006; Hedde et al., 2007; Heneghan et al., 2007].
Additionally, the abundance and specific feeding habits of
earthworms strongly influence the nature and rate of nutri-
ent cycling and soil organic matter dynamics [Scheu and
Wolters, 1991; Bohlen et al., 2004c]. However, while much
is known of the impact of earthworm invasion on litter
decay and nutrient cycling in general, their role in the
alteration of plant biopolymers is rarely determined and
past research has primarily focused on cast-stabilized frac-
tions [e.g., Guggenberger et al., 1996; Bossuyt et al., 2005].
[4] The impact of earthworms on the relative abundance

and chemical alteration of plant biopolymers such as lignin,
condensed and hydrolysable phenolics, suberin, and cutin is
important because the chemistry of the degraded residue can
impact its subsequent utilization by microbes and other
micro- and mesofauna [Field and Lettinga, 1992; Satchell,
1967; Nicolai, 1988; Hendriksen, 1990] and potentially
influence soil organic matter dynamics. The fate of these
biopolymers are of particular interest to soil scientists as
they are considered to be major contributors to stabilized
soil carbon [Baldock and Preston, 1995; Nierop, 1998;
Nierop et al., 2003; Mikutta et al., 2006]. While earthworms
are thought to be unable to degrade lignin, they readily
degrade and digest carbohydrates and proteins [Brown and
Doube, 2004; Nakajima et al., 2005]. In addition, cuticular
and suberinitic materials may be degraded by earthworms
through the action of enzymes such as serine-proteases
which have been shown to have esterase activity [Nakajima
et al., 2005]. Although earthworms contain a complex
assemblage of microbes in their digestive tract, which aid
them in organic matter decomposition, there are indications
that their internal bacterial and fungal composition, along
with their subsequent enzyme activity, reflects that of the
ingested soil and litter microbes [Lattaud et al., 1998; Li et
al., 2002]. The actual composition of these hosted micro-
organisms is crucial as both fungi and bacteria are capable
of utilizing polysaccharides and cutin but the decomposition
of lignin and many condensed phenolics are restricted to
certain groups of fungi (see reviews in the work of Eriksson
et al. [1990]).
[5] Therefore, whether or not lignin, cutin or suberin as

classes of biopolymers are considered relatively resistant to
decay in a forest floor and candidates to accumulate in
surface soils should be strongly a function of the ability of
the litter and soil microbes and animals to express the
necessary decomposer enzymes (e.g., ligninases for lignin
decomposition). By most accounts earthworms should have
an important impact on this balance.
[6] In this study we sought to demonstrate through field-

based litter manipulations at a forested site in eastern
Maryland how differences in earthworm abundances will
cause a common litter amendment to decay along different
chemical pathways. Our study plots were established in six
stands that varied in earthworm abundance and successional
stage where, in general, old successional sites exhibited low
earthworm abundances compared to young successional

sites. Our goal was to inform research about the different
potential fates of plant biopolymers in litter when earth-
worms are present and how soils may inherit distinctly
different chemical signatures from the same litter source in
the same overall regional environment based upon differ-
ences in localized macroinvertebrate detritivory. Although
earthworm abundances and stand successional age are
linked in this system, our litter bag experiments that exclude
earthworm activity, allow us to distinguish differences in
stand age and earthworm ecology as the major control on
resultant litter biopolymer decay trajectory. Herein, we
speculate that the action of earthworms may be a major
control on the overall aromaticity or aliphaticity of resultant
soil organic matter.

2. Methods

2.1. Study Site

[7] The 2886-hectare Smithsonian Environmental Re-
search Center (SERC) lies along the Western Shore of
Maryland on the Rhode River estuary (http://www.serc.
si.edu/). The forested area at SERC is a combination of
stands at various successional stages from agricultural aban-
donment or logging over the last 200 years with minor areas
that have no record of ever being cleared. Experimental decay
plots were established in stands of different ages that also
varied in earthworm abundance [Szlavecz and Csuzdi, 2007].
Since the old sites have a relatively higher abundance of oak
and hickory species, which are high in tannin content and low
in N and are known to be less palatable for earthworms,
Szlavecz and Csuzdi [2007] proposed that earthworm distri-
butions reflected this difference.
[8] The plots described herein were situated in stands that

ranged from 50 to 70 years since abandonment (young
successional sites) and 150 years or more since abandon-
ment (old successional sites). The SERC forests are of the
tulip poplar association [Parker et al., 1989; Brown and
Parker, 1994] with young forests dominated by tulip poplar
(Liriodendron tulipifera L.), sweetgum (Liquidambar styr-
aciflua L.), red maple (Acer rubrum L.), and beech (Fagus
grandifolia Ehrh) and old forests dominated by tulip poplar,
beech, and several oak (Quercus, sp.p) and hickory (Carya,
spp.) species.
[9] Soils at all study sites are fine sandy loams of the

Collington (Fine-loamy, mixed, active, mesic Typic Haplu-
dults) and Monmouth (fine, mixed, active, mesic Typic
Hapludults) Series that have formed on sedimentary soils
from the Pleistocene Talbot formation [USDA, 1968]. Land-
use history includes plantation agriculture of a variety of
crops that resulted in only minor differences in mineralogy
and soil chemistry [Pierce, 1974]. The average soil pH is
5.71 + 0.12 (S.E.) in mature forests and 5.09 + 0.06 (S.E.) in
successional forests [Correll, 1974]. Leaf input rates at
SERC range typically from 330 g/m2/y to 450 g/m2/y with
high and low amounts ranging from 272g/m2/y to 525g/m2/y
(G. Parker, unpublished data). Mean rainfall in the region is
114.6cm and mean annual temperature is 13�C (D. Correll,
T. Jordan, and J. Duls, unpublished data) which was
consistent with the 2004–2005 experiment and sampling
period.
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2.2. Manipulation Plots

[10] In May 2004, six 3 � 3 m plots were established
within a 2 km2 area in SERC; three in old successional
forest stands and three in young successional forest stands,
which previous work had shown, corresponded to sites of
respectively low and high earthworm abundance [Szlavecz
and Csuzdi, 2007]. Each 3 � 3 m plot was further divided
into a 0.5 � 0.5 m grid. Each grid square had a 25 cm
diameter subplot placed in the center surrounded by a
perforated, 5 cm high plastic ring made of 10 cm wide
wallbase, cut in half lengthwise. As part of a larger
investigation into the effect of tulip poplar wood and leaf
amendments on the soil environment, each ringed subplot
was randomly assigned to receive replicate decay treatments
of �1000 cm3 chipped tulip poplar wood, �1000 cm3

crushed tulip poplar leaves, or no amendment. An addition-
al control treatment with natural leaf fall was established
adjacent to established subplots. Amendments were added
to each ringed subplot annually since 2004. The data from
the 2004 open decay experiment are presented herein. A
common tulip poplar amendment was chosen because tulip
poplar is the dominant tree species (by biomass) for all of
the study stands, regardless of successional age. The focus
of the present manuscript is only on the subplots associated
with the leaf addition treatment.
[11] Freshly fallen, intact tulip poplar litter was collected

by hand in the fall of each year prior to spring addition, air
dried at approximately 20�C and stored over winter before
addition in the following May. After amendment each plot
was screened with 1.25 cm mesh screen suspended above
the plot surface by approximately 5 cm in the late summer/
early fall to minimize mixed litter fall. The litter fall
collected off of the screen was added to the control treat-
ments in late November. In this way we ensured that all
chemical modifications were on a common litter addition
and the trajectory of biopolymer alteration could be easily
assessed. Each subplot was sampled by hand using forceps
and inspected, so as to not include animal droppings and
casts, from a uniform area within each ring. These sub-
samples were then combined for each plot, dried, and
ground for processing.
[12] In an attempt to separate the role of macroinverte-

brates from the role of fungi, bacteria, and micro- and
mesofauna in litter decay at SERC, three 10 cm � 15 cm
litter bags, screened with fiberglass window screen to 1 mm,
and containing 10 g of tulip poplar litter were also set out
within the plots. The mesh was of a sufficient size to
exclude all macrofauna contributions. The bags were loaded
with the same amendment material as the open decay
experiments and fixed to the soil surface in April of 2005
and harvested in November of that year. Upon harvest litter
material from each bag was dried in a convection oven at
50�C for 48 h and weighed. Any soil adhering to the outside
of the litter bag was carefully removed and no adhering soil
was observed on leaf material. The three bags from each
plot were then combined and subsampled for biopolymer
and chemical analysis.

2.3. Biopolymer and Elemental Chemical Analysis

[13] Initial leaf amendment and decayed material was
dried in a convection oven at 50�C and powdered to a flour
consistency with a liquid N2 SPEX CertiPrep (Metuchen,

NJ, USA) freezer mill to ensure homogeneity in analysis.
Intact leaves were dissected with a razor to separate petioles
from leaf body then weighed and ground separately. The
relative dry weight proportion of petiole to leaf (n = 20) was
10.4% ± 0.6 for a sampling of the tulip poplar used herein.
However, a wide variation in this proportion was observed
ranging from 7.3% to 19.0%. It is important to consider that
this variation has implications for the mean biopolymer
chemistry of litter fall and ultimate residue if petiole and
leaf body have distinct chemistries and represent different
proportions of the final residue. Plant residues were ana-
lyzed for organic carbon (C) and nitrogen (N) content using
a Carlo Erba 1108 elemental analyzer. Alkaline cupric-oxide
(CuO) oxidation [Hedges and Mann, 1979; Goñi and
Hedges, 1990] was used to assess content of extractable
lignin phenols and substituted hydroxy fatty acids from
cutin. The biopolymer extractions utilized Monel reaction
vessels (Prime Focus, Inc. Seattle, WA, USA). Ethyl van-
illin and DL-12 hydroxystearic acid were added as internal
recovery standards (IRS) for lignin and SFA, respectively,
post reaction and prior to extraction.
[14] Lignin phenols were quantified by analysis of the

trimethylsilane (TMS) derivatives of vanillyl (V-lignin)-
based (i.e., vanillin, acetovanillone, vanillic acid); syringyl
(S-lignin)-based (i.e., syringealdehyde, acetosyringone,
syringic acid); and cinnamyl (C-lignin)-based (i.e., p-
hydroxycinnamic acid and ferulic acid) monomers using
extracted ion internal calibration curves. The TMS deriva-
tives of nine SFA were assessed by extracted ions based
upon similar proxy standard calibration curves relative to
the IRS DL-12, hydroxystearic acid. These nine SFA
included 16-hydroxyhexadecanoic acid, hexadecanoic diac-
id, 18-hydroxyoctadec-9-enoic acid, 9,16 & 10,16 dihy-
droxyhexadecanoic acid, 9-octadecene-1,18-dioic acid,
7&8-hydroxyhexadecane dioic acid, 9,10,18-trihydroxyoc-
tadec-12-enoic acid, and 9,10,18-trihydroxyoctanoic acid.
As SFA proxy standards were used, calibration curves
represent reasonable assessments of concentration by se-
lected ions. A Hewlett-Packard (5971) quadrupole mass
spectrometer interfaced to a 5890 series II gas chromato-
graph was used in the quantification. Duplicate CuO anal-
yses were performed for each sample. Additionally, the leaf
and petiole were analyzed separately for their biopolymer
composition. In general, mean standard reproducibility of
the analytical method for individual lignin phenol com-
pounds ranged between 2 and 5% and from 2 and 9% for
hydroxyl fatty acids in lab reference NIST standard peach
leaf.
[15] In this study the SV-lignin, which is the sum of

vanillyl and syringyl monomers, (frequently termed L6 in
mg/100 OC), SVC-lignin, which is the sum of vanillyl,
syringyl, and cinnamyl monomers, (frequently termed L8 in
mg/100 mg OC), and the sum of substituted fatty acids
(SSFA in mg/100 mg OC) are the terms used to express the
relative concentration of extractable lignin phenols and
cutin, respectively. Additionally, because the relative abun-
dance of acid (Ac) and aldehyde (Al) based monomers, e.g.,
vanillic acid to vanillin (Ac/Alv) and syringic acid to
syringealdehyde (Ac/AlS) increases with increasing micro-
bial degradation of plant tissue, these ratios have been used
to infer lignin degradation state [Hedges et al., 1988].
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[16] Diffuse Reflectance Fourier transform infrared spec-
troscopy (DR-FTIR) was used to analyze ground surface
litter from open decay experiments, leaf bag, and initial leaf
body and petiole samples using a Perkin Elmer Model 2000
GX FTIR spectrophotometer (Norwalk, CT) equipped with
a liquid nitrogen cooled MCT detector and a KBr beams-
plitter. The system employed an EasiDiff accessory (Pike
Technologies, Madison, WI). Typically, 15 mg of air-dried
sample was mixed with 285 mg of spectral grade KBr (Pike
Technologies, Madison, WI, lot # 43004) using an agate
Wig-L-Bug for 30 seconds (Densply Rinn, IL, model #
3110-3A). The sample-KBr mixture was placed in 9 mm
sample cups. Reference FTIR spectra were obtained from
spectral-grade KBr that was subjected to the same physical
mixing conditions.
[17] For each sample a total of 64 individual scans, which

were then signal averaged, were obtained using an optical
resolution of 4 cm�1 in the region from 4000 to 580 cm�1.
These were processed using the Kubelka-Munk transforma-
tion using Grams/32 AI Version 6.0 (Galactic software,
Salem, NH). The mean spectra for the old and young
successional sites were obtained by taking the spectral
average of the three replicates which also allowed for
evaluation of changes between sites though spectral sub-
traction.

2.4. Earthworm Sampling

[18] Earthworms were sampled in early June 2005 in
three locations around each plot, 1–2 m from a different
edge using standard formalin techniques [Raw, 1959]. First,
a 50 cm � 50 cm quadrat was laid down, then surface litter
was removed and 20 L 0.2% formalin was used to flush out
earthworms (added over the course of �20 min such that it
did not flow out of the quadrat). This sampling was
performed in the context of a long term fall and spring
earthworm monitoring project, discussed in more detail in
following sections. It has shown clear patterns of earthworm
density, biomass and distribution, stable at a decadal time-
scale, in keeping with the hypothesis tested herein, and the
data are provided to show that our plots lie spatially within
this context of earthworm dynamics. Earlier assessments
[Szlavecz and Csuzdi, 2007] as well as occasional digging
around the plots previously showed that native endogeic
species (e.g., Diplocardia spp.) are absent from these areas.
These species are a concern, because the formalin technique
tends to underestimate their abundance [James, 1990]. All

worms emerging within the quadrat were collected and
weighed, killed in ethanol, fixed in 4% formalin, and
preserved in 75% ethanol. Adults were identified to species,
juveniles to the smallest possible taxonomic category (ge-
nus or family). Identification and nomenclature followed
Csuzdi and Zicsi [2003].

2.5. Soil Microbial Enzyme Activity

[19] To examine the effects of leaf amendments on soil
microbial communities, we first examined two extracellu-
lar enzymes related to breakdown of cellulose and phenols,
b-1,4-glucosidase, and polyphenol oxidase, respectively, in
fresh soils using an adaptation of the method described by
Sinsabaugh et al. [1991]. Soils were sampled in October
2004 using a 2.5 cm diameter and 5 cm deep core. One
core was collected from each of 18 subplots in each of the
6 sites. Each core was homogenized and passed through a
2 mm sieve to remove large particulate organic matter and
improve reproducibility. All enzyme analyses were per-
formed on fresh soil less than 24 hours after collection.
Approximately 2 g of fresh soil was mixed in a commer-
cial kitchen blender in 50 mM acetate buffer (per liter:
4.374g sodium acetate trihydrate and 1.1 ml glacial acetic
acid). 0.75 ml of this homogenate was mixed with 0.75 ml
of each substrate solution (5mM pNP-beta-glucopyrano-
side for the b-1,4-glucosidase assay and 5 mM pyrogallol
for the polyphenoloxidase assay). Differences in activity
between amendment treatments and sites were tested using
ANOVA with Earthworm Abundance as a fixed main
effect and site nested within Earthworm Abundance
(Systat v. 10.2).

3. Results

3.1. Earthworm Diversity and Abundance

[20] At SERC, plots yielded from 1 to 4 different earth-
worm species with all three major earthworm ecological
categories, epigeic, endogeic, anecic [Bouché, 1977] al-
though individual plots may not show species in each
feeding habit (Table 1). All species belonged to the Lum-
bricidae family, and all but one were nonnative species. The
only native earthworm, Eisenoides loennbergi, was found in
one of the old successional sites where overall numbers and
biomass of earthworms were low. Lumbricus rubellus and
Octolasion lacteum were the most abundant species in the
young successional sites and likely greatly impact leaf litter

Table 1. Earthworm Species Composition, Density (Individuals*m�2), Total Density, and Biomass (g*m�2) in Old (Low Earthworm

Abundance), and Young (High Earthworm Abundance), Successional Forests at the Smithsonian Environmental Research Center

(SERC)a

Species Ecological Category Old Forests Young Forests

Lumbricus rubellus (Hoffmeister, 1843) Epi-endogeic 2.2 (1.6) 24.0 (9.2)
Lumbricus friendi (Cognetti, 1904) Anecic 0.9 (0.9) 0.9 (0.4)
Octolasion lacteum (Örley, 1881) Endogeic 0.4 (0.4) 18.2 (11.7)
Allolobophora caliginosa (Savigny, 1826) Endogeic 0.0 (0.0) 1.8 (1.2)
Aporrectodea rosea (Savigny, 1826) Endogeic 0.0 (0.0) 1.8 (1.8)
Eisenoides loennbergi (Michaelsen, 1894) Endogeic 6.7 (6.7) 0.0 (0.0)
Lumbricidae juv. (excl. Lumbricus) 3.6 (1.8) 22.2 (3.6)
Lumbricus sp. juv. 4.0 (4.0) 60.4 (6.0)
Total densityb 17.8 (13.2) 130.2 (17.1)
Total biomassc 10.0 (6.5) 41.3 (1.2)

aNumbers are mean of the three plots at each forest type; standard deviations are in parentheses.
bHere p < 0.01 (Student’s t-test, two tailed).
cHere p < 0.001.
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disappearance and surface soil mixing. Lumbricus friendi is
an anecic species that burrows vertically and inhabits
mineral soil while feeding on litter on the soil surface.
The native E. loennbergi and O. lacteum are endogeic
worms that move horizontally and ingest organic as well
as mineral soil. The abundant L. rubellus is an epi-endogeic
species that feeds on leaf litter and surface organic matter
and also lives close to the surface. Only a subset of the
species reported by Szlavecz and Csuzdi [2007] was present
in these samples. The sampling carried out in that study
included more seasons and, more importantly, more vege-
tation types and microhabitats.
[21] Mean total density per plot ranged between 4.0 and

22.7 individuals/m2 and 114.7 and 145.3 individuals/m2 for
old and young sites, respectively. Biomass values varied
between 4.1 and 16.9 g/m2 (old sites) and 40.0 and 42.4 g/m2

(young sites). In our study plots both total density (individ-
uals/m2) and total live biomass (g/m2) were significantly
higher in the young sites then in the old sites (Table 1, two-
tailed t-tests, p < 0.001 and p < 0.01 for density and biomass,
respectively). Both adult (p < 0.01) juvenile (p = 0.01)
earthworm densities were higher in the young plots. The
2005 earthworm sampling was consistent with the results of
[Szlavecz and Csuzdi, 2007] which conducted sampling at
several young and old successional sites at SERC in 1998,
1999, and 2006: young successional forests at SERC had
consistently higher earthworm density and biomass, from
here out referred to as ‘‘high earthworm sites’’ (HEW sites)
than old successional forests, from here out referred to as
‘‘low earthworm sites’’ (LEW sites).

3.2. Surface Soil Microbial Enzyme Activity

[22] Polyphenol oxidase activity (mmol/hr) was greater in
surface soils from HEW (0.78 ± 0.06) than LEW (0.63 ±
0.06) sites (r2 = 0.135, p (2-tailed) = 0.015). Similarly, the
activity of b-1,4-glucosidase (mmol/hr) was greater in soils
from HEW (0.34 ± 0.03) than LEW (0.27 ± 0.02) sites (r2 =
0.114, p (2-tailed) = 0.006). The relative activities between
these two enzymes among the sites showed no distinction
with earthworm density or biomass among sites.

3.3. Mass Changes and Elemental C and N

[23] Visual inspection of open surface plots indicated that
by 6 months of decay much of the soft leaf tissue had been
degraded in HEW sites, with the remaining litter residue as
petioles, blackened and smaller in size than starting amend-
ments. The LEW sites still maintained much of the added
litter obscuring the mineral soil below, while the HEW sites
commonly exhibited areas of exposed mineral soil. No
attempt was made to quantify the overall mass loss in open
experiments to avoid disturbing fungal activity but as
petioles, on average represent on 10% of litter mass, we
estimate up to 90% of the added litter was removed in the
HEW sites. For the litter bag experiments, the HEW and
LEW sites showed equivalent mass losses within experi-
mental error at 23.1 and 24.7%, respectively (Table 2).
[24] For the initial tulip poplar amendment, petioles and

leaf body had near equivalent wt % C but petioles had
only one third the content of N at 0.34 wt % as compared to
1.05 wt % in the leaf body (Table 2). Litter bag decay
resulted in changes for both C and N from the initial whole
leaf values with C exhibiting a drop on average of 5.7 to
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11.9% from initial C content and the N increased by up to
22.3% of initial values. The greatest changes in C were seen
in the open decay experiments where residue’s C content
dropped on average by up to 17% of initial content. The
greatest change in N was observed for the LEW open decay
experiments, where, on average, they increased by nearly
52% above the initial amendment. For the open decay
experiments there was no distinction among the LEW and
HEW sites with respect to residue wt % C but the mean
LEW wt % N values were significantly greater than the
HEW residues. In contrast, the litter bag residues exhibited
no distinction in wt % N while the HEW sites resulted in a
significantly lower C content (Table 2).

3.4. Biopolymer Characteristics in Fresh and
Degraded Litter

3.4.1. SVC-Lignin and SSFA Analysis of Litter
[25] The leaf body and petioles of the initial amendment

were different in both SVC-lignin and SSFA composition
and concentration (Table 2). Petioles were relatively
enriched in SVC-lignin (11.6 mg/g OC) and depleted in
SSFA (3.31 mg/g OC) with respect to the leaf body (3.55 and
7.11 mg/g OC, respectively). Additionally, the C/V and S/V
ratios were distinct between the two components with
petioles being nearly devoid of C-lignin but relatively
enriched in S-lignin (Table 2). It is interesting to note that
by these parameters the petioles more resembled the general
characteristics of woody tissue lignin [Hedges and Mann,

Figure 1. Chemical composition and concentration of CuO extracted lignin phenols and substituted
fatty acids in fresh and degraded litter amendment experiments in high earthworm abundance (HEW)
(sites 4–6) and low earthworm abundance (LEW) (sites 1–3) sites at the Smithsonian Environmental
Research Center (SERC). The sum of 8 lignin phenols (SVC-lignin) and substituted fatty acids (SSFA)
from cutin in open decay experiments (a) and litter bags (b) are shown. These values for isolated leaf
body and petioles from the initial amendment are illustrated by the solid and open squares, respectively,
along with the stippled horizontal lines.
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1979] than leaf matter they are derived from. Petioles also
exhibited lower Ac/Al(s,v) ratios than the leaf body tissue. In
all, the differences in the chemistry of soft leaf (leaf body)
tissue and petiole were sufficiently large that they could
provide a distinct chemical character permitting their sepa-
rate tracking into the residues. Undegraded whole leaf
chemistry (Table 2) was intermediate between the composi-
tion of leaf body and isolated petioles. However, the actual
values for unfragmented litter will change depending upon
the relative abundance of vascular tissue in the leaf body and
the size of the petioles. Because of this, subsequent compar-
isons (i.e., Figures 1–5) of initial SVC-lignin and SSFA
chemistry to degraded residues are made with respect to
isolated petioles and leaf body as the ultimate end member
source.
[26] The residues from the open decay experiments had

chemically distinct biopolymer composition and concentra-

tion depending uponwhether they were placed in the HEWor
LEW sites (Table 2). The SVC-lignin content of the decayed
residue, normalized to OC content, in HEW sites increased in
concentration to actually exceed what is expected of pure
petioles and became enriched in SVC-lignin with respect to
old sites (Table 2, two-tailed t-tests, p = 0.004). The LEW
sites exhibited only a small increase with respect to the
average initial leaf chemistry (Table 2) resembling content
mostly of the leaf body (Table 2 and Figure 1a). The SSFA,
however, in HEW sites became depleted with respect to both
initial amendment components, the pure petioles, and LEW
sites, while LEW sites exhibited an increase in SSFA,
exceeding the pure leaf body in content.
[27] In open decay experiments, the often used proxy for

SVC-lignin oxidation, Ac/Al(v), was elevated in LEW
sites with respect to HEW sites (two-tailed t-tests, p =
0.01), which actually exhibited a drop from the initial

Figure 2. Chemical composition and concentration of CuO extracted lignin phenols and substituted
fatty acids in fresh and degraded litter amendment experiments in high earthworm abundance (HEW) and
low earthworm (LEW) sites at SERC. The 6 carbon-carbon and ether-linked lignin phenols (SV-lignin)
and the relative oxidation state of vanillyl lignin (Ac/Alv) in open decay experiments (a) and litter bags
(b) experiments are shown. These values for isolated leaf body and petioles from the initial amendment
are illustrated by the solid and open squares, respectively, along with the stippled horizontal lines.

G01027 FILLEY ET AL.: EARTHWORM IMPACT ON LITTER CHEMISTRY

7 of 14

G01027



amendment but remained above the isolated petiole values
(Table 2). Syringyl-based lignin also showed a modest
increase in Ac/Al(s) in the open decay experiment LEW
sites (Table 2). Overall, the pattern for the open decay
experiments was that Ac/Al(s,v) increased with decreased
SV-lignin content (Figure 2a).
[28] Changes also occurred to SVC-lignin molecular com-

position in the open decay experiments, such that the C/V
values among the residues were distinct between HEW and
LEW sites (Table 2, two-tailed t-tests, p = 0.002) with HEW
sites exhibiting a near total loss of C-lignin. The HEW sites
trended toward C/V values nearly identical to that found in
isolated petioles while the LEW sites had C/V values near to
the leaf body. The S/V values decreased for both HEW and
LEW sites with respect to the initial amendments.
[29] The residues from the litter bag decay experiments

exhibited shifts in SVC-lignin and cutin, SSFA, concentra-

tion and composition from the initial amendment but unlike
the open decay experiments both HEW and LEW sites
exhibited similar decay trajectories (Figure 1b) and obtained
nearly identical values. The SVC-lignin content in the
decayed residue became enriched above leaf body and
average whole leaf regardless of whether the plot was a
LEW or HEW sites indicating a selective loss of other leaf
chemicals. The HEW sites exhibited a moderately greater
increase in SVC-lignin. The SSFA in the litter bag residue
was highly enriched and exceeded even the cuticular-rich
leaf body in both the HEW and LEW sites. As with the
SVC-lignin and SSFA values, the Ac/Al(s,v) and SV-lignin
showed only a small distinction between LEW and HEW
sites (Table 2 and Figure 2b). Additionally, the Ac/Al(s,v)
ratios of the litter bag residues were close to the initial ratio
for the whole leaf body. The general trend of the HEW sites
having relatively lower SVC-lignin and higher Ac/Al(s,v)

Figure 3. Diffuse reflectance FTIR spectra of open litter samples, leaf body only, petiole and litter bag
obtained in the 4000 to 700 cm�1 region from the open litter amendment experiments in (i) low
earthworm (LEW) (spectral mean of LEW sites), (iii) litter bag (spectral mean of sites 1–6), and (v) high
earthworm abundance (HEW) (spectral mean of HEW sites) sites at SERC. For comparison, spectra of
leaf body only (ii) and petiole samples (iv) are also included.
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still held but the differences were smaller with respect to the
open decay experiments.
[30] The residues from the litter bag experiments exhibited

changes to SVC-lignin molecular composition that were also
evident as the C/V values were similar among LEW and
HEW sites (Table 2) decreasing slightly from the initial but

staying close to the values for whole leaf body. The S/V
values changed very little in the bag experiments.
3.4.2. DR-FTIR Analysis of Litter
[31] The DR-FTIR spectra of surface litter, litter bag, leaf

body and petiole samples are shown in Figure 3. FTIR
spectroscopy provides a useful, nondestructive method of

Figure 4. Expanded regions of the diffuse reflectance FTIR spectra shown in Figure 3. (a) Alkyl n(C-H)
absorption region from 3030 to 2800 cm�1. Spectra are grouped into two groups based on the degree of
apparent order of the n(C-H) bands. The spectra comprising Group (A) correspond to highly ordered n(C-
H) groups. Spectra in this group include mean LEW surface litter, leaf body only, and mean leaf bag
spectra. Spectra in Group B represent ‘disordered’ n(C-H) components and include the mean HEW
spectra as well as the petiole spectrum. (b) Spectra in the 1850 to 900 cm�1 region, and these spectra
share the same legend as in Figure 4a.
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characterizing organic polymers in soils and for studying
organo-mineral complexes [Cabaniss, 1991;Chapman et al.,
2001;Davis et al., 1999;Galle et al., 2004; Inbar et al., 1990;
Niemeyer et al., 1992; Perez et al., 2004] as well as applica-
tions specific to the characterization of forest litter [Gressel et
al., 1995b, 1995a; Haberhauer et al., 1998; Haberhauer and
Gerzabek, 1999] and plant biopolymers [Chefetz, 2007]. For
the organic constituents analyzed in this study, the major
changes are observed in the C-H stretching region (n(C-H))
in two distinct peaks at 2,920 and 2,850 cm-1, the C-H
deformation of CH2 or CH3 groups in broad peaks at 1,470
and 1,380 cm-1, and a general broad ‘‘fingerprint’’ region
from 1800 to 900 cm�1 which is characterized by many
important biopolymer functional group classes (Figure 3).
Spectra of the entire mid-IR region are shown in Figure 3 and
the n(C-H) and ‘fingerprint’ regions are shown in Figures 4a
and 4b, respectively.
[32] The DR-FTIR spectra shown in Figure 3 are consis-

tent with spectra of leaf litter samples [Gressel et al., 1995b;
Haberhauer et al., 1998; Haberhauer and Gerzabek, 1999]
and cutin biopolymer isolates [Chefetz, 2007] reported in
the literature. The broad band centered around 3400 cm�1 in
all samples corresponds to the n(OH) region where sorbed
water and surface n(OH) groups absorb. The spectra of open
decay experiments from the LEW sites have well-defined
n(C-H)sym and n(C-H)asymm bands at 2850 and 2920 cm�1

(Figure 4a, group i) indicative of highly ordered aliphatic
compounds. Similarly ordered aliphatics were observed in
the litter bag and initial leaf body samples (Figure 4a,
group i). The n(C-H)sym and n(C-H)asym bands of the leaf
body sample showed the highest degree of order based on
their band position and intensity indicative of leaf waxes
and undegraded cutin materials consistent with published
spectra for highly ordered waxes [da Luz, 2006]. The
position of n(C-H) bands corresponding to -CH2 groups,
in particular, have been found to reflect the overall order of
the alkyl chains [Greene and Bain, 2005; Merk et al., 1998;
Vaia et al., 1994].
[33] In contrast to the LEW sites, the mean HEW spec-

trum (Figure 4a, group ii) has much broader n(C-H) bands
that are shifted to higher energy. Also, the HEW samples are
nearly identical to the C-H bands of the tulip poplar petiole
(Figure 4a, group ii). In the LEW site, the n(C-H) signature
of the litter residue reflects the spectra of both the litter bag
and that of the leaf body. With high earthworm activity,
however, the highly ordered n(C-H) component, most likely
due to the loss of cuticular waxes, is greatly diminished.
Such changes were also observed in cutin isolate soil decay
experiments [Chefetz, 2007].
[34] In the lower frequency spectral region from 1800 to

900 cm�1, the spectral features of the litter and leaf tissue
samples tend to be complex (Figure 4b) but exhibit distinct
shifts associated with compound class absorbances found in
leaves. General spectral assignments for bands in this region
are included on Figure 4; however, band assignments are
often complicated by the fact that many forms of carbon
have strong absorption features in this region and bands can
often be comprised of two structural moieties. In a com-
parison of LEW and HEW surface litter decay what is
apparent is a loss of relative intensity in the carboxylic acid
stretches, and potentially amide-I (mainly carbonyl stretch)
and amide-II (mainly C-N stretch and N-H deformation) and

the alcohol stretches potentially associated with polysac-
charides in HEW relative to LEW sites. Overall, and
consistent with the molecular data, the LEW and HEW
surface litter residues have a relatively close correspondence
with the leaf body and petiole of fresh tulip poplar,
respectively. Leaf bag samples show a very close relation-
ship to leaf body spectra, although differences are noted
reflecting potentially a loss of carboxylic structures, a
relative increase in esters, and a loss in polysaccharides.
Some very interesting changes occur in the region of
carbonyl stretching n(C = O) region from 1750 to 1660,
specifically with the n(C = O) of esters occurring in the
region from 1730 to 1750.
[35] We assign the well-defined band at 1738 cm�1 and

the accompanying band at 1250 cm�1 to the R-CO-O-R’
stretch of aliphatic ester bonds. These bands are most poorly
resolved in the spectra of the surface litter decay at the LEW
sites (Figure 4b, group i), but also lack sharpness in the leaf
body and all litter bag samples. The spectra of these samples
have much greater intensity in the region where R-COOH,
which might correspond to leaf waxes, and amide-contain-
ing components. A comparison of the ‘‘ester’’ bands be-
tween HEW surface decay residue and petiole samples,
which we consider to be the ultimate source of the residue at
these sites (Figure 4b, group ii), indicates that there is a
selective loss of these bonds in decayed residues, similar to
the LEW surface residues but to a greater extent.

4. Discussion

[36] In forest systems where earthworm density and
species abundance varies spatially it is anticipated that
large differences in forest floor litter chemistry, physical
appearance, and concentration will result [Saetre, 1998;
Hendriksen, 1990; Bohlen et al., 2004a]. Earthworms, often
called ‘‘keystone species’’, can be disproportionately impor-
tant relative to their biomass in ecosystem nutrient dynamics
because of their specific feeding strategies, which not only
degrade litter and soil organic matter and mix fresh litter into
the mineral horizons but also fundamentally change the
nature of decay by altering the relative abundances and
activities of fungi and bacteria [Brown and Doube, 2004;
Groffman et al., 2004; Li et al., 2002]. The biological
implications of earthworm invasion are quite intricate as they
can simultaneously promote the rapid disintegration and
decomposition of litter [Edwards and Bohlen, 1996; Li et
al., 2002; Liu and Zhou, 2002] but also the preservation of
litter components in stabilized microstructures [Guggenberger
et al., 1996; Scheu and Wolters, 1991; Bossuyt et al., 2005]
in their casts or as mineral-organic associations in soils.
How a forest litter-soil system actually responds to changes
in earthworm populations will be a function of the abun-
dance and feeding ecology of the earthworms and the
specific litter, microbial, and soil qualities at each site.
[37] Previous studies at SERC documented clear patterns

in earthworm density, composition, and distribution with
land use history and forest successional stage [Szlavecz and
Csuzdi, 2007]. Forest stands that varied from recent suc-
cessional stages (50–70 y since abandonment), mature
successional stages (>150 y since abandonment), and sites
that have never been logged exhibited relatively high,
middle, and zero litter-degrading earthworm abundance,
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respectively, with a majority of earthworm biomass and
species as European introductions. The earthworm fauna at
SERC exhibits all types of feeding habits [Bouché, 1977;
Lavelle et al., 2004].
[38] In the present study, litterbag and surface amend-

ments were used to investigate how the biopolymer com-
position of tulip poplar leaves was altered by direct
earthworm access compared to background decay due to
microbial and mesofauna activity, intrinsic to both young
and old forests. Differences in earthworm abundance be-
tween young and old forests did not have an important
influence on ‘‘background’’ litter decay activity as demon-
strated by similar mass losses and trajectory in biopolymer
and elemental chemistry within litterbags across the sites
(Table 2 and Figure 4), although there were differences in
magnitude of soil enzyme activities. It appears that earth-
worm abundance did, however, have a major influence in
the open decay experiments, serving to promote physical
disruption of leaf components, selective chemical modifi-
cations of aliphatic structure, and enrichment of specific
biopolymers from petioles in the decayed litter (Figures 1a,
2a, 4a, and 4b). Additionally, litter residues in both LEW
and HEW sites increased in N content with a proportionally
larger increase in the LEW sites. This is interesting, as the
molecular, physical and spectroscopic data indicated that
petiole organic matter dominated residues in the HEW sites
and it would be anticipated that the overall N would have
dropped in those settings. Clearly, there was a large move-
ment of N, most likely of microbial origin, into these
residues. This would be consistent with the typical lowering
of C/N values found in most litter decay experiments [Blair
and Crossley, 1988; Dornbusch et al., 2002; Berg and
Laskowski, 2006] and what might be the increased micro-
bial action resulting from high earthworm activity [Blair et
al., 1995].
[39] Earthworm feeding experiments, both in situ and

mesocosm-based, showed that comminution increased soil
respiration rates and facilitated the removal of litter from the
soil surface [Hedde et al., 2007; Scheu and Wolters, 1991].
Earthworms, however, can have selective feeding strategies
based upon litter chemistry and size of plant matter particles
[Curry and Schmidt, 2007] and, therefore, it is reasonable to
assume that the more rigid, lignin rich, and initially nitrogen
poor components of leaves, such as the vascular tissue in
petioles, would be selectively concentrated in litter after a
season of selective earthworm feeding on more palatable
leaf body components. The combination of selective shred-
ding and removal and alteration of microbial activities and
community structure would have cascading implications for
the activity of secondary decomposers and the chemical
nature of accumulated humus and SOM in earthworm
impacted forests. As has been suggested in other studies,
it may be just this interaction that makes interpretation of
some comparative forest litter decay studies equivocal [e.g.,
Lorenz et al., 2000].
[40] Several feeding experiments showed that earth-

worms, which are considered generalist consumers, will
selectively feed on litter that is high in N and soluble
carbohydrates, low in tannins and lignins, and generally
has low C/N [Satchell, 1967; Zicsi, 1983; Hendriksen,
1990; Schonholzer et al., 1998]. Preference can be achieved
by selecting soft tissues over more rigid parts, more decom-

posed leaves over freshly fallen ones, or choosing leaf litter
types of higher nutritional quality (such as tulip poplar over
oak). Earthworm species with different feeding habits may
behave differently in their selectivity. Hendriksen [1990]
reported a strong correlation between preference and C/N
ratio for litter-feeding Lumbricus spp., but not for endogeic
species.
[41] The observed chemical changes in decayed residues

from LEWand HEW sites, e.g., differences in S/V, C/V, Ac/
Al(s,v), abundances of lignin and SSFA, and the loss of
structural order seen in the DR-FTIR aliphatic, might also
result from earthworm-induced modifications in enzyme
activity through changes to the soil fungal and bacterial
communities. It is reasonable to expect that both fungal and
bacterial activities will be different between old and young
sites. Indeed, the spectral changes in the aliphatic and
carboxyl/ester regions of the FTIR of the HEW sites are
quite similar to the decay seen in cutin isolates induced after
9 months of burial in soil [Chefetz, 2007]. Also, previous
studies demonstrated that enhanced earthworm activity can
increase respiration in casts, increase microbial activity and
biomass, and decrease fungal hyphal networks [e.g., Li et
al., 2002; Groffman et al., 2004]. At SERC soils in the
young, earthworm-impacted forests were elevated in both
b-1,4-glucosidase and polyphenol oxidase activity with
respect to the old successional sites. Additionally, the
molecular and spectroscopic data obtained from SERC
could be interpreted in terms of the promotion of hydrolytic
versus oxidative chemical paths because of earthworm
action. For example, the relative importance of oxidative
lignin decomposition to hydrolytic decomposition of ester
linked compounds could be inferred by two parameters: (a)
the ratio of ester-linked (C-lignin) to ether and carbon-
carbon linked (V-lignin) lignin (C/V), (b) the ratio of total
ester-linked SSFA to SV-lignin (Figure 5). Thus, increases
in these relative parameters would indicate enrichment in
esters through selective SV-lignin oxidation while a de-
crease in the parameters would indicate selective loss of
ester-linked compounds. The values of these parameters for
residues from the open experiments suggest that residues in
the old sites with low-earthworm abundance may have
undergone extensive lignin oxidative chemistry, depleting
SV lignin and concentrating ester-linked compounds, while
young successional sites with abundant earthworms are
dominated by hydrolysis-based chemistry that results in
relative loss of aliphatic and aromatic esters and the con-
centration of lignin. The trend of decreasing S/V during
decay is consistent with other reported findings [Hedges et
al., 1988] which indicated that S-lignin was more easily
removed during microbial decay with respect to V-lignin.
Alternatively, one might speculate that the disruption and
partial oxidation of the lignin biopolymer through microbial
processing allowed V-lignin monomer units to be more
easily released for analysis. These processes may occur as
described but, as discussed previously, the simplest expla-
nation for the majority of changes observed is a physical
concentration of general vascular tissue or petioles over soft
leaf tissue in areas with high earthworm activity.
[42] In stark contrast to the open experiments, the litter

bag studies only showed a decay trajectory consistent with
early decay paths, concentrating cutin esters and lignin at
the expense of, possibly, polysaccharides, which were not
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directly measured but inferred based upon the drop in
absorbance of the FTIR in the region 1720 to 1660 cm�1.
Therefore, litter bag experiments experienced chemical
action similar to that observed for surface decay in old
successional forest (LEW sites); all sites that had minimal
earthworm mixing and impacts on soil microbial action
(Figure 4b, group i, and Figure 5).
[43] Some litter decay studies do demonstrate that ali-

phatic components of leaves, waxes and cutin, increase in
relative concentration during decomposition [e.g., Lorenz et
al., 2004; Baldock and Preston, 1995] and lead some to
consider the abundance of cutin an important factor in
palatability of litter [Baldock and Preston, 1995]. Indeed,
the relative increase in aliphatic material with respect to
lignin at depth in some soils has also been given as evidence
of relative refractory nature of these biopolymers [e.g.,
Nierop, 1998].
[44] The fact that earthworm activity changes the chem-

ical nature, not just the amount of decayed litter, has
important biogeochemical implications for food web dy-
namics and soil organic matter stabilization processes since
detritus remaining on the surface or translocated to the soil
may have completely different nutritional value or physi-
cochemical properties depending on earthworm abundance
and feeding habit. This is a condition not typically
addressed in studies of how nutrients are cycled in forests
undergoing earthworm invasion [Brussaard et al., 2007]. If

the chemical differences observed for the tulip poplar leaf
residues in this study are representative of how all litters
across this forest respond then we might speculate that sites
invaded by this assemblage of earthworms will develop
surface residues low in aliphatics and cinnamyl lignin but
high in ether-linked lignin and overall physical toughness.
The overall change in nutrient status (C/N) and biopolymer
composition should, then, have a cascading impact on the
ability of microbes, fungi, mesofauna, and other macro-
invertebrates to utilize the residue as a substrate and thus
lead to an altered decomposer food web.
[45] The impact of earthworms on the overall content of

soil organic matter and its stabilization has been investigated
in many forest and grassland sites, and soil carbon generally
tends to increase with worm invasion at the expense of litter
floor [e.g., Bohlen et al., 2004b] where the increase in SOM
is most often attributed to enhanced mixing of litter material
into the mineral soil. This physical activity has been
demonstrated as a key aspect of the stabilization of fresh
organic matter in physically protected casts or fecal pellets
[Cortez, 1998; Seeber et al., 2006; Hedde et al., 2007].
Given the distinct earthworm activity and chemical degra-
dation pathways observed among plots at SERC these sites
may be ideal for investigating the soil-earthworm-litter
system controls on the stabilization of organic matter in
Eastern deciduous forest soils. Additionally, the fact that the
residues have very distinct aliphatic/aromatic ratios indi-

Figure 5. Comparison of the ratios of the CuO extractable substituted fatty acids (SSFA) (cutin
derived) to SV-lignin and cinammyl lignin to vanillyl based lignin. Changes in the relative importance of
oxidative lignin decomposition, resulting from the cleavage of lignin side chains on ether and carbon-
linked monomers (SV-lignin), to hydrolytic decomposition, resulting from the decomposition of ester
linked compounds (C-lignin) and SSFA, is inferred by position (higher values for oxidation and lower
values for hydrolysis) SSFA/SV-lignin values.
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cates that they may also have distinct physicochemical
properties that will influence how they associate with
mineral surfaces, soil aggregates, and soil water [Sollins et
al., 1996] and may help to explain observations of differ-
ence observed on mineral isolates from soils [Sollins et al.,
2006]. Such differences should have implications for soil
carbon stabilization in these sites.

5. Conclusions

[46] 1. In a comparison of open surface decay and litter
bag experiments in six forest stands at SERC it was
demonstrated that earthworm activity controlled the bio-
polymer composition and concentration of decayed litter
residues though physical separation of lignin-rich, cutin-
poor petioles from cutin-rich, lignin-poor soft leaf tissue
which was apparently consumed and incorporated into the
soil.
[47] 2. Litter bag experiments, run for an equivalent time,

resulted in residues most resembling the old successional
forest stands, which had low earthworm abundance and
bore little chemical similarity to the sites impacted by high
earthworm activity.
[48] 3. We speculate that in forest systems earthworm

activity may be a primary control on the relative concen-
tration and translocation of aliphatic or aromatic-rich or-
ganic matter to the mineral soil which can then be
mistakenly interpreted as an inherent property of the bio-
polymer for stabilization. Hence, discussions of the inherent
stability of aromatics or aliphatics in soil organic matter at a
particular location need to consider the role of macro-
invertebrate activity.
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Goñi, M. A., and J. I. Hedges (1990), Potential applications of cutin-derived
CuO reaction products for discriminating vascular plant sources in natural
environments, Geochim. Cosmochim. Acta, 54, 3073–3081.

Greene, P. R., and C. D. Bain (2005), Total internal reflection Raman
spectroscopy of barley leaf epicuticular waxes in vivo, Colloids Surf.
B, 45, 174–180.

Gressel, N., J. G. McColl, R. F. Powers, and A. E. McGrath (1995a),
Spectroscopy of aqueous extracts of forest litter. 2. Effects of managment
practices, Soil Sci. Soc. Am. J., 59, 1723–1731.

Gressel, N., A. E. McGrath, J. G. McColl, and R. F. Powers (1995b),
Spectroscopy of aqueous extracts of forest litter. 1. Suitability of meth-
ods, Soil Sci. Soc. Am. J., 59, 1715–1723.

G01027 FILLEY ET AL.: EARTHWORM IMPACT ON LITTER CHEMISTRY

13 of 14

G01027



Groffman, P. M., P. J. Bohlen, M. C. Fisk, and T. J. Fahey (2004), Exotic
earthworm invasion and microbial biomass in temperate forest soils,
Ecosystems, 7, 45–54.

Guggenberger, G., R. J. Tomas, and W. Zech (1996), Soil organic matter
within earthworm casts of an anecic-endogeic tropical pasture commu-
nity, Colombia, Appl. Soil Ecol., 3, 263–274.

Gundale, M. J. (2001), Influence of exotic earthworms on the soil organic
horizon and the rare fern Botrychium mormo, Cons. Biol., 16, 1555–
1561.

Haberhauer, G., and M. H. Gerzabek (1999), Drift and transmission FT-IR
spectroscopy of forest soils: an approach to determine decomposition
processes of forest litter, Vib. Spec., 19, 413–417.

Haberhauer, G., B. Rafferty, F. Strebl, and M. H. Gerzabek (1998), Com-
parison of the composition of forest soil litter derived from three different
sites at various decompositional stages using FTIR spectroscopy, Geo-
derma, 83, 331–342.

Hale, C. M., L. E. Frelich, P. B. Reich, and J. Pastor (2005), Effects of
European earthworm invasion on soil characteristics in northern hard-
wood forests of Minnesota, Ecosystems, 8, 921–927.

Hedde, M., F. Bureau, M. Akpa-Vinceslas, M. Aubert, and T. Decaens
(2007), Beech leaf degradation in laboratory experiments: effects of eight
detritivorous invertebrate species, Appl. Soil Ecol., 35, 291–301.

Hedges, J. I., and D. C. Mann (1979), The characterization of plant tissues
by their lignin oxidation products, Geochim. Cosmochim. Acta, 43,
1803–1807.

Hedges, J. I., R. A. Blanchette, K. Weliky, and A. H. Devol (1988), Effects
of fungal degradation on the CuO oxidation products of lignin: A con-
trolled laboratory study, Geochim. Cosmochim. Acta, 52, 2717–2726.

Hendriksen, N. B. (1990), Leaf litter selection by detritivore and geopha-
gous earthworms, Biol. Fertil. Soils, 10, 17–21.

Hendrix, P. F., and P. J. Bohlen (2002), Exotic earthworm invasions in
North America: Ecological and policy implications, BioScience, 52,
801–811.

Heneghan, L., J. Steffen, and K. Fagen (2007), Interactions of an introduced
shrub and introduced earthworms in an Illinois urban woodland: Impact
on leaf litter decomposition, Pedobiologia, 50, 543–551.

Hobbie, S. E., P. B. Reich, J. Oleksyn, M. Ogdahl, R. Zytkowiak, C. Hale,
and P. Karolewski (2006), Tree species effects on decomposition and
forest floor dynamics in a common garden, Ecology, 87, 2288–2297.

Inbar, Y., Y. Chen, and Y. Hadar (1990), Humic substances formed during
the composting of organic matter, Soil Sci. Soc. Am. J., 54, 1316–1323.

James, S. W. (1990), Oligochaeta: Megascolecidae and other earthworms
from Southern and Midwestern North America, in Soil Biology Guide,
edited by D. L. Dindal, pp. 379–387, John Wiley, New York.

James, S. W., and P. F. Hendrix (2004), Invasion of exotic earthworms
into North America and other regions, in Earthworm Ecology, edited
by C. Edwards, pp. 75–88, CRC Press, Boca Raton, Fla.

Lattaud, C., S. Locati, P. Mora, C. Rouland, and P. Lavelle (1998), The
diversity of digestive systems in tropical geophagous earthworms, Appl.
Soil Ecol., 9, 189–195.

Lavelle, P., F. Charpentier, C. Villenave, P. P. Rossi, L. Derouard,
B. Pashanasi, J. Andre, J. F. Ponge, and N. Bernier (2004), Effects of
earthworms on soil organic matter and nutrient dynamics at a landscape
scale over decades, in Earthworm Ecology, edited by C. Edwards,
pp. 145–160, CRC Press, Boca Raton, Fla.

Li, X., M. C. Fisk, T. J. Fahey, and P. J. Bohlen (2002), Influence of
earthworm invasion on soil microbial biomass and activity in a northern
hardwood forest, Soil Biol. Biochem., 34, 1929–1937.

Liu, Z. G., and X. M. Zhou (2002), Exotic earthworms accelerate plant litter
decomposition in a Puerto Rican pasture and a wet forest, Ecol. Appl., 12,
1406–1417.

Lorenz, K., C. M. Preston, S. Raspe, I. Morrison, and K. Feger (2000),
Litter decomposition and humus characteristics in Canadian and German
spruce ecosystems: information from tannin analysis and 13C CPMS
NMR, Soil Biol. Biochem., 32, 779–792.

Lorenz, K., C. M. Preston, S. Krumrei, and K. Feger (2004), Decomposition
of needle/leaf litter from Scots pine, black cherry, common oak and Eur-
opean beech at a conurbation forest site, Eur. J. For. Res., 123, 177–188.

Merk, S., A. Blume, and M. Riederer (1998), Phase behaviour and crystal-
linity of plant cuticular waxes studied by Fourier transform infrared
spectroscopy, Planta, 204, 44–53.

Mikutta, R., M. Kleber, M. Torn, and R. Jahn (2006), Stabilization of soil
organic matter: association with mineral or recalcitrance?, Biogeochem-
istry, 77, 25–56.

Moore, T. R., et al. (1999), Litter decomposition rates in Canadian forests,
Global Change Biol., 5, 75–82.

Nakajima, N., M. Sugimoto, S. Tsuboi, H. Tsuji, and K. Ishihara (2005), An
isozyme of earthworm serine proteases acts on hydrolysis of triacylgly-
cerol, Biosci. Biotechnol. Biochem., 69, 2009–2011.

Nicolai, V. (1988), Phenolic and mineral contents of leaves influences
decomposition in European forest systems, Oecologia, 75, 575–579.

Niemeyer, J., Y. Chen, and J. M. Bollag (1992), Characterization of humic
acids, composts and peat by diffuse reflectance Fourier transform infrared
spectroscopy, Soil Sci. Soc. Am. J., 56, 135–140.

Nierop, K. G. J. (1998), Origin of aliphatic compounds in a forest soil, Org.
Geochem., 29, 1009–1016.

Nierop, K. G. J., D. F. W. Naafs, and J. M. Verstraten (2003), Occurrence
and distribution of ester-bound lipids in Dutch coastal dune soils along a
pH gradient, Org. Geochem., 34, 719–729.

Parker, G. G., O. O’Neill, and D. Higman (1989), Vertical profile and
canopy organization in a mixed deciduous forest, Vegetatio, 89, 1–12.

Perez, M. G., L. Martin-Neto, S. C. Saab, E. H. Novotny, D. M. B. P.
Milori, V. S. Bagnato, L. A. Colnago, W. J. Melo, and H. Knicker
(2004), Characterization of humic acids from a Brazilian Oxisol under
different tillage systems by EPR, C-13 NMR, FTIR and fluorescence
spectroscopy, Geoderma, 118, 181–190.

Pierce, J. W. (1974), Soil mineral analyses: % composition by mineral
classes, in Environmental Monitoring and Baseline Data, Compiled Un-
der the Smithsonian Institution Environmental Sciences Program, Tem-
perate Studies, vol. 3, edited by D. L. Correll, pp. 1113 – 1129,
Chesapeake Bay Cent. for Environ. Stud., Edgewater, Md.

Raw, F. (1959), Estimating earthworm populations by using formalin, Nat-
ure, 184, 1661–1662.

Reich, P. B., J. Oleksyn, J. Modrzynski, S. Hobbie, D. Eissenstat, J. C.
Horover, O. A. Chadwick, C. M. Hale, and M. G. Tjoelker (2005),
Linking litter calcium, earthworms and soil properties: a common garden
test with 14 tree species, Ecol. Lett., 8, 811–818.

Saetre, P. (1998), Decomposition, microbial community structure and earth-
worm effects along a birch-spruce gradient, Ecology, 79, 834–846.

Satchell, J. E. (1967), Lumbricidae, in Soil Biology, edited by A. Burgess
and F. Raw, pp. 259–322, Academic, London.

Scheu, S., and V. Wolters (1991), Influence of fragmentation and bioturba-
tion on the decomposition of carbon-14 labelled beech leaf litter, Soil
Biol. Biochem., 23, 1029–1034.

Schonholzer, F., L. Kohli, D. Hahn, O. Danile, C. Goez, and J. Zeyer
(1998), Effects of decomposition of leaves on bacterial biomass and on
palatability to Lumbricus terrestris, Soil Biol. Biochem., 30, 1805–1813.

Seeber, J., S. Scheu, and E. Meyer (2006), Effects of macro-decomposers
on litter decomposition and soil properties in alpine pastureland: a me-
socosm experiment, Appl. Soil Ecol., 34, 168–175.

Sinsabaugh, R. L., R. K. Antibus, and A. E. Linkins (1991), An enzymic
approach to the analysis of microbial activity during plant litter decom-
position, Agric. Ecosyst. Environ., 34, 43–54.

Sollins, P., P. S. Homann, and B. Caldwell (1996), Stabilization and desta-
bilization of soil organic matter: Mechanisms and controls, Geoderma,
74, 65–105.

Sollins, P., C. Swanston, M. Kleber, T. R. Filley, M. Kramer, S. Crow,
B. Caldwell, K. Lajtha, and R. Bowden (2006), Organic C and N stabili-
zation in a forest soil: evidence from sequential density fractionation, Soil
Biol. Biochem., 38, 3313–3324.

Szlavecz, K., and C. Csuzdi (2007), Land use change affects earthworm
communities in Eastern Maryland, USA, Eur. J. Soil Biol, doi:10.1016/
j.ejsobi.2007.08.008.

U.S. Department of Agriculture (USDA) (1968), Our soil, our strength: Soil
survey maps of Anne Arundel County Maryland, Soil Conserv. Serv.,
College Park, Md.

Vaia, R. A., R. K. Teukolsky, and E. P. Giannelis (1994), Interlayer struc-
ture and molecular environment of alkyammonium layered silicates,
Chem. Mater., 6, 1017–1022.

Zicsi, A. (1983), Earthworm ecology in deciduous forests in central and
southeast Europe, in Earthworm Ecology: From Darwin to Vermiculture,
edited by J. E. Satchell, pp. 171–177, Chapman and Hall, London.

�����������������������
S. E. Crow and T. R. Filley, Department of Earth and Atmospheric

Sciences and the Purdue Climate Change Research Center, Purdue
University, 550 Stadium Mall Dr., West Lafayette, IN 47907-1397, USA.
(filley@purdue.edu)
C. T. Johnston, Department of Agronomy (Crop, Soil, and Environmental

Sciences), 915 W. State St., Purdue University, West Lafayette, IN 47907,
USA.
M. K. McCormick and D. F. Whigham, Smithsonian Environmental

Research Center, P.O. Box 28, Edgewater, MD 21037, USA.
K. Szlavecz, Department of Earth and Planetary Sciences, Johns Hopkins

University, Baltimore, MD 21218-2681, USA.
R. N. van den Heuvel, Landscape Ecology, Institute of Environmental

Biology, Utrecht University, P.O. Box 800.84, 3508 TB Utrecht, Netherlands.

G01027 FILLEY ET AL.: EARTHWORM IMPACT ON LITTER CHEMISTRY

14 of 14

G01027


