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a b s t r a c t

In this study, we examined the response of surface soils to increased leaf and wood litter input within
adjacent successional forests recovering from agricultural disturbance at the Smithsonian Environmental
Research Center (SERC), Maryland, USA. Previous studies at this site demonstrated an arrested devel-
opment of O-horizon, even after 130 years of forest growth, and an annual loss of leaf litter in forests
with the highest abundance of invasive earthworms. Biogeochemical indices of plant biopolymer dy-
namics, i.e. extractable lignin and substituted fatty acids (SFAs), were applied to soil physical fractions in
order to assess the fate of 5 years of increased Tulip poplar (Liriodendron tulipifera L.) wood and leaf litter
into O-horizon and mineral soil particles of purportedly different protection levels in this recovering
forest system. Our results showed that in this continuously-disturbed recovering system the pattern of
litter incorporation into soil varied with both litter type and forest age. For example, young successional
forests, that also contained higher abundances of soil feeding endogeic earthworms, incorporated wood
amendments deeper into soils and in a predominantly particulate organic matter (POM) form than older
successional systems with predominantly litter and surface dwelling earthworms. Soil lignin concen-
tration increased sharply with wood amendments in both forest stages, but young successional forests
exhibited incorporation of fresher lignin into both POM and silt and clay (SC) fractions over 0e5 cm and
5e10 cm depths while old forests only increased in POM in the 0e5 cm depth. We attribute these
differences to the higher rates of physical mixing from soil feeding endogeic species and potentially
lower fungal activity in young successional forests. However, despite nearly 2.5 times of background
annual leaf litter input over 5 years, neither total C content nor SFA concentration in soil fractions
increased, a phenomenon we attribute to full decomposition of leaf litter amendments. These results
demonstrate how the chemical trajectory of soils and litter layers in recovering forests can be a function
of both legacy and current disturbance.

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

The composition and incorporation rate of surface litter to soil
horizons in forests can vary with forest type, climate and ecosystem
disturbance (Jobbagy and Jackson, 2003). The process of affores-
tation of agricultural lands is generally accompanied by the gradual
accumulation of a litter layer and the rebuilding of organic horizons
due to increased aboveground litter production, altered litter
composition and the slow development of the litter decomposing
system (Richter et al., 1999; Paul et al., 2002; Cerli et al., 2006;
ospheric, and Planetary Sci-

All rights reserved.
Wang et al., 2006). However, in forest ecosystems with a high
abundance of invasive litter consumers and soil mixers, like
earthworms, annual litter fall can be consumed and translocated
into mineral soil horizons and thus the observed recovery process
of the forest floor and O-horizon could be largely impeded (Foote
and Grogan, 2010; Ma et al., 2013). The lack of O-horizon devel-
opment and subsequent carbon (C) down-flow into soil layers in
those forests may fundamentally alter the subsequent utilization
pattern of litter-derived C by microbes and other micro- and meso-
fauna (Nicolai, 1988; Hendriksen, 1990; Field and Lettinga, 1992),
thus leading to a different ecological and chemical trajectory during
forest succession.

Lignin, a phenylpropenoid structural plant biopolymer, as well
as the substituted fatty acids (SFAs) from leaf-derived cutin and
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root and bark-derived suberin are important chemical contributors
to the intermediate and long-term stabilized cycling soil C pools in
forest soils depending upon the nature of microbial, physical, and
chemical protection mechanisms dominating a particular soil
(Baldock and Preston, 1995; Nierop, 1998; Mikutta et al., 2006;
Kleber, 2010). Many studies have demonstrated how the relative
input and chemistry of these biopolymer components to soils can
be directly controlled by the selective consumption of litter by soil
animals but also controlled by secondary processes resulting from
the disruption of fungal and microbial communities by those same
detritivores (Zhang et al., 2000; Filley et al., 2008; Dempsey et al.,
2011; Ma et al., 2013). In fact, lignin incorporated into soil by
physical mixing processes has been shown to be of a lower oxidized
state compared to lignin components transported by leaching/
adsorption processes that dominate in forests that lack soil mixing
fauna (Hernes et al., 2007; Ma et al., 2013).

The analysis of soil fractions, separated by size and density into
particles relating to theoretical physical and chemical protection
mechanisms of soil organic matter (SOM), has been widely used to
estimate the stability and turnover of SOC under ecosystem
disturbance (Cambardella and Elliott, 1992; Jastrow, 1996; Six et al.,
2000, 2002a; Kaiser and Guggenberger, 2003). Particulate organic
matter (POM), composed of relatively undecomposed or partly
degraded plant residue as well as seeds and microbial debris, is
usually biologically and chemically active and is part of the fast
cycling pool of SOM (Cambardella and Elliott, 1992; Solomon et al.,
2002; Six et al., 2002b). In contrast, mineral associated OM has a
mean residence time (MRT) that is much longer than POM, due to
limited microbial accessibility (Hassink, 1997; Marschner et al.,
2008; Kögel-Knabner et al., 2008) and strong chemical in-
teractions (Kleber, 2010). The inclusion of particulate carbon into
physically aggregated structures increases the probability that
decomposing soluble fragments become associated with minerals
for binding. The activity of many soil feeding invertebrates,
including earthworms, directly increases the association of plant
and mineral organic matter (Bossuyt et al., 2006; Ma et al., 2013).
Thus, inclusion of plant litter into mineral associated soil fractions
is a key component of long-term stabilization of SOM.

At the Smithsonian Environmental Research Center (SERC,
Edgewater, MD), five-year long, increased litter amendment plots
were established in five forest sites that varied in age (60e132 yrs)
of successional recovery from agriculture. SERC forests represent
typical 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 recovery. Previous studies at this site
demonstrated an impeded development of O-horizon even after
130 years of forest growth and an annual loss of leaf litter in forests
with the highest abundance of invasive earthworms (Szlavecz and
Csuzdi, 2007; Xia, 2012; Ma et al., 2013). Biogeochemical indices of
plant biopolymer dynamics, i.e. extractable lignin and substituted
fatty acids (SFAs), were applied to soil physical fractions in order to
assess the fate of 5 years of increased inputs of Tulip poplar (Lir-
iodendron tulipifera L.) wood and leaf litter into the O-horizon and
mineral soil particles of purportedly different protection levels in
this recovering forest system. With the addition of both leaf and
wood litter that are much higher than background litter fall, we
introduced a biogeochemical signal which allowed us not only to
investigate the response of different age forests with high abun-
dance of invasive earthworms to increased aboveground litter
input but also trace the fate of lignin/SFA incorporation into specific
soil fractions and the implication to SOM formation and
stabilization.

After 5-years of enhanced leaf litter and punctuated woody
debris input we expected to see that: 1) Five years of increased
application of leaf and wood litter would result in accumulation of
forest floor thus an incipient O-horizon dominated by Liriodendron
tulipifera chemistry as the new input rate would exceed the ca-
pacity of the forest floor biota to process the litter; 2) Cutin-derived
SFA concentration in soil would increase under enhanced leaf
amendment, while lignin concentration would increase with wood
amendment in all sites; 3) young successional forests with higher
rates of physical mixing, higher pH, and potentially lower fungal
activity would exhibit selective accumulation of lignin carbon from
aboveground litter amendments in soil compared to older succes-
sional forests; and 4) with high soil feeding earthworm in young
successional forests, aboveground litter amendments would be
incorporated deeper into soils and would be more associated with
soil mineral matter (silt and clay).

2. Methods

2.1. Site description

This study was conducted at the Smithsonian Environmental
Research Center (SERC), (38�530 N, 76�330 W), which lies along the
Rhode River and the Chesapeake Bay, Maryland USA. In 2003, five
plots, each 3 � 3 meters, were established in two groups of stands
that differed in forest successional stages: three young successional
stands (60e74 years) and two old successional stands (113e132
years) (Filley et al., 2008; Crow et al., 2009; Ma et al., 2013)
(Table 1). In young successional forests, the dominant tree species
were tulip poplar (Liriodendron tulipifera L.), sweet gum (Liquid-
ambar styraciflua L.). Red maple (Acer rubrum L.), white oak
(Quercus alba), American beech (Fagus grandifolia) and red/black
oaks (Q. falcata, Q. coccinea, Q. velutina, and Q. rubra) are the sec-
ondary species. In old successional forests, tulip poplar alone is the
dominant species, while white oak, red/black oaks (Quercus spp.),
American beech, and hickories (Carya spp.) are the secondary tree
species (G. Parker, unpublished data). Themean precipitation in the
region is 114.6 cm and the mean annual temperature is 13 �C (D.
Correll, T. Jordan, and J. Duls, unpublished data). At SERC, leaf litter
input rates range from approximately 330e450 g m�2 year�1 with
high and low rates ranging from 272 to 525 g m�2 year�1, with the
average background coarse woody debris (CWD) input estimated at
190 g m�2 year�1 (G. Parker, unpublished data).

Soils at the study sites are classified as Collington sandy loam
(fine-loamy mixed, active, mesic Typic Hapludult), Monmouth fine
sandy loam (fine, mixed, active, mesic Typic Hapludult), or Don-
lonton fine sandy loam (fine, mixed, active, mesic Typic Haplu-
dults). The soils among all the sites had similar textures with minor
variations (Ma et al., 2013; Table 1).

At the experimental sites, soil invertebrate surveys have been
conducted, including isopods, millipedes, earthworms, enchytraeid
worms, slugs, ants, termites, and other insects (Szlavecz unpub-
lished data). Although they all feed on leaf litter and soil organic
matter, earthworms with their highest biomass remain the major
agent in surface removal of leaf litter, and the only significant group
in soil mixing. Twelve earthworm species of which three are native
and nine are non-native were identified in SERC forest sites. Non-
native earthworms were present at all sites (Szlavecz and Csuzdi,
2007; Szlavecz et al., 2011). In general, young successional forests
exhibited higher total earthworm abundances and higher abun-
dances of soil feeding/burrowing (endogeic) species compared to
old successional forests (Szlavecz and Csuzdi, 2007; Xia, 2012).

2.2. Plot manipulation

The litter manipulation plots were divided into 36 equal
0.5 � 0.5 m grids and in the center of each grid square a 25 cm
diameter, 5 cm high, slotted, plastic ring was placed in which the



Table 1
Land use history, age, soil texture and Ca content of experimental forest stands at the Smithsonian Environmental Research Center, MD, USA.

Site assignment Latitude; longitude Age
group

Forest
agea

Land use historyb Plant typec Soil textured Ca content
(mg kg�1)

4 38�5300800N; 76�3300700W Young w60 Mixed cultivation, abandoned Tulip poplar Association Loam 1000
5 38�5301700N; 76�3301300W Young 65 Mixed cultivation, abandoned Tulip poplar Association Loam 1200
6 38�5302200N; 76�3300200W Young 74 Mixed cultivation, abandoned Tulip poplar Association Loam 1100
2 38�5303100N; 76�3305200W Old 113 Mixed cultivation, abandoned Tulip poplar Association Loam 550
3 38�5300600N; 76�3301000W Old w132 Mixed cultivation, abandoned Tulip poplar Association Sandy loam 600

a from unpublished tree ring data (G. Parker) and historical land use map (Higman, 1968).
b from documented land use history by Higman (1968).
c Szlavecz et al., 2011.
d Ma et al., 2013.
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litter was added. Each plot contained six replicated treatment rings
randomly chosen from the 36 grids to receive: chipped tulip poplar
wood (1e3 cm) or tulip poplar leaves (pressed by hand when
adding to the ring). Tulip poplar was chosen for the amendment,
because 1) it was the dominant tree species at SERC; 2) a single
species would provide a uniform chemical input signature
improving our ability to track the chemical fate of its biopolymer
components. Leaf amendments, collected as fresh litter fall, were
added to each ring twice (spring and fall) annually beginning in
2003 to reach a rate of approximately 2.5 � mean annual leaf fall
(leaf treatment). The tulip poplar litter was collected by hand in the
fall of each year along the trail in the surrounding forest, air-dried at
approximately 20 �C and stored over winter before addition in the
following year. Chipped tulip poplar wood (wood treatment) was
added in 2003, 2004 and 2006 at a rate of 100 g per ring for each
addition (about 10 times average estimates of background CWD
input, but in keeping with a punctuated input under felled logs or
slash). No wood was added in 2005 and 2007 due to slow
decomposition of wood. Nylon mesh with 1.25 cm holes was sup-
ported atop the 3� 3 m plots to capture autumn leaf fall which was
added back to the control plots during the year.

2.3. Field sampling and soil physical fractionation

In October 2008, after 5 years of litter addition, the remaining
leaf and wood litter in each ring was collected, characterized, and
weighed. At the same time, soil cores (0e15 cm) from all leaf, wood
treatments as well as six control soil cores randomly chosen sur-
rounding the plot (<50 cm from the edge of the plot) were collected
using a 5 cm diameter impact corer and sectioned into 5 cm depth
increments in the field. The soil was bagged and kept refrigerated at
4 �C for approximately 1 month while sieving and processing
progressed. Field-moist soils were passed through an 8 mm sieve
where rocks, large roots, and other debris were removed. The
sieved soil samples were air dried to a constant weight then stored
in amber glass jars until further processing.

Sieved soils were further separated by both size and density
fractionation techniques using methods outlined in Ma et al. (2013)
for the 0e5 and 5e10 cm depths. Particulate organic matter (POM)
fractions (>53 mm) and silt þ clay (SC) fractions (<53 mm) were
obtained. For detailed information about the separation procedure,
please refer to supplemental methods.

2.4. Soil pH and C & N elemental analysis

Soil pH was measured for all air-dried soil samples using a
deionized water slurry (1:1) (United States Department of
Agriculture, 1995). Initial amendment material, ground bulk soil
(0e5, 5e10. 10e15 cm) and soil fractions (0e5, 5e10 cm) were
analyzed for C and N content using a Sercon (Crewe, UK) GLS
elemental analyzer interfaced to a Sercon (Crewe, UK) Hydra 20/22
isotope ratio mass spectrometer (IRMS) operating in continuous
flow mode. The low average soil pH (4.1e5.8) precluded soil car-
bonate accumulation but several samples were checked for car-
bonate content using the acid fumigation method (Harris et al.,
2001) and none were identified. Initial leaf and wood amend-
ments as well as control soils from each site were digested with
open vessel microwave (EPA method SW846-3051A) for full
nutrient concentration analyzed using Inductively Coupled Argon
Plasma (ICAP) analysis (AOAC 985.01) (A&L Great Lakes Laboratory,
Fort Wayne, IN).

2.5. Lignin and substituted fatty acid extraction and quantification

Bulk soil and soil fractions were extracted for lignin phenols and
substituted fatty acids (SFA) derived from cutin and suberin using
alkaline cupric-oxide (CuO) (Goni and Hedges, 1990; Filley et al.,
2008) on the composited samples for each treatment and depth.
The biopolymer extractions utilized Monel reaction vessels (Prime
Focus, Inc. Seattle, WA, USA) and ethyl vanillin and DL-12 hydrox-
ystearic acid were added as internal standards (IRS) for lignin and
SFA quantification, respectively. A Shimadzu QP2010 Plus gas
chromatograph e mass spectrometer (GCMS) (Kyoto, Japan) was
used in the quantification of individual compounds. Eight lignin-
derived phenols and nine SFAs were quantified by analysis of
extracted ions of their trimethylsilane (TMS) derivatives based
upon absolute (lignin) or proxy (SFA) standard calibration curves
relative to the internal standard. Three groups of lignin monomers
were quantified: vanillyl (V), including vanillin, acetovanillone and
vanillic acid; syringyl (S), including syringaldehyde, acetosyr-
ingone, and syringic acid; and cinnamyl (Ci), including p-hydrox-
ycinnamic acid and ferulic acid. Ratios of acid and aldehyde
monomers (e.g. vanillic acid to vanillin) (Ad/Al) within the S or V
classes can be used as an index for the degree of lignin oxidation
where higher values suggest increased microbial oxidation (Kögel,
1986) as can the changing ratio of Ci/V, which has been used to
show enhanced decomposition of Ci over V. Changing ratios of
individual molecular species has also been shown to be governed,
at least in part, by selective adsorption to mineral phases and sur-
faces in soils (Hernes et al., 2007). The SFA quantified included 9,16
& 10,16 dihydroxyhexadecanoic acid, 7- & 8-hydroxyhexadecane-
1,16-dioic acid, 9,10,18-trihydroxyoctadec-12-enoic acid, and
9,10,18-trihydroxyoctanoic acid, which are abundant in leaf tissue
at SERC; and 16-hydroxyhexadecanoic acid, hexadecanoicdiacid,
18-hydroxyoctadec-9-enoic acid, 9-octadecene-1,18-dioic acid,
which are abundant in roots isolated from soil at SERC (Crow et al.,
2009). As SFA proxy standards were used, calibration curves
represent reasonable assessments of concentration by selected
ions. Alkaline CuO provides a rapid means to asses SFA composition
similar to other techniques that extract SFA from plants and soils
using base hydrolysis and solvent extraction techniques (Riederer
et al., 1993; Nierop et al., 2003; Otto and Simpson, 2006) albeit



Fig. 1. Soil pH of 0e5 cm depth for double leaf, wood treatment and control after 5
years of litter manipulation respectively for young and old succession sites at the
Smithsonian Environmental Research Center, MD, USA. Error bar shows standard de-
viation. Stars indicate significant difference from treatment to control.
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with lower extraction efficiency of the longer chain SFA (>C20) and
loss of epoxide functionality (Goni and Hedges, 1990).

Our previous work at SERC demonstrated that CuO products of
tulip poplar leaves and roots were clearly distinguishable by the
relative proportions of specific substituted fatty acids (Filley et al.,
2008; Crow et al., 2009). In leaf tissue 7&8, x-C16:1DA, 9,10, x-
C18 and 9&10, x-C16 were characteristically high in leaf bodies but
low in petioles of the same leaves. The sum of these compounds can
be considered as a leaf cutin acid proxy, as they comprise on
average 91% of the total SFA extracted from foliar tissues (Crow
et al., 2009). In roots, x-C16, C16DA, x-C18:1, and C18:1DA were
in high concentration, compared to the other plant inputs and thus
the sum of these compounds can be considered a root or suberin
proxy as they comprise on average 89% of the total SFA extracted
from roots by CuO method (Crow et al., 2009).

2.6. Earthworm sampling

For the present study, earthworms were sampled in June 2005,
October 2008 and April 2009 at three locations around each plot,
1e2m from a different edge, using the standard formalin technique
(Raw, 1959). All earthworms emerging within the quadrat were
collected, killed in ethanol, fixed in 4% formalin, and preserved in
75% ethanol. Adults were identified to species and juveniles to the
smallest possible taxonomic category (genus or family). Identifi-
cation and nomenclature followed Csuzdi and Zicsi (2003). Earth-
worms were categorized as either litter feeding or soil feeding
earthworms. The former comprised Lumbricus rubellus, Lumbricus
friendi and Lumbricus juveniles. The following species made up the
soil feeding group: Eisenoides lonnbergi, Octolasion lacteum, Octo-
lasion cyaneum, Aporrectodea rosea, Aporrectodea caliginosa, and
Lumbridicidae juveniles. Individuals in the last group were either
larger non-Lumbricus juveniles, or they were so tiny (<1 cm) that
we assumed that they are likely to feed on soil organic matter (e.g.
POM) rather than intact leaf litter.

2.7. Data analysis

Two-way ANOVAs without interaction analysis using SAS v.9.1
(SAS Inc., Cary, NC) were used to compare the changes caused by
treatment effects of amendments within each age group as a
random blocked design. The significance threshold was set at
a ¼ 0.05 unless otherwise reported.

3. Results

3.1. Mass loss of field amendments

Over the course of the 5 years of amendments,>95% of the total
7350 g/m2 of leaf litter (accounting for 3180 g C/m2) added
(w2.5 � background litter fall) was decomposed and/or trans-
located from the surface, such that bare mineral soil was typically
exposed at the end of summer before leaf fall. Litter remaining each
year within the leaf amendments rings were typically in the form of
highly degraded petioles that were lying on the surface or partially
dragged into the soil. Over the course of the three wood chip ad-
ditions over 5 years, amounting to w6100 g/m2 (w2733 g C/m2),
88%e95% of the material was removed from the surface. The mean
proportion of wood amendment removedwas higher in young sites
than old sites (95% vs. 88%), although not statistically different.

3.2. Soil pH, calcium and bulk soil C & N content

Calcium concentrations in young forest soils (1000e1200 mg/
kg) were about twice as much as in old forests (550e600 mg/kg)
(Table 1). Soil pH in young forest control plots (5.31 � 0.21) was
significantly higher than old forest control plots (4.25 � 0.20) (Fig
1). Soil pH in both young and old successional sites responded
similarly to amendments, such that leaf amendments increased soil
pH while wood amendments decreased pH. Leaf amendments,
however, changed the soil pH to a significantly greater degree than
wood (w0.6 unit increase with leaf vs. w0.15 unit decrease with
wood).

For old successional forests there was no significant treatment
effect for C and N concentration or C/N ratio in bulk soil, although
the mean values of C concentration increased at the 0e5 cm depth
(Table 3). In young successional forests, however, the C concen-
tration significantly increased with wood amendments in both 0e
5 cm and 5e10 cm depths. Similarly, N concentration also increased
but only in 0e5 cm with wood amendments. Correspondingly, the
C/N ratio increased in both 0e5 cm and 5e10 cm depths with wood
amendments, driven by the increase in C concentration. In contrast,
no significant effect of leaf amendment was found for C and N
concentration or C/N ratio.

3.3. C and N distribution in POM vs. SC fractions

Overall, the SC fraction represented from 45 to 60% of SOC and
50e70% of N among all sites in the control soils (Table 4). Addi-
tionally, the proportion of SOC and N within SC fractions increased
with depth, from 0e5 cm to 5e10 cm, with a greater increase in the
old forests. POM fractions represented significantly more SOC and
N in the old successional forests than young successional forests at
0e5 cm depth. In general, N was proportionately more abundant in
the SC than POM fractions in the control soils except for 0e5 cm in
the old successional sites.

In old successional forests, neither leaf nor wood addition
imparted a change in the distribution of SOC or N among the soil
fractions at either depth (Table 4). In young successional forests,
however, SOC proportionately increased in POM fractions with
wood amendment at the 0e5 cm depth (e.g. changing from 45% in
control to 53% with wood amendment), making POM C the domi-
nant pool over SC. In addition, both cPOM (non-microaggregated)
and iPOM (microaggregated) equally dominated the increase of
POM C (Table S1). No significant effect was detected in 5e10 cm
depth in young forests although the mean values of the proportion
of POM C increased under both leaf and wood amendment. The N
proportion mirrored the C proportion for treatment effect, with



Table 2
Elemental analyses of wood and leaf amendments applied to field sites at the
Smithsonian Environmental Research Center, MD, USA.

Wood Leaf body Leaf petiole

C (g/kg) 448 437 419
N (g/kg) 2.04 9.04 4.28
C/N (mass ratio) 220 48 98
P (g/kg) 0.18 1.75 1.65
K (g/kg) 2.01 14.4 15.5
Ca (g/kg) 1.89 19 6.89
Mg (g/kg) 0.29 5.52 4.25
S (g/kg) 0.15 1.99 0.52
Zn (mg/kg) 4.24 21.2 32.8
Mn (mg/kg) 47.5 190 235
Fe (mg/kg) 70.9 149 88.1
Cu (mg/kg) 1.93 9.49 9.95
B (mg/kg) 1.39 71.1 63.2
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overall higher N proportion in the silt and clay fraction in all
treatments.

Similar to C proportion, total C stock decreased significantly
from 0e5 cm to 5e10 cm depths, especially in old forests (w1100 g/
m2 tow520 g/m2), and old forest soils contained much higher POM
C stock than young forests especially at 0e5 cm (Table 4). However,
C stock in the SC fractions decreased to a lesser extent with depth
and stayed similar for both young and old forests. With amend-
ments, no significant change was found in old successional sites for
either POM or SC C stock, while in young sites POM C increased
significantly withwood amendments for both 0e5 cm and 5e10 cm
depths, with cPOM and iPOM changing equally (Table S1) and SC
SOC stock did not change significantly for either of the amend-
ments. Thus, the increase of POM C proportion is mainly driven by
the increase of POM C with SC staying the same.
3.4. Changes to lignin and SFA with amendments

In general, for each depth, both lignin and SFA concentrations
were higher in POM fractions than in SC fractions, and the Ad/Alv
ratio increased from POM to SC fractions (Table 5). In young forests,
both POM and SC fractions were relatively more enriched in
“fresher” lignin with lower Ad/Alv while being also depleted in SFA
Table 3
Carbon, Nitrogen concentration (g kg�1) and C/N mass ratio (mean � standard de-
viation) for all bulk soil of double leaf and wood treatment as well as control at 0e
5 cm, 5e10 cm and 10e15 cm depth at the Smithsonian Environmental Research
Center, MD, USA. Stars indicated significant difference between double leaf or wood
treatment and control.

C Concentration
(g kg�1)

N Concentration
(g kg�1)

C/N

Old 0e5 cm Control 42.5 � 10.6 2.9 � 0.6 14.85 � 1.74
Leaf 45.5 � 9.2 3.0 � 0.5 15.42 � 1.24
Wood 45.9 � 12.4 3.0 � 0.6 15.40 � 1.41

5e10 cm Control 25.1 � 4.3 1.8 � 0.3 13.72 � 0.42
Leaf 25.2 � 5.4 1.8 � 0.3 13.90 � 1.06
Wood 24.9 � 3.7 1.8 � 0.3 14.06 � 0.86

10e15 cm Control 16.8 � 4.0 1.2 � 0.3 14.19 � 1.54
Leaf 15.5 � 4.4 1.1 � 0.3 13.79 � 1.23
Wood 18.5 � 4.1 1.4 � 0.3 13.78 � 1.05

Young 0e5 cm Control 28.3 � 4.5 2.1 � 0.2 13.40 � 1.10
Leaf 30.5 � 2.2 2.2 � 0.2 13.95 � 1.15
Wood 34.2 � 3.4* 2.3 � 0.2* 14.77 � 1.99*

5e10 cm Control 17.2 � 2.8 1.5 � 0.2 11.36 � 0.95
Leaf 19.0 � 1.8 1.6 � 0.2 12.24 � 1.34
Wood 20.7 � 2.9* 1.6 � 0.3 12.86 � 2.28*

10e15 cm Control 10.0 � 1.4 1.0 � 0.1 10.29 � 0.74
Leaf 10.2 � 1.2 1.0 � 0.1 10.43 � 0.75
Wood 10.8 � 1.3 1.0 � 0.1 10.32 � 0.90
compared to old forest soils (Table 5). In all sites, lignin concen-
tration decreased significantly, and Ad/Alv values increased with
depth, while SFA stayed nearly the same.

SVCi lignin phenols in soil responded differently between
treatments as wood increased the SVC lignin concentration (mg/
100 mg OC) for both POM and SC fractions at each depth (Table 5),
while leaf amendments resulted in no significant changes in any of
the sites. In general, the increase in soil SVCi lignin with wood
amendments was larger in young successional forest for both
depths. For example, SVCi lignin increased from 4.91 to 8.35 mg/
100 mg OC in the POM fractions in 0e5 cm of young successional
sites while in old forests, SVCi lignin increased from 4.22 to 6.72
(mg/100 mg OC). Within individual fractions, iPOM dominated the
change of lignin concentration with an 87% increase in young for-
ests and 80% increase in old forests (Table S2). Although SVCi lignin
in SC fractions increased for all sites, it did so to a much lower
extent compared to POM fractions. In addition, Ad/Alv decreased
under wood amendments for the young successional sites in 0e
5 cm depth (P ¼ 0.029 for POM and P ¼ 0.1755 for SC) (Table 5)
indicating incorporation of fresh/less oxidized lignin. Among indi-
vidual fractions, Ad/Alv ratio decreased the most in iPOM fraction
(�29%) (Table S2).

In the present study, the relative proportion of specific SVCi
phenols, such as S/V and Ci/V, was employed to help distinguish the
influence of leaf, petiole, and wood to soil fractions from amend-
ment due to the distinct S/V and Ci/V ratios for different type of
litter amendments (Fig. 2). With wood amendments, the S/V and
Ci/V ratio of POM fractions changed significantly toward the pre-
sumed source (increases in the S/V ratio and decreases in the Ci/V
ratio) in both young and old forest soils at the 0e5 cm depth. At the
5e10 cm depth, only young forest soils exhibited changes and these
changes were smaller than those at the 0e5 cm depth. However, in
SC fractions, a significant shift was only detected in young forests at
the 0e5 cm depth, with a relatively larger decrease in the Ci/V ratio
and amoderate increase in the S/V ratio. In addition, the decrease of
Ci/V was mainly due to the decrease of Ci monomers with slight
increase of V monomers. With double leaf amendments, no major
change was detected for either of the POM or SC fractions with the
exception of a slight, non-significant increase in the S/V ratio for the
SC fraction in young successional sites (Fig. 2).

The amendments used in this experiment had very different SFA
concentrations, with SFA concentrations of 6.17 mg/100 mg OC in
leaf bodies and only 0.33 mg/100 mg OC in wood (Table 5). The SFA
concentration in soils decreased significantly with wood amend-
ments in POM fractions of young successional forest sites in both
0e5 cm and 5e10 cm depths. Specifically, for POM fractions, in
young forests, SFA concentration decreased from 2.28 to 1.28 mg/
100 mg OC and 2.38 to 1.71 mg/100 mg OC in the 0e5 and 5e10 cm
depth, respectively. This decrease was equally dominated by a
sharp decrease of cPOM (�40%) and iPOM (�47%), while with a
much higher C proportion of iPOM, iPOM actually controlled the
decrease of SFA concentration at young forests (Table 4 and S2). No
significant differences were observed in the SFA content in old
successional sites, although the mean values for soils amended
with wood (P ¼ 0.26) or double litter (P ¼ 0.35) were lower than
control soils at the 0e5 cm depth. In contrast, the concentration of
SFA in SC fractions exhibited no treatment effects for any depth.

Fig. 3 illustrates the changes in SFA parameters for the amend-
ment experiments. The wood amendment, which contained some
bark and thus suberinized materials, had the lowest abundance of
leaf-indicating (0.2 mg/100 mg OC) and root-indicating SFAs
(0.13 mg/100 mg OC) while leaf bodies had very high leaf-
indicating (5.64 mg/100 mg OC) and low root-indicating SFAs
(0.53 mg/100 mg OC) and leaf petioles were intermediate between
the two. In young forest soils, the POM fraction showed a



Table 4
C and N proportion and C stock (mean � standard deviation) for POM and SC fractions respectively at 0e5 cm and 5e10 cm depth with comparison of double leaf or wood
amended treatments and control at the Smithsonian Environmental Research Center, MD, USA. Stars indicated significant difference between double leaf or wood treatment
and control.

C Proportion (%) N Proportion (%) C Stock (g/m2)

POM SC POM SC POM SC

Old 0e5 cm Control 56.4 � 3.6 43.6 � 3.6 47.8 � 4.1 52.2 � 4.1 1053 � 240 801 � 83
Leaf 59.0 � 2.5 41.0 � 2.5 51.8 � 3.1 48.2 � 3.1 1172 � 169 814 � 117
Wood 57.6 � 4.8 42.4 � 4.8 48.4 � 5.1 51.6 � 5.1 1097 � 199 812 � 87

5e10 cm Control 41.1 � 6.5 58.9 � 6.5 33.5 � 7.1 66.5 � 7.1 523 � 120 740 � 58
Leaf 40.4 � 5.7 60.8 � 5.7 32.8 � 5.8 68.6 � 5.8 523 � 178 752 � 109
Wood 41.4 � 3.4 58.6 � 3.4 33.8 � 3.0 66.2 � 3.0 527 � 81 741 � 40

Young 0e5 cm Control 45.5 � 2.8 54.5 � 2.8 35.8 � 2.6 64.2 � 2.6 724 � 129 858 � 77
Leaf 45.1 � 3.7 54.9 � 3.7 36.1 � 3.9 63.9 � 3.9 777 � 101 915 � 101
Wood 53.3 � 4.0* 46.7 � 4.0 42.7 � 4.1* 57.3 � 4.1 943 � 154* 817 � 53

5e10 cm Control 37.5 � 6.5 62.5 � 6.5 27.9 � 5.8 72.1 � 5.8 408 � 103 668 � 82
Leaf 39.1 � 5.6 60.9 � 3.1 29.1 � 4.8 70.9 � 2.7 473 � 85 733 � 87
Wood 41.9 � 3.5 58.1 � 3.5 32.4 � 3.4 67.6 � 3.4 525 � 67* 728 � 79
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substantial decrease in both leaf and root-indicating SFAs with
wood amendments, although the scale of the graph diminished the
change in leaf-indicating SFAs. No significant change was observed
with double leaf amendments in POM or SC fractions for any
treatment. In old forest sites no significant change of either leaf or
root indicating SFAs was detected, but the mean value of leaf-
indicating SFAs decreased (2.51e1.54 mg/100 mg OC) in POM
fractions and root-indicating SFAs increased in SC fractions (0.45e
0.57 mg/100 mg OC) with wood amendments for the 0e5 cm
depth.

3.5. Earthworm density and species composition

Earthworm abundance was highly dynamic through time but
demonstrated consistent patterns among the successional age
groupings (Table 6). Earthworm density at all sites increased
significantly from 2006 to 2008 and again in 2009 (P < 0.0001),
especially in the old successional sites, where it increased 5e10 fold
on average but with a wide range in values. In 2006, young suc-
cessional forest plots (sites 4,5,6) had relatively higher total
earthworm density than old successional forests. In 2008, sites 4
and 5 also had the highest total earthworm density, but in 2009
there was no significant difference among young and old succes-
sional sites.

Earthworm species composition differed between young and
old successional sites, where a higher proportion of predominantly
Table 5
Summary of lignin-derived phenol, cutin/suberin-derived SFA yields and Ad/Alv (mean �
depth for leaf and wood amended treatment with control as well as the initial values fo
indicate significant difference between leaf or wood treatment from control.

SVCi lignin (mg/100 mg OC)

POM SC

Old 0e5 cm Control 4.22 � 0.44 2.25 � 0.13
Leaf 4.12 � 0.61 2.25 � 0.11
Wood 6.72 � 1.05* 2.79 � 0.23

5e10 cm Control 3.25 � 0.35 1.59 � 0.35
Leaf 3.21 � 0.77 1.55 � 0.19
Wood 4.09 � 0.42 1.65 � 0.16

Young 0e5 cm Control 4.91 � 0.50 2.19 � 0.07
Leaf 4.98 � 0.25 2.45 � 0.22
Wood 8.35 � 0.27* 3.45 � 0.26*

5e10 cm Control 3.97 � 0.30 1.57 � 0.10
Leaf 3.84 � 0.46 1.68 � 0.17
Wood 5.77 � 0.19* 2.15 � 0.07*

Amendments Leaf body 6.02 � 0.30
Petiole 9.69 � 0.48
Wood 23.11 � 0.58
leaf feeding species was present in old successional sites while
relatively more soil feeding species were present in young sites.
Although total earthworm density changed through time, the soil
feeding species were consistently more abundant in young suc-
cessional sites than in older sites through all sampling periods.
However, no consistent pattern was detected for leaf feeding
earthworms between young and old sites (Table 6).

4. Discussion

4.1. Litter-SOC transformation influenced by litter type

Typically, in a given environment, woody tissue is degraded
more slowly than leaf tissue or even petioles, due to structural
limitations to fragmentation, poor nutrient content and high lignin
concentration in wood (Melillo et al., 1982; Talbot et al., 2012;
Rahman et al., 2013). In our experiments at SERC, where we
observed comparable mass loss of both wood and leaf amend-
ments, the increase of soil carbon storage was only evident under
wood amendments suggesting that leaf amendments were
mineralized to CO2, whereas woody tissue was translocated into
deeper soil. This was also evident in lignin & SFA chemistry where
lignin concentration increased sharply with wood amendments
while SFAs, which were also shown to be resistant to decay (Nierop
et al., 2003; Preston et al., 2009), did not change with leaf
amendments evenwith SFA inputs at almost triple the background
standard deviation) for POM and SC fractions respectively at 0e5 cm and 5e10 cm
r amendments at the Smithsonian Environmental Research Center, MD, USA. Stars

SFA (mg/100 mg OC) Ad/Alv

POM SC POM SC

3.61 � 0.53 2.12 � 0.06 0.47 � 0.01 0.98 � 0.03
3.28 � 0.11 1.93 � 0.21 0.48 � 0.01 0.88 � 0.03
2.55 � 0.64 2.00 � 0.26 0.48 � 0.01 0.93 � 0.02
3.77 � 0.48 2.53 � 0.79 0.72 � 0.02 1.41 � 0.03
4.44 � 0.84 2.09 � 0.18 0.68 � 0.04 1.33 � 0.09
3.83 � 0.36 2.28 � 0.60 0.72 � 0.02 1.36 � 0.10
2.28 � 0.38 1.20 � 0.21 0.47 � 0.04 0.84 � 0.09
2.40 � 0.16 1.33 � 0.04 0.45 � 0.01 0.77 � 0.04
1.28 � 0.52* 0.99 � 0.20* 0.34 � 0.04* 0.67 � 0.05
2.38 � 0.19 1.09 � 0.16 0.54 � 0.03 1.17 � 0.11
2.43 � 0.33 1.19 � 0.12 0.51 � 0.03 0.99 � 0.14
1.71 � 0.18* 1.20 � 0.16 0.45 � 0.01 1.11 � 0.05
6.17 � 0.31 0.38 � 0.02
1.64 � 0.18 0.16 � 0.01
0.33 � 0.02 0.14 � 0.01



Fig. 2. S/V ratio vs Ci/V ratio of lignin for POM and SC fractions respectively for double leaf wood amended and control soils after five years at A) young successional forests 0e5 cm;
B) old successional forests 0e5 cm; C) young successional forests 5e10 cm; D) old successional forests 5e10 cm at the Smithsonian Environmental Research Center, MD, USA. Error
bars show standard deviation.

Table 6
Earthworm density (ind/m2) � std dev for each forest site at the Smithsonian
Environmental Research Center, MD, USA in 2006, 2008 and 2009 sampling period.

2006 2008 2009

Old Site2 Leaf feeding 3 � 2 112 � 39 152 � 52
Soil feeding 24 � 12 60 � 28 153 � 57

Site3 Leaf feeding 3 � 3 81 � 39 109 � 35
Soil feeding 0 � 0 65 � 44 148 � 52

Young Site4 Leaf feeding 113 � 64 89 � 34 117 � 44
Soil feeding 29 � 14 189 � 55 188 � 8

Site5 Leaf feeding 82 � 20 97 � 33 91 � 29
Soil feeding 48 � 10 169 � 24 224 � 89

Site6 Leaf feeding 62 � 8 56 � 16 85 � 27
Soil feeding 74 � 22 112 � 46 172 � 97
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amount (Table 5). The relatively high mass loss of wood amend-
ments (w90%) after five years observed in our study compared to
other studies (e.g. Taylor et al., 1991; Beets et al., 2008) was most
likely due to the smaller size of the wood amendments (<2 cm
diameter) which creates a larger surface area to host greater variety
of wood decay fungi and increased mobility of wood litter (Nordén
et al., 2004). Additionally, open litter cylinders used in this study
allowed greater soil invertebrateelitter interaction as well as
physical transportation of forest floor litter compared to litter bags.

Many studies of long-term litter-manipulation experiments
have demonstrated that an increase in the quantity of fresh surface
litter resulted in an increase in soil C efflux balancing increased C
input, resulting in minimal change to the soil pool (Boone et al.,
1998; Subke et al., 2004; Sulzman et al., 2005; Crow et al., 2009).
In our study, leaf amendments resulted in no change to the soil C
pools, while wood amendment resulted in an increase. As leaves
contain significantly more readily decomposable compounds like
sugars and proteins as well as nutrients like N, K and Ca (Table 2),
the leaf amendments could have stimulated soil microbial activity
and the decomposition of old SOC, which may have led to no sig-
nificant change in total C, with newly incorporated leaf C replacing
old SOC (Fontaine et al., 2007; Kuzyakov, 2010; Prévost-Bouré et al.,
2010). Surprisingly, under wood amendments at SERC, soil N%
increased in young sites in the 0e5 cm depth, which was most
likely due to N immobilization by fungal activity during wood
decomposition.

In the present study, soil pH shifted significantly and distinctly
based upon litter input. This change in pH could have a direct
impact of rates of decomposition that influence the ultimate SOC
content. Tulip poplar leaf amendments resulted in higher soil pH,
which was probably the result of the high Ca concentration in tulip
poplar leaves, especially in leaf bodies (Table 2) and a subsequent
change in soil cation exchange capacity (Chandler, 1941; Finzi et al.,
1998). Such an increase in soil pH has the potential to accelerate soil
C decomposition, as higher soil pH is often associated with greater
microbial biomass, higher rates of soil respiration, and net nitrogen
mineralization (Persson et al., 1989; Simmons et al., 1996;
Andersson et al., 2000; Szlavecz et al., 2006). In contrast, woody
debris often lowers soil pH, as seen in the present study, by creating
acidic leachates like organic acids that can slow the decay of SOM
and lead to SOC accumulation (Spears and Lajtha, 2004;
Cornelissen et al., 2006).



Fig. 3. Root vs leaf indicating SFA for POM and SC fractions respectively for double leaf and wood amended treatment with control after five years of litter manipulation at A) young
successional forests 0e5 cm; B) old successional forests 0e5 cm; C) young successional forests 5e10 cm; D) old successional forests 5e10 cm at the Smithsonian Environmental
Research Center. Error bars show standard deviation. Dashed lines connect wood amendments source material and the control background soil to show pure mixing line with wood
amendments and soil, indicating relative increase in root indicating SFA at old forests 0e5 cm depth of wood amended soil. No mixing line for leaf amendments due to the lack of
significant change in leaf amended soil.
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4.2. Soil pH, nutrient strategy associated with litter decay during
forest succession

Forest succession is often associated with changes in available
nutrients, tree species, OM cycling through living and dead plants
and soil pH (Ponge, 2003; Salmon et al., 2006). Decreases in soil pH
can affect litter decay and release of nutrients, partly by changing
the quality of the habitat for soil organisms, e e.g. shifting the
microbial community from bacteria to fungi (Pennanen et al.,
1998; Rousk et al., 2009). Acidification also decreases the quality
of the environment for certain soil and litter invertebrates like
snails, isopods, and certain earthworms. Many invertebrates have
high calcium requirements and are negatively affected by
decreasing soil pH, due to increased leaching of calcium under
acidic conditions (Wareborn, 1992; Ammer and Makeschin, 1994;
Kuperman, 1996; Tompson et al., 2013). Thus, the relatively
higher soil pH as well as higher Ca content in our young succes-
sional forests may interact with invertebrate activity, fungal
community, and nutrient availability and consequently influences
litter decay resulting in the suppression of lignin decomposition of
wood amendments and the higher accumulation of lignin in soil
beneath.

Nutrient availability usually decreases as forests mature
because of the larger proportion of nutrients that are fixed in
plant biomass and the slower turnover rate caused by lower pH
and poorer litter quality. As a result, trees in older forests are
more likely to obtain nutrients like N and P from decomposing
OM either through a higher density of fine roots or greater as-
sociation with ectomycorrhizal (ECM) fungi that penetrate into
the litter layer (Arpin et al., 1998; Sagot et al., 1999; Nierop et al.,
2005; Hobbie et al., 2006). Woody debris in those forests will
likely serve as a good source of nutrients for ECM fungi and
associated fine roots (Tedersoo et al., 2003). This may explain why
in the old successional forests at SERC the wood amended soil did
not fall on the mixing line connecting two sources e wood and
control soil (Fig. 3). Indeed, root-indicating SFAs (suberin)
increased to above the line for both POM and SC fractions at the
0e5 cm depth, suggesting that in old forests at SERC, tree roots
followed wood amendments, possibly to get nutrients that were
fixed in wood at shallow soil depths. However, in young succes-
sional forests, this did not happen. Instead, both POM and SC
followed the mixing line between sources. In addition, other
studies in SERC forests also found that ECM fungi were more
abundant in old than in young forests, which also indicates a
greater reliance on mycorrhizal fungi for access to nutrients
(McCormick; unpublished data).

4.3. Earthworm effects on litteresoil transformation

Our previous studies at SERC demonstrated an impeded devel-
opment of the O-horizon in the successional forests, even after 130
year of forest growth, and an annual loss of leaf litter among forests
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with the highest abundance of invasive earthworms (Ma et al.,
2013). The importance of earthworms, particularly those that are
newly introduced into forest ecosystems, for litter and O-horizon
loss has been demonstrated in numerous studies (Bohlen et al.,
2004; Hale et al., 2005; Frelich et al., 2006). The contribution of
these earthworms to mixing, decomposition and litter and soil
nutrient release can vary both qualitatively and quantitatively
among earthworm functional groups that are principally litter, soil,
or mixed feeding (Curry, 1998; Curry and Schmidt, 2006).

A comparison of lignin and SFA among treatments in the young
and old successional forests at SERC demonstrated that physical
mixing, vertical movement and incorporation into soil fractions,
was an important factor controlling the fate of the amendments.
Given the knowledge of the highly dynamic and abundant invasive
earthworm populations at these SERC sites and their effects on
surface litter decomposition/transportation, it is reasonable to
develop an assessment of the role of earthworms in the physical
mixing and chemical alteration of litter amendments over this five-
year experiment. The relatively deeper soil incorporation of wood C
as well as the relative increase of POM C and fresher lignin in young
successional forests is consistent with the cumulative impact of
earthworm activity. Specifically, the higher density of soil feeding
species at these sites would promote physical mixing by continuous
burrowing activity in the surface soil to lower A horizon (Jégou
et al., 1998a,b). Additionally, the high burrowing activity in soil
layers in young forests and predation on fungi by earthworms may
suppress wood decay fungi activity in the soil, as well as prefer-
entially enhancing actinomycetes, which are antagonistic to wood
decomposing fungi (Lawrence et al., 2003; Brown and Doube,
2004; Jayasinghe and Parkinson, 2009).

As earthworms do not have lignin degrading enzymes like pol-
yphenoxidase, but do have highly active cellulases in their guts
(Laverack, 1963; Hartenstein, 1982), it is likely that the lignin com-
pounds that are incorporated into soil fractions will remain unal-
tered for a relatively long time, causing lignin accumulation relative
to other compounds (Table 5) (Filley et al., 2008; Ma et al., 2013).
Since the Ac/Al ratio of both POM and SC fraction decreased with
wood amendments at SERC forests, the increase of lignin concen-
trationwasmore likely due to directmixing with fresh lignin due to
earthworm activity rather than a mechanism largely controlled by
leaching and sorption by soil mineral particles where one would
expect the Ac/Al ratio to be much higher than original material
(Hernes et al., 2007). Intensive soil feeding and burrowing activity
from earthworms at our young forest sites could also increase the
probability of soil mineral particles coming into close contact with
the lignin monomers from amendments, and thus increase lignin
concentration in SC fractions in young forests (Jégou et al., 1998a,b).

SFAs, like those linked in polyesters of cutin and suberin, are
shown to selectively accumulate in some soils and in particular silt
and clay fractions (Nierop et al., 2003; Mikutta et al., 2006; Feng
and Simpson, 2007). However, in our study with total SFA input
nearly threefold above background (Crow et al., 2009) there was no
observed SFA accumulation in any of the soils of the treatment sites,
in contrast to lignin (Table 5). Indeed, SFAs may be rapidly hydro-
lyzed to monomers by leaf feeding earthworms through the action
of enzymes such as serine-proteases, which have been shown to
have esterase activity (Nakajima et al., 2005). The hydrolyzed
monomers of cutin and suberin were likely subject to microbial
decomposition and thus either disappeared or were modified into
forms not measurable by SFA cutin proxies in the soil profile.

4.4. Implications for forest C stabilization under global change

Macromolecular plant lipids and aromatic structures like lignin
are usually considered to be more recalcitrant during litter decay
and thus accumulate in surface soils and the O-horizon compared
to easily degradable compounds like proteins and carbohydrates
(Melillo et al., 1982; Nierop, 1998; Preston et al., 2009). Similarly,
mineral-associated SOC is considered to be more stable/protected
than “free” POM (Baldock and Skjemstad, 2000; Six et al., 2002b).
Understanding of the mechanisms that control the balance be-
tween input rates and the preferential loss/preservation of these
plant-derived compounds has important implications for future
global changes in climate, land-use change, as well as ecosystem
disturbances such as invasive species. Our results suggest that the
connection between increased litter (leaf or wood) and soil C dy-
namics is a function of the integrated animal and microbial
communities.

At SERC forests, with 2.5 times of background leaf litter addition,
neither total SOC nor the more “recalcitrant” lignin or SFAs
increased over the course of the five years of the experiment,
indicating that decomposer biota, animal and microbe, kept pace
with the increased leaf input. We propose that this ability to
accommodate increased input with efficient degradation is a
function of the high populations of invasive earthworms. This
finding has important implications for this and other temperate
deciduous forests where future global change scenarios predict
greater NPP (Norby et al., 2002; Nemani et al., 2003), manifested in
increased leaf production and input to the litter layer, as the pres-
ence of high densities of invasive earthworms may promote rapid
degradation of the new litter input and thus limit its accumulation
in soil. In contrast to fast disappearance of leaf litter, our findings
suggest that high spikes of aboveground woody debris input could
result in increased soil carbon storage and stability in forests at
earlier stages of succession with higher soil pH and available nu-
trients. In addition, in those young successional forests with
abundant invasive earthworms, especially soil feeding species,
increased aboveground woody input could be translocated into
deeper depths and into more protected soil fractions, thus being
stabilized in soil.
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