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Abstract Dominant tree species influence commu-
nity and ecosystem components through the quantity
and quality of their litter. Effects of litter may be
modified by activity of ecosystem engineers such as
earthworms. We examined the interacting effects of
forest litter type and earthworm presence on invasi-
bility of plants into forest floor environments using a
greenhouse mesocosm experiment. We crossed five
litter treatments mimicking historic and predicted
changes in dominant tree composition with a treat-
ment of either the absence or presence of nonnative
earthworms. We measured mass loss of each litter
type and growth of a model nonnative plant species
(Festuca arundinacea, fescue) sown into each meso-
cosm. Mass loss was greater for litter of tree species
characterized by lower C:N ratios. Earthworms
enhanced litter mass loss, but only for species with
lower C:N, leading to a significant litter x earthworm
interaction. Fescue biomass was significantly greater
in treatments with litter of low C:N and greater mass
loss, suggesting that rapid decomposition of forest
litter may be more favorable to understory plant
invasions. Earthworms were expected to enhance
invasion by increasing mass loss and removing the
physical barrier of litter. However, earthworms typ-
ically reduced invasion success but not under invasive
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tree litter where the presence of earthworms facili-
tated invasion success compared to other litter
treatments where earthworms were present. We
conclude that past and predicted future shifts in
dominant tree species may influence forest understory
invasibility. The presence of nonnative earthworms
may either suppress of facilitate invasibility depend-
ing on the species of dominant overstory tree species
and the litter layers they produce.
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Introduction

Dominant species control many community and
ecosystem processes (Wardle 2002). In forests, leaf
litter inputs to the forest floor serve as an important
mechanism by which trees regulate ecosystem func-
tions including nutrient and energy cycling, tree
regeneration, and the maintenance of biological
diversity (Gilliam and Roberts 2003; Sayer 2006).
The type and quality of dominant leaf litter controls
these processes by mediating temperature, moisture,
and nutrient inputs, and serving as a physical barrier to
plant establishment (Facelli and Pickett 1991; Beatty
2003). Therefore, when humans directly or indirectly
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alter dominant tree species via disturbance, climate
change, extinction, or facilitation of various biological
invasions, additional biological invasions may be
facilitated or resisted, depending on the properties of
the dominant trees’ litter. An understanding of how
dominant tree species influence forest invasibility
could prove very useful for land managers interested
in minimizing nonnative plant invasions.

Several well-known changes in dominant tree
species have taken place in the temperate forests of
eastern North America. American chestnut (Castanea
dentata (Marsh.) Borkh.) was once a dominant canopy
tree (Russell 1987), but experienced widespread
mortality when the nonnative chestnut blight fungus
(Cryphonectria parasitica) was introduced to eastern
North America. The functions that American chestnut
provided within ecosystems are not fully understood,
but it may have served as a “foundation species” by
controlling the composition of understory species and
mediating nutrient dynamics in soils and streams
(Ellison et al. 2005). Other ongoing changes in these
forests include the introduction of nonnative, invasive
trees such as tree-of-heaven (Ailanthus altissima
(P. Mill.) Swingle, hereafter Ailanthus), and distur-
bance-driven shifts in native species compositions
favoring early successional species (Johnson et al.
2002). For example, timber harvesting can shift an
oak (Quercus spp.) dominated to a yellow-poplar
(Liriodendron tulipifera L.) dominated forest on
mesic upland sites (Loftis and McGee 1992). Addi-
tional changes in dominant species composition are
predicted in the future because of changes in climate,
further invasions, growing demands for timber
resource extraction, fire suppression, and potential
interactions between these factors (Reich and Frelich
2002). These shifts in dominant tree composition will
also change the litter layers of forests.

Changes in litter can also occur through the action of
animals. Earthworms in particular have gained much
attention because of their dramatic effects on litter
layers and subsequent changes to structure and func-
tion of terrestrial ecosystems (Bohlen et al. 2004;
Hobbie et al. 2006; Hendrix 2007). Earthworms are
considered ecosystem engineers because of their
ability to modify habitats, alter pools and fluxes of
nutrients, and change understory community species
composition (Jouquet et al. 2006). The introduction of
nonnative earthworms into forested habitats that
naturally lack them often dramatically changes the

@ Springer

composition and diversity of the forest floor by
removing the litter layer and exposing mineral soil
(Hale et al. 2005; Frelich et al. 2006). Observational
studies suggest that nonnative earthworms may be
introduced following disturbance (Kalisz and Dotson
1989) and may facilitate nonnative plants through
“invasional meltdown”—the process where invasion
by one species facilitates additional invasions (Sim-
berloff and Von Holle 1999; Heneghan et al. 2007).
Mechanistic experiments that test this hypothesis are
lacking.

The direct effects and potential interactions
between changes in dominant tree species (through
“extinction”, invasions, and disturbance) and inva-
sions of nonnative earthworms on the invasibility of
temperate deciduous forests are poorly understood.
While whole-stand manipulations to test the influence
of changes in dominant species and earthworm
invasions on ecosystem function or community com-
position are difficult, and impossible for certain
species (e.g., American chestnut), it is possible to
experimentally investigate these changes by manipu-
lating leaf litter and monitoring subsequent changes in
forest floor function and recruitment of plant species.

After considering historic, ongoing, and potential
future changes to dominant species of forested
ecosystems, we formulated and tested several hypoth-
eses in a study using experimentally created forest
floor mesocosms. First, we hypothesized that litter
from different species (representing dominant tree
compositional changes) would have different impacts
on invasibility because of variation in litter quality
(e.g., N content) leading to differences in decompo-
sition rate and subsequent differences in physical
barriers to plant establishment (Sayer 2006). Second,
we hypothesized that plant invasion would also
depend on the presence of nonnative earthworms
because earthworms consume and bury litter (Frelich
et al. 2006) or seeds (Milcu et al. 2006). Finally, we
hypothesized that litter type and earthworm presence
would have interacting effects on plant invasion
reflecting variation in earthworm consumption or
burial of different litter types.

Methods

To test our hypotheses, we conducted a greenhouse
study between 16 April and 16 June 2007. Simulated
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forest floor mesocosms were established by filling
18 liter plastic tubs with silt loam soils (classified as a
Typic Dystrudepts) collected from the A and AB
horizons of forested areas located in Montgomery
County, Virginia, USA. Soil was sieved with a coarse
metal screen (5 mm) to remove rocks, large root
fragments, and macro-invertebrates (including earth-
worms) prior to filling the tubs. We filled the soil to a
depth of 17 cm, leaving a 10 cm barrier to prevent
earthworm escape from the top of the mesocosms.
Each mesocosm included five drainage holes screened
to allow drainage but prevent soil loss and earthworm
escape. We added 0.5 1 of water to each mesocosm
every day for the first 4 weeks, and then reduced the
watering frequency to every other day for the last half
of the study. Average greenhouse temperature was
maintained at 21°C throughout the experiment.

We collected senesced leaves from American
chestnut, Ailanthus, yellow-poplar, and northern red
oak (Quercus rubra L.) in October of 2006. Litter
was collected from at least 12 individuals per species
after senescence and before or immediately after
abscission. American chestnuts still occur as stump
sprouts in its native range and can overtop other tree
species following canopy disturbance on certain sites
before the blight induces mortality of the stem and
tree crown (McCament and McCarthy 2005). We
took advantage of one of these sites (a 10-year-old
clearcut in Craig County, VA, USA where ~4 m tall
trees were relatively abundant) to collect litter of
American chestnut trees. To mimic litter mass of
typical hardwood forests of the area (Grigal and
Grizzard 1975), we added 18.25 grams of air-dried
litter to each mesocosm. These litter treatments
represent past, current, and possibly future changes
in dominant tree species and litter composition of the
forest floor. A fifth treatment included the absence of
litter as a control.

We added the nonnative anecic earthworm, Lum-
bricus terrestris to half of the mesocosms to cross
litter treatments with presence or absence of earth-
worms. Earthworm densities of three individuals per
mesocosm were chosen to mimic densities observed
in earthworm-invaded habitats (Kalisz and Dotson
1989). Mesocosms were randomly relocated on the
greenhouse bench every 2 weeks during the experi-
ment. At experiment termination, we investigated
each mesocosm containing earthworms for the pres-
ence of castings on the soil surface and burrows

below the soil surface to ensure that earthworms were
active where they were added. Each treatment
combination was randomly assigned to mesocosms
and replicated 5 times resulting in a fully crossed
multi-factorial completely randomized design (5 litter
treatments x 2 earthworm treatments x 5 reps = 50
mesocosms).

To investigate how litter and earthworm treatment
combinations influenced invasibility, 1000 seeds of a
model invasive plant species (Festuca arundinacea
Schreb., hereafter fescue) were sown into each of the
mesocosms by evenly scattering onto soil surface
prior to adding leaf litter and earthworms. We
determined end of season production of fescue by
harvesting above and belowground biomass as our
measurement of invasion success. To test the predic-
tion that decomposition would vary among treatment
combinations, we collected litter from the soil surface
at experiment termination and calculated per cent
mass loss from initial litter mass. To investigate
potential species-specific chemical characteristics of
litter that might influence decomposition, five litter
samples per species were drawn prior to establishing
mesocosms and analyzed for initial percent C and N
using a FlashEA 1112 Series Elemental Analyzer
(CE Elantech, Lakewood, NJ); we used these data to
calculate C:N ratios.

Statistical analysis

We used a two-way analysis of variance (PROC
GLM; SAS 9.1) to test for main and interactive
effects of litter treatment and earthworm treatment on
two response variables, litter mass loss and fescue
biomass. Data were tested for normality and homo-
geneity of variance using Shapiro-Wilk’s W statistic
and Levene’s test, respectively (Levene 1960; Shap-
iro and Wilk 1965). Data not meeting assumptions
were log or arc-sin square root transformed. Post-hoc
mean comparisons within treatments were performed
using least square mean contrasts. One litter and
earthworm control mesocosm (i.e., no litter or
earthworms present) was eliminated from analyses
because it was a statistical outlier where fescue grew
very poorly, the result of clogged drainage holes
causing standing water. To investigate how litter C:N,
mass loss, and invasion success were related we
performed three pairwise regressions. Specifically,
we regressed mass loss on litter C:N ratios, fescue
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biomass on C:N, and fescue biomass on mass loss
rates. Because we did not measure percent C and N of
litter in each mesocosm, the two regressions involv-
ing C:N were conducted using mean values per
treatment combination; for the remaining regression,
individual data points for each mesocosm were
included. We employed a critical alpha value of
0.05 for statistical significance.

Results

Earthworm castings and burrows were observed in all
of the mesocosms where we added earthworms. Litter
mass loss depended on an interaction between species
of litter and the presence of nonnative earthworms
(Fig. 1). Specifically, percent mass loss tended to be
higher in litter of invasive Ailanthus and early-
successional yellow-poplar than in American chest-
nut or northern red oak. Percent mass loss of
Ailanthus and yellow-poplar were nearly twice as
much and 1.4 times greater in the presence versus
absence of earthworms, respectively, but mass loss
rates of American chestnut and northern red oak did
not differ between earthworm treatments (Fig. 1).
Litter mass loss tended to be lower for litter of
species with lower percent leaf N and higher C:N
ratios (Table 1; Figs. 1 and 2).

Successful invasion by fescue was mediated by an
interaction between the litter treatments and earth-
worm presence (Fig. 3). Biomass of fescue tended to
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Fig. 1 Mean percent mass loss of litter (—SE) from four
species in mesocosms with or without nonnative earthworms,
Lumbricus terrestris. P-values above graphs indicate contrasts
between earthworm treatments within each litter treatment
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be highest in the absence of litter and under Ailanthus
and yellow-poplar litter and lower under chestnut and
red oak litter (Figs. 3 and 4). Earthworms decreased
the success of fescue in the absence of litter and
presence of yellow-poplar litter, but had no signifi-
cant effect in the other three treatments. In the
presence of earthworms, the greatest fescue biomass
occurred under litter of the invasive tree Ailanthus
(Table 2; Fig. 3). The effect of litter on invasion
success (i.e., biomass of fescue) was related to litter
C:N ratios and mass loss (Fig. 2). Specifically,
invasion success increased with increasing litter mass
loss.

Discussion

Results of this study supported all three of our
hypotheses; i.e., that litter, earthworms, and their
interactions can influence success of nonnative plant
invasion into forest understories. The quality of the
litter appeared to be driving these results. The effect of
litter quality and recalcitrance from dominant species
is known to influence multiple community and
ecosystem components across diverse habitats (Fa-
celli and Pickett 1991; Wardle 2002; Héattenschwiler
et al. 2005; Sayer 2006). In our study, results suggest
that litter layers of forests dominated by species with
recalcitrant litter (i.e., slow decomposition rates) and
high C:N ratios may be more resistant to understory
plant invasions even if nonnative earthworms are
introduced. Alternatively, forested stands with rapidly
decomposing litter (and lower C:N ratios) may be
particularly vulnerable to invasions by understory
plant species. These results confirm predictions that
changes in litter layers simulating historic, ongoing, or
future shifts in tree composition may influence the
resistance of forest floor ecosystems to invasions by
nonnative plant species.

Recent studies suggest that “functionally extinct”
American chestnut trees were a foundation species
and that their litter played an important role in stream
and soil nutrient dynamics (Ellison et al. 2005;
Rhoades 2007). Our study suggests that chestnut litter
may have served as a barrier to nonnative understory
plant species compared to litter from species with
faster decomposition rates. However, in many forests,
oak species likely replaced chestnuts following blight
mortality (Abrams et al. 1997) and we detected no
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Table 1 Mean percent C, N, and C:N ratios (£SE, n = 5 samples) from initial litter prior to addition to mesocosms, and notes on
ecology and abundance, for species used in a greenhouse test of invasibility of forest understories

Species Common name C (%) N (%) C:N Current or historic trends
Ailanthus altissima Tree-of-heaven 492 +02* 224 £0.04* 22.0 4+ 04" Invasive in disturbed habitats
Liriodendron tulipifera  Yellow-poplar 479 £ 04> 077 £0.02° 624+ 1.7°  Early successional and

dominant, can replace
Q. rubra on mesic upland
sites following disturbance

Castanea dentata American chestnut ~ 50.9 & 0.2°  0.62 &£ 0.01°  82.8 £ 0.7°  Functionally extinct because of
blight invasion, mostly
replaced by oak and other
hardwood species

Quercus rubra Northern red oak 517 £06° 0.69 +£0.02* 751+ 16" Dominant canopy tree; local
abundance can decline
because of harvesting and
gypsy moth defoliation; can
be replaced by L. tulipifera
following disturbance

Means with different letters represent significant differences (P < 0.05)
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Fig. 2 Pairwise regressions between litter C:N and mass loss poplar, and x represents values from litter of Ailanthus. Filled
(R> =0.73, P =0.007), litter C:N and invasion success symbols indicate values for mesocosms that included additions
(R2 =0.70, P =0.01), and litter mass loss and invasion of nonnative earthworms; open symbols are values where
success (R* = 0.30, P < 0.001). Square symbols represent earthworms were absent. C:N values were estimated based on
values of litter of northern red oak, triangles are values for litter litter sampled from the leftover pool of litter and not from litter
of American chestnut, circles are values for litter of yellow- used in each mesocosm
significant difference between the main effects of Nonnative earthworms had mixed effects on the
chestnut litter and red oak litter on invasion success. success of plant invasions in this study. Earthworms
This study also confirms personal observations that typically reduced fescue biomass within litter treat-
oak-dominated forests, which may be declining in ments, but tended to have no negative influence under
abundance due to low rates of oak regeneration, Ailanthus or northern red oak litter. Within litter
altered disturbance regimes, and timber harvesting treatments, earthworms likely buried or consumed
practices (Loftis and McGee 1992; McShea et al. seeds or new sprouts of fescue (Brown et al. 2004;
2007), appear particularly resistant to understory plant Eisenhauer and Scheu 2008), which reduced its
invasions, while forest stands dominated by yellow- overall success. However, earthworms consumed or
poplar or invasive Ailanthus may be more vulnerable buried nearly 100% of the N-rich Ailanthus litter,
to understory plant invasions. which removed the physical barrier that litter creates.
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This led to fescue biomass tending to be greater under
Ailanthus litter than other litter treatments where
earthworms were present. Under highly recalcitrant
northern red oak litter and where overall invasion
success was lowest (main effect of litter), earthworms
did not have a negative effect on invasion success.
The fact that earthworms preferentially consume or
bury litter of certain species is well known (Darwin

25 4 p =0.0003 1o woRrms |
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litter x wom p = 0.02
20 - wom p = 0.003 e
p=0.02 litter p < 0.0001
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1
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p=038

(3]
N
i

Invasion success (fescue biomass, g)
—
v
A
A

NONE Ailanthus  Yellow American Red oak
poplar  chestnut

Fig. 3 Invasion success of fescue (grams of biomass per
mesocosm +SE) in mesocosms receiving crossed treatments of
litter and earthworms. P-values above graphs indicate contrasts
between earthworm treatments within each litter treatment. P-
values for contrasts between litter treatments within earthworm
treatments are in Table 2

Fig. 4 Sample photos of
mesocosms showing main
effects of each litter
treatment on invasion
success of fescue. Photos
were taken during the last
week of the experiment

Red oak
(QURU)

Yellow poplar
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1881; Perel and Sokolov 1964; Curry and Schmidt
2007). Litter from oak species has been observed to
be relatively unpalatable to Lumbricus terrestris
(Satchell 1983; Heneghan et al. 2007).

Ecologists have often observed that nonnative
earthworms and nonnative plants frequently occupy
the same habitats, suggesting potential facilitation
between earthworm and plant invaders (Kourtev
et al. 1999; Heneghan et al. 2007). However, under-
standing causality of these patterns has been limited
by the observational nature of the studies. Some
ecologists have suggested that nonnative plants may
change soil characteristics, which allows for nonna-
tive earthworms to invade (Ehrenfeld et al. 2001).
Other hypotheses suggest that earthworms facilitate
plant invasions, or that both nonnative earthworms
and nonnative plants respond similarly to covarying
factors such as disturbance or proximity to agricul-
tural land use (Kalisz and Dotson 1989). While we
did not test the hypothesis that plant invasions
facilitate earthworm invasion, results from our study
do suggest that invasion by a nonnative tree and the
litter layer it produces, coupled with invasion by
nonnative earthworms might directly facilitate further
understory plant invasions.

The long-term effects of litter differences on
earthworm populations or nonnative plants is

Control
(NONE)

~ American chestnut
(CADE)

Ailanthus
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Table 2 P-values for least square means contrasts of invasion success (fescue biomass) between the 5 litter treatments within

earthworm treatments

Earthworms absent

Earthworms present

NONE AIAL LITU CADE NONE AIAL LITU CADE
NONE
AIAL 0.01 0.07
LITU 0.03 0.67 0.59 0.02
CADE <0.0001 0.007 0.002 0.03 0.0002 0.09
QURU <0.0001 0.01 0.003 0.90 0.19 0.003 0.44 0.33

Litter treatments are: NONE = no litter, control; AIAL = Ailanthus altissima, Ailanthus; LITU = Liriodendron tulipifera, Yellow
poplar; CADE = Castanea dentata, American chestnut; QURU = Quercus rubra, Northern red oak

not clear. Our experiment lasted only 2 months, which
was insufficient to investigate treatment effects on
humic and mineral soil layers and composition.
Differences in humic layers and mineral soil chemical
characteristics under litter layers may have longer term
effects on invasibility and direct effects on earthworm
populations. Moreover, while each tree species repre-
sented in our litter treatments can dominate forests on
similar sites, the abundance and likelihood of domi-
nance of the tree species in a particular area may
depend on soil and site characteristics, which can also
influence invasive plant establishment and nonnative
earthworm abundance (Frelich et al. 2006). For exam-
ple, yellow-poplar typically replaces red oaks
following disturbance only on mesic upland sites, but
not on drier, less productive sites (Carmean and Hahn
1983). The same environmental factors that influence
shifts in tree composition may also influence earth-
worm abundance and behavior.

The application of this study to natural systems is
somewhat limited because it was conducted in a high
light greenhouse environment using a model invasive
species not typical of an understory plant invader.
Our aim was to test specific mechanisms based on
how changing litter layers may interact with earth-
worms to influence invasive plant establishment.
However, differences in litter layers likely have
important effects on native understory species as well
(Gilliam and Roberts 2003). The effects of nonnative
earthworms on native understory species depend on
the traits or plant functional groups (Hale et al.
2005). Additionally, natural litter layers contain
mixtures of litter from various species and sup-
port complex detrital foodwebs (Facelli 1994;
Wardle 2002), which could also influence litter

decomposition and understory invasibility. Clearly,
more studies are needed to investigate the complex
interaction between litter quality, earthworm inva-
sions, native species, and nonnative plant invasions.

Acknowledgements We thank Debbie Wiley and Aaron
Teets for assistance in the greenhouse and lab. Bobbie
Niederlehner helped with the carbon and nitrogen analysis.
Erik Nilsen provided greenhouse space and helpful comments
on earlier drafts. Jessica Homyack, Aimeé Classen, and Martin
Nuiiez provided helpful comments during manuscript
preparation. Cindy Hale, Carola Haas, Tom Fox, Nate
Sanders, and Dan Simberloff provided helpful comments and
ideas during project conception. The work was supported by
NSF-DBI grant # 0400684, USDA-NRI grant # 2005-35101-
15363 and a Virginia Tech WPI Environmental Fellowship.

References

Abrams MD, Orwig DA, Dockry MJ (1997) Dendroecology
and successional status of two contrasting old-growth oak
forests in the Blue Ridge Mountains, USA. Can J For Res
27:994-1002. doi:10.1139/cjfr-27-7-994

Beatty SW (2003) Habitat heterogeneity and maintenance of
species in understory communities. In: Gilliam FS, Rob-
erts MR (eds) The herbaceous layer in forests of Eastern
North America. Oxford University Press, New York,
pp 177-197

Bohlen PJ, Groffman PM, Fahey TJ, Fisk MC, Suarez E,
Pelletier DM et al (2004) Ecosystem consequences of
exotic earthworm invasion of north temperate forests.
Ecosystems (N Y, Print) 7:1-12. doi: 10.1007/s10021-003-
0126-z

Brown GC, Edwards CA, Brussard L (2004) How earthworms
affect plant growth: burrowing into the mechanisms. In:
Edwards CE (ed) Earthworm ecology, 2nd edn. CRC
Press, Boca Raton, pp 13-49

Carmean WH, Hahn JT (1983) Site comparisons for upland
oaks and yellow-poplar in the central states. J For 81:736—
739

@ Springer


http://dx.doi.org/10.1139/cjfr-27-7-994
http://dx.doi.org/10.1007/s10021-003-0126-z
http://dx.doi.org/10.1007/s10021-003-0126-z

R. T. Belote, R. H. Jones

Curry JP, Schmidt O (2007) The feeding ecology of earth-
worms—a review. Pedobiologia (Jena) 50:463-477. doi:
10.1016/j.pedobi.2006.09.001

Darwin C (1881) The formation of vegetable mould through
the action of worms, with observations on their habits.
John Murray, London, 326 pp

Ehrenfeld JG, Kourtev P, Huang W (2001) Changes in soil
functions following invasions of exotic understory plants
in deciduous forests. Ecol Appl 11:1287-1300. doi:
10.1890/1051-0761(2001)011[1287:CISFFI]2.0.CO;2

Eisenhauer N, Scheu S (2008) Invasibility of experimental
grassland communities: the role of earthworms, plant
functional group identity and seed size. Oikos. doi:
10.1111/.0030-1299.2008.16812.x

Ellison AM, Bank MS, Clinton BD, Colburn EA, Elliot K,
Ford CR et al (2005) Loss of foundation species: conse-
quences for the structure and dynamics of forested
ecosystems. Front Ecol Environ 3:479-486

Facelli JM (1994) Multiple indirect effects of plant litter affect
the establishment of woody seedlings in old fields. Ecol-
ogy 75:1727-1735. doi:10.2307/1939632

Facelli JM, Pickett STA (1991) Plant litter: its dynamics and
effects on plant community structure. Bot Rev 57:1-32.
doi:10.1007/BF02858763

Frelich LE, Hale CM, Scheu S, Holdsworth AR, Heneghan L,
Bohlen PJ et al (2006) Earthworm invasion into previ-
ously earthworm-free temperate and boreal forests. Biol
Invasions 8:1235-1245. doi:10.1007/s10530-006-9019-3

Gilliam FS, Roberts MR (2003) Interactions between the her-
baceous layer and overstory canopy of eastern forests: a
mechanism for linkage. In: Gilliam FS, Roberts MR (eds)
The herbaceous layer in forests of Eastern North America.
Oxford University Press, New York, pp 198-223

Grigal DF, Grizzard T (1975) Analysis of litterfall in a
deciduous forest on Walker Branch watershed, Tennessee:
data stratification by two alternative models. Am Midl Nat
94:361-369. doi:10.2307/2424432

Hale CM, Frelich LE, Reich PB (2005) Changes in hardwood
forest understory plant communities in response to
European earthworm invasions. Ecology 87:1637-1649.
doi:10.1890/0012-9658(2006)87[1637:CIHFUP]2.0.CO;2

Hittenschwiler S, Tiunov AV, Scheu S (2005) Biodiversity and
litter decomposition in terrestrial ecosystems. Annu Rev
Ecol Evol Syst 36:191-218. doi:10.1146/annurev.ecolsys.
36.112904.151932

Hendrix PF (2007) Biological invasions belowground: earth-
worms as invasive species. Springer Verlag, Amsterdam,
132 pp

Heneghan L, Steffan J, Fagen K (2007) Interactions of an
introduced shrub and introduced earthworms in an Illinois
urban woodland: impact on leaf litter decomposition.
Pedobiologia (Jena) 50:543-551. doi:10.1016/j.pedobi.
2006.10.002

Hobbie SE, Reich PB, Oleksyn J, Ogdahl M, Zytkowiak R,
Hale C et al (2006) Species effects on litter chemistry and
microenvironment regulate litter decomposition and forest
floor dynamics in a common garden experiment with
fourteen tree species. Ecology 87:2288-2297. doi:
10.1890/0012-9658(2006)87[2288:TSEODA]2.0.CO;2

Johnson PS, Shifley SR, Rogers R (2002) The ecology and
silviculture of oaks. CABI Publishing, Cambridge, 503 pp

@ Springer

Jouquet P, Dauber J, Lagerlo J, Lavelle P, Lepage M (2006)
Soil invertebrates as ecosystem engineers: intended and
accidental effects on soil and feedback loops. Appl Soil
Ecol 32:153-164. doi:10.1016/j.aps0il.2005.07.004

Kalisz PJ, Dotson DB (1989) Land-use history and the
occurrence of exotic earthworms in the mountains of
eastern Kentucky, USA. Am Midl Nat 122:288-297. doi:
10.2307/2425915

Kourtev P, Huang W, Ehrenfeld JG (1999) Differences in
earthworm densities and nitrogen dynamics under exotic
and native plant species. Biol Invasions 1:237-245. doi:
10.1023/A:1010048909563

Levene H (1960) Robust tests for equality of variances. In:
Oikin I, Ghurye SG, Hoeffding W, Madow WG, Mann
HB (eds) Contributions to probability and statistics.
Stanford University Press, Stanford, CA, pp 278-292

Loftis DL, McGee CE (1992) Oak regeneration: serious
problems and practical recommendations. Symposium
proceedings, Sept. 8-10, Knoxville, TN. General Tech-
nical Report SE-84

McCament CL, McCarthy BC (2005) Two-year response of
American chestnut (Castanea dentata) seedlings to shelter-
wood harvesting and fire in a mixed-oak forest ecosystem.
Can J For Res 35:740-749. doi:10.1139/x05-002

McShea WIJ, William MH, Devers P, Fearer T, Koch FH,
Stauffer D et al (2007) Forestry matters: decline of oaks
will impact wildlife in hardwood forests. J Wildl Manage
71:1718-1728. doi:10.2193/2006-169

Milcu A, Schumacher J, Scheu S (2006) Earthworms (Lum-
bricus terrestris) affect plant seedling recruitment and
microhabitat heterogeneity. Funct Ecol 20:261-268. doi:
10.1111/j.1365-2435.2006.01098.x

Perel TS, Sokolov DF (1964) A quantitative assessment of the
role of earthworms Lumbricus terrestris L. (Lumbricidae,
Oligochaeta) in processing forest litter. Zool Zh 43:1618—
1624

Reich PB, Frelich L (2002) Temperate deciduous forests. In:
Mooney H, Canadell JG (eds) Encyclopedia of global
environmental change. Wiley, Chichester, pp 565-569

Rhoades C (2007) The influence of American Chestnut (Cas-
tanea dentata) on nitrogen availability, organic matter and
chemistry of silty and sandy loam soils. Pedobiologia
(Jena) 50:553-562. doi:10.1016/j.pedobi.2006.10.003

Russell EWB (1987) Pre-blight distribution of Castanea den-
tata (Marsh.) Borkh. Bull Torrey Bot Soc 114:183-190.
doi:10.2307/2996129

Satchell JE (1983) Earthworm ecology in forest soils. In:
Satchell JE (ed) Earthworm ecology: from Darwin to
vermiculture. Chapman and Hall, London, pp 161-170

Sayer EJ (2006) Using experimental manipulation to assess the
roles of leaf litter in the functioning of forest ecosystems.
Biol Rev Camb Philos Soc 81:1-31. doi:10.1017/
S1464793105006846

Shapiro SS, Wilk MB (1965) An analysis of variance test for
normality (complete samples). Biometrika 52:591-611

Simberloff D, Von Holle B (1999) Positive interactions of
nonindigenous species: invasional meltdown? Biol Inva-
sions 1:21-32. doi:10.1023/A:1010086329619

Wardle D (2002) Communities and ecosystems: linking the
aboveground and belowground components. Princeton
University Press, Princeton, 390 pp


http://dx.doi.org/10.1016/j.pedobi.2006.09.001
http://dx.doi.org/10.1890/1051-0761(2001)011[1287:CISFFI]2.0.CO;2
http://dx.doi.org/10.1111/j.0030-1299.2008.16812.x
http://dx.doi.org/10.2307/1939632
http://dx.doi.org/10.1007/BF02858763
http://dx.doi.org/10.1007/s10530-006-9019-3
http://dx.doi.org/10.2307/2424432
http://dx.doi.org/10.1890/0012-9658(2006)87[1637:CIHFUP]2.0.CO;2
http://dx.doi.org/10.1146/annurev.ecolsys.36.112904.151932
http://dx.doi.org/10.1146/annurev.ecolsys.36.112904.151932
http://dx.doi.org/10.1016/j.pedobi.2006.10.002
http://dx.doi.org/10.1016/j.pedobi.2006.10.002
http://dx.doi.org/10.1890/0012-9658(2006)87[2288:TSEODA]2.0.CO;2
http://dx.doi.org/10.1016/j.apsoil.2005.07.004
http://dx.doi.org/10.2307/2425915
http://dx.doi.org/10.1023/A:1010048909563
http://dx.doi.org/10.1139/x05-002
http://dx.doi.org/10.2193/2006-169
http://dx.doi.org/10.1111/j.1365-2435.2006.01098.x
http://dx.doi.org/10.1016/j.pedobi.2006.10.003
http://dx.doi.org/10.2307/2996129
http://dx.doi.org/10.1017/S1464793105006846
http://dx.doi.org/10.1017/S1464793105006846
http://dx.doi.org/10.1023/A:1010086329619

	Tree leaf litter composition and nonnative earthworms influence plant invasion in experimental forest floor mesocosms
	Abstract
	Introduction
	Methods
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


