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ABSTRACT

Forest ecosystems are often invaded by multiple exotic species that, when combined, may amplify negative
impacts on native biodiversity and ecosystem functioning. These patterns are often determined from plot-level
experiments, but it is less clear how interactions among native and exotic species vary across landscapes. Amur
honeysuckle (Lonicera maackii) is an invasive understory shrub in eastern forests, observed to reduce understory
plant diversity and alter litter decomposition rates. Exotic earthworms may aid this process by increasing de-
composition rates and nutrient fluxes in forest soils. We hypothesized that honeysuckle increases exotic earth-
worm density and biomass in forest soils by providing a preferred litter resource and beneficial abiotic condi-
tions. We established 15 transects, each 100-m long, in a stratified random design across a 245-ha deciduous
forest in southwestern Ohio, USA. We measured honeysuckle shrub cover and canopy tree cover along the entire
transect, and sampled earthworms and standing litter biomass at intervals along each transect. We found little
evidence for Amur honeysuckle effects on earthworm density but found a strong positive effect of honeysuckle
cover on earthworm biomass. We also recorded an effect of species composition of canopy trees on earthworm
density and biomass. Moreover, multivariate analyses indicated a shift of earthworm community composition
along an oak-elm gradient of tree species composition. Standing litter biomass was lowest in areas of high
earthworm biomass and in the forest interior. Our results demonstrate that landscape-level variation in tree
species composition and honeysuckle invasion drive exotic earthworm density and biomass. Our findings suggest
invasion of exotic shrubs may facilitate invasion by nonnative earthworms.

1. Introduction

species, resulting in invasion meltdown (Simberloff and Von Holle,
1999).

Nonnative invasive species have deleterious effects where they are
established, by altering ecosystem processes and reducing native bio-
diversity (Simberloff and Von Holle, 1999). Meta-analyses of plant in-
vasions suggest that their impacts are variable and context dependent,
but often include changes in rates of nutrient and carbon cycling and
shifts in both above- and below-ground communities (Vila et al., 2011).
Plant invasion reduces abundance and diversity of native plants
(Ashton et al., 2005; Vila et al., 2011), thereby weakening mutualistic
relationships between native plants and microorganisms (Seifert et al.,
2009; Vogelsang and Bever, 2009). Invasive plants also alter plant
community structure by reducing growth and fitness of native plant
species (Vila et al., 2011). Conversely, alien plants can increase mi-
crobial activity, litter decomposition, and available nitrogen, resulting
in higher aboveground production and biomass (Ashton et al., 2005). In
many cases, the presence of one invasive species facilitates future in-
vasions, by priming the ecosystem for the invasion of other nonnative
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Human disturbance and horticultural practices have aided non-na-
tive plant establishment in eastern deciduous forests (Webster et al.,
2006). Originally introduced for soil erosion mitigation in the early
1900s, Amur honeysuckle (Lonicera maackii) is one such plant (Luken
and Thieret, 1996). Amur honeysuckle invasion has broad impacts on
plant and animal communities, as well as ecosystem processes
(McNeish and McEwan, 2016). Amur honeysuckle shades out native
herbaceous plants, due to its extended leaf phenology, reducing native
plant growth and reproductive success (Miller and Gorchov, 2004).
Amur honeysuckle also has negative effects on native plant growth and
reproduction through allelopathic interference, though these effects
may be dependent on soil conditions (Bauer et al., 2012; Cipollini et al.,
2012; McNeish and McEwan, 2016). Additionally, microbial commu-
nities on Amur honeysuckle leaves are distinct from those found on
native litter, which may alter decomposition rates of litter and nutrient
cycling in soils near honeysuckle shrubs (Arthur et al., 2012; Poulette
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and Arthur, 2012). Amur honeysuckle litter decomposes rapidly and,
combined with early leaf phenology, provides an early season influx of
nitrogen into forest soils (Arthur et al., 2012), altering both above and
below-ground aspects of forest ecosystems (Ashton et al., 2005).
Moreover, high quality Amur honeysuckle litter (low C:N) may be
preferentially selected by earthworms (Hendriksen, 1990), and may
facilitate earthworm invasion (Pipal, 2014).

Earthworm populations are driven by many factors, including nu-
trient availability, soil structure, soil moisture, large herbivores, and
human activity (Curry, 2004; De Wandeler et al., 2016; Mahon and
Crist 2019). Areas dominated by tree and shrub species with less pa-
latable litter (high C:N; e.g. Quercus spp.) typically support lower
earthworm densities, while earthworm density is greater in areas with
highly palatable leaf litter (low C:N; e.g. Amur honeysuckle;
Hendriksen, 1990). Invading exotic earthworms are ecosystem en-
gineers, and accelerate leaf litter decomposition, alter nutrient avail-
ability, and stimulate microbial growth (Eisenhauer, 2010). In turn,
these altered ecosystem properties benefit invasive plant species com-
peting with native plants (Heneghan et al., 2007; Whitfeld et al., 2014).
Earthworm functional groups (anecic, endogeic, and epigeic) have
varying impacts on ecosystem processes. Anecic earthworms have
vertical burrows and move leaf litter from the surface deep into the soil
column (Bohlen et al., 2004), bringing nutrients into the mineral soil
and shifting microbial community composition from fungal dominated
to bacteria dominated (Dempsey et al., 2011; Ferlian et al., 2018).
Endogeic earthworms are found in the upper mineral soil and facilitate
microbial growth by providing nutrients within their casts (Bohlen
et al., 2004; Eisenhauer, 2010). Within the litter layer, epigeic earth-
worms facilitate litter decomposition by priming leaves for microbial
growth (Ferlian et al., 2018).

Our study aimed to understand how landscape-level variation in
tree-species composition and Amur honeysuckle abundance affect in-
vasive earthworms and standing litter biomass in a temperate, decid-
uous forest of southwest Ohio. We selected 15 transects in a stratified
random design across areas that differed in honeysuckle cover, and
along each transect we recorded the species composition of canopy
trees, litter biomass, as well as earthworm abundance, composition, and
biomass. We hypothesized earthworm density and biomass would be
higher in areas with greater Amur honeysuckle cover. Additionally, we
hypothesized a shift in earthworm community composition along a
gradient of Amur honeysuckle; specifically, we expected more anecic
and endogeic individuals in areas with higher honeysuckle cover. Based
on the hypothesized patterns of earthworm density, we expected less
standing litter biomass in areas of high Amur honeysuckle cover.
Alternatively, environmental factors other than honeysuckle cover,
such as dominant tree canopy species, soil moisture, and canopy cover,
may be important drivers of earthworm density.

2. Methods
2.1. Study area and sampling design

The study was conducted within the mid- to late-successional de-
ciduous forests of the Miami University Natural Areas (N 39°31'1.71%,
W 84°42/34.61”) in southwest Ohio, USA. Between 1938 and 1995, the
Natural Areas were converted from row-crop cultivation and cattle
pasture to mid- and late-successional forest (Medley and Krisko, 2007).
Climate of the study area is temperate continental with an average
annual temperature of 11 °C and average annual rainfall of 110 cm. The
area is characterized by loess soils, rolling bedrock shale, and limestone
hills influenced by the Wisconsin Glaciation (Lerch et al., 1980).
Dominant soils of the study area are fine, mixed active Hapludalfs
(Lerch et al., 1980). Dominant hardwood species at these sites include
sugar maple (Acer saccharum), oak (Quercus spp.), elm (Ulmus spp.), ash
(Fraxinus spp.), and hickory (Carya spp.). Amur honeysuckle (Lonicera
maackii) dominated the understory of these sites, though common
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understory shrubs and trees include Ohio buckeye (Aesculus glabra),
multiflora rose (Rosa multiflora), and common pawpaw (Asiminia tri-
loba). The study was conducted prior to the invasion of the emerald ash
borer (Agrilus planipennis) at our study area.

In summer 2015, we placed 15 transects, each 100 m in length, in
the 245-ha study area according to a stratified random design. This
design includes landscape-level variation in tree species composition
and honeysuckle invasion, whereas most previous studies of earth-
worm-honeysuckle interactions were conducted within a few forest
stands or plots. The number of transects was weighted to the relative
size of each forest stand, with smaller stands receiving fewer transects
compared to larger stands (Fig. S1). We also avoided areas with high
densities of coniferous trees, as earthworms typically avoid acidic soils
under these stands (Haimi and Einbork, 1992). We chose a stratified
random design for this study, rather than selecting transects along a set
honeysuckle gradient, to reflect the range of variation in the distribu-
tion of honeysuckle in this region. These sites span the existing topo-
graphic variation and differences in land-use history; sampling designs
using gradients of tree species composition or honeysuckle invasion
would not represent the variation of these factors across the larger
landscape. The stratified random design of transect placement resulted
in a range of understory honeysuckle cover from 6.1 to 66.6%.

2.2. Transect measurements

Along each 100-m transect, we used the line intercept method to
provide an estimate of honeysuckle shrub cover and canopy tree com-
position. Honeysuckle cover and canopy tree cover were recorded as
segments of each transect where shrub and tree canopies vertically
intersected the transect. Percent cover was calculated from the summed
length of these segments divided by the total transect length (Caratti,
2006). Using ArcGIS (version 10.3), we found distance to forest edge for
each transect by finding the shortest distance from the midpoint of each
transect to the delineated forest edge. Elevation and percent slope for
each sampling point were found using Digital Elevation Model (DEM)
data with a spatial resolution of 2.5 m. We calculated a mean normal-
ized difference vegetation index (NDVI) value from buffer area of 10 m
surrounding each transect using Landsat 8 OLI imagery from 4 August
2015 using ENVI 5.4.

2.3. Earthworm and litter sampling

We collected leaf litter, earthworms, and soil samples at three points
at 16.7, 50, and 83.3 m along each transect. Samples were collected
between 12 June 2015 and 9 July 2015. All samples from a transect
were collected on the same day. Soil cores were collected at a depth of
10 cm using a 2-cm diameter corer. Leaf litter and earthworms were
collected from 0.25-m? quadrats at each sampling point along each
transect. Prior to earthworm sampling, we collected leaf litter and
woody detritus so that only the bare mineral soil remained. We sampled
earthworms using the mustard extraction technique (Gunn, 1992) with
3.1L of mustard solution applied to each 0.25-m? quadrat at a ratio of
10 g mustard powder per liter of water. Earthworms that came to the
soil surface within 20 min of mustard solution application were col-
lected and placed in 70% ethanol. Earthworms were later identified to
genus and species when possible (only mature earthworms can reliably
be identified to species). Overall earthworm biomass (ethanol wet
mass) was found for each sample by placing earthworms on paper to-
wels and allowing them to air dry. We dried soil samples at 60 °C to
constant mass for a measure of gravimetric soil moisture content. We
removed woody detritus from the leaf litter and sifted leaf litter through
a no. 4 sieve (4.75 mm openings) to remove dirt and small litter par-
ticles. Leaf litter was then dried at 60 °C to constant mass as a measure
of standing litter biomass.
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2.4. Statistical analyses

We conducted statistical analyses on earthworm density, earthworm
biomass, and standing litter biomass using the R programming language
version 3.5 (R Core Team, 2018). Data on the species composition of
dominant canopy trees were reduced to multivariate axes using principal
component analysis (PCA; prcomp function in base R). We defined domi-
nant tree species as those with > 5% mean canopy cover across all trans-
ects. The first two PCA axes (those accounting for most of the variation)
were used as predictor variables in our regression analyses. Prior to re-
gression analyses, we tested random effects of transect and forest stand, but
found that these did not account for any additional variance, so we dropped
random terms from our models. Therefore, we used generalized linear
models (GLMs) with a negative binomial distribution (glm.nb function,
MASS package, R; Venables and Ripley, 2002) for analysis of earthworm
density, and a Gaussian distribution for analysis of earthworm biomass and
standing litter biomass (glm function, stats package, R; R Core Team, 2018).
Earthworm biomass and standing litter biomass were natural-log trans-
formed prior to all analyses. Predictor variables included the first two PCA
axes, honeysuckle cover, elevation, percent slope, soil moisture, and dis-
tance to forest edge. We also included earthworm biomass as a predictor
variable in standing litter biomass analyses. We used the lowest bias-cor-
rected Akaike’s Information Criterion (AICc) to select best and competing
models (=2 AAICc). To compare best models against null models (intercept
only), we used likelihood ratio tests and inferred statistically significance
with p-values < 0.05.

To determine the role of dominant tree composition, honeysuckle cover,
and forest productivity on earthworm community composition, we con-
ducted a constrained ordination using the first two axes from the canopy
tree PCA, honeysuckle cover, and NDVI in a distance-based redundancy
analysis (dbRDA) with Bray—Curtis dissimilarity using square-root trans-
formed abundance data (McArdle and Anderson, 2001). We used Akaike’s
Information Criterion (AIC) to select the best-fitting ordination model and
obtained P-values using random permutations (9999 permutations). The
dbRDA was conducted using the “dbrda” function in vegan, R (Okansen
et al., 2018). Since the species by sample matrix would have been too sparse
without juvenile earthworms, we included juveniles identified to genus in
multivariate analyses. We removed singleton earthworms (Aporrectodea
longa) to reduce the effect of rare species on the analyses. We pooled data
from the three samples taken along each transect, and all 15 transects were
included in the community analyses.

3. Results
3.1. Tree canopy composition

The first two axes of the PCA analysis of canopy tree species ex-
plained 60.0% of total variance and revealed two gradients of tree
species composition (Fig. 1). PCA axis 1 (36.3% of variance) was po-
sitively correlated with elm, but negatively correlated with oak. PCA
axis 2 (23.7% of variance) was positively associated with sugar maple
and ash and negatively associated with hickory.

3.2. Earthworms

We collected 979 individuals from nine species within three earth-
worm genera (Aporrectodea, Lumbricus, and Octolasion; Table S1). The
endogeic juveniles of Aporrectodea comprised 23% of individuals col-
lected. We identified five species of Aporrectodea (4% of individuals): A.
longa, A. rosea, A. trapezoides, A. tuberculata, and A. turgida. We col-
lected only a single individual of the anecic Aporrectodea longa, while
another anecic earthworm, Lumbricus terrestris represented 4% of in-
dividuals collected. Lumbricus rubellus was the most common mature
earthworm collected (7% of individuals). Juvenile Lumbricus were the
most common earthworms, representing 55% of individuals collected.
Octolasion earthworms were less common (7%), with O. cyaneum and O.
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tyrtaeum collected.

Earthworm density ranged from 1 to 79 individuals 0.25 m~ 2, while
earthworm biomass ranged from 0.03 to 13.81 g 0.25 m ~ 2. Density was
best explained by a model with PCA axis 1, PCA axis 2, and NDVI
(Fig. 2; w = 0.24; Adj. R? = 0.39; LR34 = 13.66, p = 0.003), and was
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Fig. 2. Partial regression plots of earthworm density and principal components
analysis of tree species composition, PCA 1 (A) and PCA 2 (B). Values for
earthworm density represent the mean of each transect, with error bars re-
presenting standard error. Trendlines represent the coefficient from best model
via AICc model selection. Note y-axes are on natural log scale.
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Table 1
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Model selection using lowest bias-corrected Akaikaie’s Information Criterion (AICc) to select best and competing models (<2 AAICc). (—) in front of a predictor

indicates a negative model coefficient.

df AlCc AAICc w Adj. R?

Earthworm Density

PCA1 + (—) PCA2 + (—) NDVI 5 364.96 0 0.24 0.387
Earthworm Biomass

HSCover + PCA1 + (—) PCA2 5 149.07 0 0.12 0.369
PCA1 + (—) PCA2 4 149.74 0.66 0.09 0.338
PCA1 + (—) PCA2 + Slope 5 149.98 0.91 0.08 0.356
HSCover + PCA1 + (—) PCA2 + Slope 6 150.28 1.21 0.07 0.374
Standing Litter Biomass

(—) DistEdge + (—) Worm Mass 4 115.38 0 0.07 0.370
(-) DistEdge + (—) HSCover 4 115.45 0.07 0.06 0.369
(—) DistEdge + (—) Worm Mass + (—) HSCover 5 116.22 0.84 0.04 0.379
(—) DistEdge + (—) Worm Mass + (—) PCAl 5 116.42 1.04 0.04 0.376
(-) DistEdge + (—) PCA1 4 116.83 1.45 0.03 0.349
(—) DistEdge + (—) HSCover + (—) PCAl 5 116.92 1.54 0.03 0.369
(—) DistEdge + NDVI + (—) Worm Mass 5 117.17 1.78 0.03 0.365
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Fig. 3. Conditional plot of earthworm biomass and honeysuckle cover in a
general linear model that also included tree species composition (PCA 1 and 2).
Points are transect mean earthworm biomass, error bars are + SE. Note y-axis is
on natural log scale.
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Fig. 4. Constrained multivariate ordination (dbRDA) of earthworm community
composition across 15 transects. Symbols indicate site scores of transects.
Arrows are biplot correlations of the significant predictor variable (PCA 1) and
established honeysuckle cover gradient (HS Cover). PCA 1 and honeysuckle
cover explain 26.1% of variation in earthworm community composition.
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higher in forest stands with more elm than oak (PCA 1; Fig. 2A) and
with less maple (PCA 2; Fig. 2B). Earthworm density was lower in areas
of higher NDVI as a measure of total canopy cover. There were no
competing models (Table 1).

Overall earthworm biomass was best explained by honeysuckle
cover, PCA axis 1, and PCA axis 2 (Fig. 3; w = 0.12; Adj. R? = 0.37;
F341 = 9.56, p < 0.001). There were several competing models that
included these variables and slope (Table 1). Like earthworm density,
overall earthworm biomass was positively related to PCA axis 1 and
negatively related to PCA axis 2. Earthworm biomass was higher in
forest stands with more elm and hickory, while earthworm biomass was
lower in forest stands with more oak, maple, and ash. Earthworm
biomass was positively related to honeysuckle cover across the study
transects (Fig. 3). Finally, there was a weak positive association be-
tween earthworm biomass and slope, over the range of slopes within
our study area.

Constrained ordinations of earthworm community composition
using dbRDA showed that the best model included a single predictor
variable with PCA 1 of tree composition (Pseudo-F = 3.01, p = 0.017,
R? = 0.19; Fig. 4). Honeysuckle cover explained 14% of the variation in
earthworm species composition, but permutation tests indicated that it
was not statistically significant at the p < 0.05 (HS Cover, Pseudo-
F = 2.12,p = 0.069, R> = 0.14). PCA 2 of canopy tree composition and
NDVI were less important and not significant predictors of earthworm
species composition (PCA 2, Pseudo F = 1.24, p = 0.300, R? = 0.09;
NDVI, Psuedo F = 0.84, p = 0.546, R* = 0.06).

3.3. Standing litter biomass

Standing litter biomass ranged from 1.1 to 141.1g per 0.25m 2
(Table S2). Variation in standing litter biomass was best explained by
earthworm biomass and distance to forest edge (Fig. 5; w = 0.07;
R? = 0.37; Fp42 = 13.92, p < 0.001). Competing models included
honeysuckle cover and PCA axis 1 (Table 1). Standing litter biomass
was strongly negatively related to distance to edge, with more leaf litter
found near the forest edge than in the forest interior. Standing litter
biomass was also strongly negatively related to earthworm biomass.
There was a weak negative relationship between standing litter biomass
and both honeysuckle cover and PCA axis 1. Conversely, standing litter
biomass tended to be higher in areas with greater canopy cover (NDVI).

4. Discussion
Our results support our hypothesis that areas of high honeysuckle

cover contain higher earthworm biomass. However, there was little
support for our hypothesis that honeysuckle cover would be positively
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Fig. 5. Conditional plot of standing litter biomass with earthworm biomass in a
general linear model that also included distance to forest edge. Point size cor-
responds to distance to forest edge. Note x- and y-axes are on natural log scales.

related to earthworm density, as density was associated with the ca-
nopy tree species composition and total canopy cover as measured by
NDVL. These findings support our alternative hypothesis, which states
that environmental factors other than honeysuckle cover may have a
stronger influence on earthworm density. We also found little support
for our hypothesis that honeysuckle cover directly reduces standing
litter biomass. Multivariate analyses indicated earthworm community
composition is related to dominant tree composition. The positive re-
lationship observed between exotic earthworms and invasive honey-
suckle is consistent with previous studies (Madritch and Lindroth, 2009;
Pipal, 2014). Our study is the first to demonstrate that landscape-level
variation in invasive plant abundance corresponds with areas of greater
biomass of invasive earthworms, adding to a growing body of work
investigating the relationship between invasive plants and earthworms
(Bohlen et al.,, 2004; Davalos et al., 2015; Heneghan et al., 2007;
Madritch and Lindroth, 2009; Pipal, 2014).

Earthworm biomass and density were best explained by PCA axis 1
and PCA axis 2. The PCA axes represent stand-level variation in the
dominant canopy trees, which, in turn, should reflect differences in leaf
litter quality on the forest floor. There was greater earthworm density
and biomass at sites that were elm dominated compared to those that
were oak dominated. Additionally, there was lower earthworm density
at sites dominated by maples. Moreover, these changes in abundance
and biomass along the oak-elm gradient (PCA axis 1) correspond with a
shift in earthworm community composition, indicating that earthworm
species composition is partially structured by dominant canopy trees.
Much of the unexplained variation in earthworm community compo-
sition is likely attributable to time since earthworm invasion, as
earthworm community composition follows a predictable, generalized
pattern after initial invasion (Hale et al. 2005). Nonetheless, the partial
structuring of earthworm community composition by dominant canopy
trees is supported by previous studies that have shown tree identity is a
strong driver of earthworm communities (De Wandeler et al., 2018;
Neirynck et al., 2000).

Due to previous land-use history of these forests and the patchiness
of current tree species composition, this PCA gradient likely represents
both topographic variation and a heterogeneous legacy of disturbance,
as some oaks may be remnant shade trees from pastures, while elms
were more dominant along stream terraces. Alternatively, changes in
tree species composition along the first PCA axis 1 may correspond to
high lignin oak litter to low lignin elm leaves (Kucera, 1959; Melillo
et al., 1982), though we did not specifically measure lignin content in
litter samples. Prior studies have found that areas dominated by trees
with higher lignin leaves (e.g. oak) have lower earthworm abundance
relative to areas mainly with trees containing low lignin content leaves
(e.g. elm; De Wandeler et al., 2018; Hendriksen, 1990). Moreover,
growth rates of L. terrestris are negatively related to lignin content of

57

Forest Ecology and Management 447 (2019) 53-59

litter (Kasurinen et al., 2007). The PCA axis 2 may reflect changes in
soil calcium, as hickory leaves have higher calcium content than both
maple and ash leaves (Coté and Fyles, 1994). Reich et al. (2005) re-
ported an increase across all earthworm functional groups in areas
where calcium rich litter was added. In addition to tree species com-
position, total canopy cover, as measured by average NDVI along each
transect, was a strong predictor of earthworm density. This suggests
that canopy cover (or aboveground productivity) may limit earthworm
density, possibly due to the litter resources available (Campana et al.,
2002).

We observed a positive relationship between exotic earthworms and
invasive honeysuckle in the study area, suggesting that honeysuckle
invasion may alter the ecosystem in such a way that may facilitate an
increase in invasive earthworm biomass. Alternatively, the inverse ef-
fect is possible, as earthworms may alter the soil composition in a way
that facilitates honeysuckle establishment. Increased nutrient avail-
ability, caused by longer leaf senescence period, benefits exotic earth-
worms that prefer the nutrient rich leaf litter (low C:N), as it provides a
more readily available food source with a lower energy investment for
more nutrients (Pipal, 2014). Compared to native shrub species, Amur
honeysuckle is a higher quality litter source, as it decomposes more
rapidly and has a higher amount of nitrogen than native tree species
(Arthur et al., 2012). In other southwest Ohio forests similar to the
study area, Amur honeysuckle leaves decomposed 21 times more ra-
pidly than red oak leaves, causing changes in soil nutrient fluxes at
times of the year when nutrients found within native leaf litter are in-
accessible to detritivores (Blair and Stowasser, 2009).

The influence of canopy tree composition and honeysuckle cover on
earthworm biomass corresponded to reductions in standing litter bio-
mass. Standing litter biomass was best explained by earthworm biomass
and distance to forest edge, while there was a closely competing model
of honeysuckle cover and distance to forest edge. These findings are
unique to our study, as the relationship between earthworms and
honeysuckle has been studied smaller scales rather than at a forest
level. Prior studies have found increased litter decomposition in the
presence of higher earthworm biomass (Heneghan et al., 2007; Pipal,
2014) and with greater density of honeysuckle shrubs (Blair and
Stowasser, 2009; Trammell et al., 2012). Additionally, previous studies
have found a relationship between the distance to forest edge and de-
composition mediated through changes in soil moisture (Riutta et al.,
2012). Mesic areas typically have greater earthworm density and more
microbial activity than xeric environments, resulting in increased litter
decomposition (Szlavecz et al., 2011). Seasonal effects may alter the
microbial community through environmental conditions, resulting in
similar conditions at the forest edge and forest interior in drier seasons
(Riutta et al., 2012). Moreover, the weak positive relationship between
NDVI and litter biomass, while not improving model fit, does provide
some support for differences in litter fall influencing standing litter
biomass (Yang et al., 2017).

5. Conclusion

Invasive plants and exotic earthworms are major drivers of en-
vironmental change, specifically native plant loss and alterations to
ecosystem processes (Frelich et al., 2006; Vila et al., 2011). Our land-
scape-level study shows that invasive honeysuckle cover and invasive
earthworm biomass are linked, supporting the findings of Madritch and
Lindroth (2009) and Pipal (2014). Our findings also support a re-
lationship between dominant canopy trees and exotic earthworm
community composition (De Wandeler et al., 2018). While previous
studies have investigated the effects of invasive plant removal on
earthworms, our study is the first to investigate exotic earthworms
along a landscape gradient of invasive plant cover. The honeysuckle
gradient that was randomly sampled for this study reflects the topo-
graphic variation and land-use history in this region. These results,
together with studies that show earthworm invasion facilitates plant
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invasion (Madritch and Lindroth, 2009; Pipal, 2014), support the pos-
sibility of invasion meltdown occurring between invasive earthworms
and Amur honeysuckle. Future studies should investigate the possible
beneficial reciprocal relationship between honeysuckle and exotic
earthworms, specifically along the honeysuckle invasion front. Ad-
ditionally, while we focused on a single landscape, having a regional
perspective may provide greater insight into the invasion patterns of
both organisms. Understanding the large-scale drivers between hon-
eysuckle and earthworms are necessary to improve management stra-
tegies across invasion gradients in eastern deciduous forests.
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