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Abstract Establishment of Microstegium vimine-
um, an invasive exotic grass, in closed-canopy U.S.
eastern forests was evaluated across a local (roadside
to forest interior) and regional (across two geographic
provinces) environmental gradient in West Virginia.
The two geographic provinces were the Allegheny
Plateau (more mesic) and the Ridge and Valley
Province (more xeric). Biotic, abiotic, and distur-
bance variables were measured in (1) systematically
located plots, starting from the roadside and extend-
ing 50 m into the forests, and (2) randomly selected,
forest interior plots, with equal numbers of plots
containing or not containing M. vimineum. Associa-
tions between the variables and the presence of
M. vimineum at both scales were evaluated using
generalized linear models. Relative importance of the
variables related to M. vimineum establishment in the
forest interior plots at the regional scale was deter-
mined using logistic regression. Results confirmed
Microstegium vimineum’s reduced reproductive
capacity in the forest interior compared to the
roadside. Patches of M. vimineum in the forest
interiors across the regional gradient were best
defined by high native plant richness and diversity.
Greater canopy opening, more moss, and shallower
litter depths were also positively and significantly
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associated with M. vimineum presence, but only
during the driest sample year.
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Abbreviations

AIC Akaike information criterion
CL Confidence limits

CWD Coarse woody debris

H-S-V  Herb/shrub/vine

MNF Monongahela National Forest
NA Not applicable

PAR Photosynthetically active radiation
R-V Ridge and Valley Province
T-S Tree seedling

Introduction

Undisturbed, closed-canopy forests are considered
less susceptible to invasion than other more open
habitats. However, a recent estimate showing that
40% of all global invasive exotic plant species and
52% of all North American invasive exotic plant
species are shade tolerant suggests that forests are
indeed vulnerable to invasion (Martin et al. 2009).
Early establishment of invasive plant populations,
assuming a seed source exists, is driven by environ-
mental factors, including available resources
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(Radosevich et al. 2003; Theoharides and Dukes
2007). Some of these changes in resources of
seemingly undisturbed forests may be caused by
small-scale disturbances on the forest floor, i.e.,
animal foraging (Brown 2000), or in the canopy, i.e.,
small gaps due to tree limb loss or sapling mortality.
Nonetheless, forest floors are patchy in terms of
nutrients (Fitter et al. 2000) and light (i.e., sunflecks;
Chazdon and Pearcy 1991), without any apparent
causal disturbance agent. Site invasibility also has
been both positively (Lonsdale 1999; Stohlgren et al.
1999; Gilbert and Lechowicz 2005; Huebner and
Tobin 2006) and negatively (Tilman 1997; Kennedy
et al. 2002) related to native species richness and
productivity. Discrepancies between these findings,
especially those conducted at a fine scale, may be a
function of habitat type and environmental stress
(Richardson et al. 1994; Pysek et al. 2002).

Plant response to environmental gradients has
been a definitive force behind plant species compo-
sition and diversity (Urban et al. 2000; Pausas and
Austin 2001) as well as a plausible explanation for
both species displacement via competition for
resources (Pickett and Bazzaz 1976) and coexistence
via resource partitioning among species (Silvertown
2004). The goal of this research is to observationally
evaluate an invasive plant species, in this case
Microstegium vimineum (Japanese stiltgrass, Nepa-
lese browntop), across environmental gradients in
search of resource limitation patterns. Such patterns
may include where along these gradients M. vimine-
um is most likely to be displaced by, coexist with, or
out-compete native plant species subjected to the
same environmental conditions.

U.S. eastern forests with understories saturated
with M. vimineum have been attributed to prior tree
canopy disturbances including hemlock woolly adel-
gid (Orwig and Foster 1998; Eschtruth et al. 2006),
ice storms (pers. obs.), timber harvests (Oswalt et al.
2007; Marshall and Buckley 2008a), a lack of deer
herbivory compared to associated native species
(Griggs et al. 2006; Baiser et al. 2008; Eschtruth
and Battles 2008), and roads (Cole and Weltzin
2004). Fire has been shown to potentially promote
invasion of this species (Glasgow and Matlack 2007).
Smaller-scale disturbances such as patchy litter
removal have also been shown to promote invasion
of this grass (Oswalt and Oswalt 2007; Marshall and
Buckley 2008b). However, disturbance does not
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appear to be necessary for M. vimineum establish-
ment in closed-canopy forests (Huebner 2007).

There are documented environmental limitations
to M. vimineum’s success. This grass is most
productive in mesic environments (Barden 1987,
Redman 1995) and, despite being a C4 plant, is
drought intolerant (Barden 1987; Webster et al.
2008). While M. vimineum is shade-tolerant (i.e.,
low dark respiration rates and low light compensation
points; Winter et al. 1982; Horton and Neufeld 1998),
photosynthetically active radiation (PAR) values less
than 5-18% of full sunlight appear to reduce
M. vimineum growth and reproduction significantly
(Claridge and Franklin 2002; Cole and Weltzin 2004,
2005; Cheplick 2005). The latter indicates that closed
canopy forests, which typically have PAR values of
2-5%, should be less susceptible to invasion by
M. vimineum.

This research addresses the following question:
What abiotic and biotic factors influence establish-
ment success of M. vimineum in undisturbed, closed
canopy forests across a local (roadside to forest
interior) and regional (two geographic provinces)
environmental gradient?

Methods
Study species

Microstegium vimineum (Trin.) A. Camus (Integrated
Taxonomic Information System; Gleason and Cron-
quist 1993) is an annual, Asiatic grass that was
accidentally introduced to the U.S. (Knoxville, Ten-
nessee) in 1919 (Fairbrothers and Grayt 1972) and
first documented in West Virginia in 1956 (Huebner
2003). It is currently listed as a noxious weed in
Alabama, Connecticut, Massachusetts (USDA
plants.gov), and West Virginia (West Virginia
Department of Agriculture). This species is included
on at least 11 Northeastern, MidAtlantic, Southeast-
ern, and Midwestern state invasive plant lists within
the U.S. Microstegium vimineum has also been
documented in both Puerto Rico (Global Invasive
Species Database 2008) and Turkey (Scholz and
Byfield 2000). Invasive characteristics of M. vimine-
um include (1) prolific seed production (Gibson et al.
2002) from both chasmogamous (open) and cleistog-
amous (closed) flower types (Tanaka 1975), (2) the
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ability to grow horizontally by rooting at the nodes
(Fairbrothers and Grayt 1972), (3) shade tolerance
(Winter et al. 1982), (4) a seed bank of at least 3 years
(Barden 1987), and (5) an apparent lack of pathogens
and herbivores (Baiser et al. 2008; Webster et al.
2008; but see Bradford et al. 2009). Negative impacts
attributed to M. vimineum on native systems include
changing soil chemistry by increasing pH, mineral-
ization, nitrification (Kourtev et al. 1999; Ehrenfeld
et al. 2001), and phosphorus availability (McGrath
and Binckley 2009). Presence of M. vimineum and its
thatch have also been attributed to a decrease in soil
microarthropod diversity (McGrath and Binckley
2009) and tick abundance (Civitello et al. 2008) both
of which could have cascading effects on other
trophic levels. Abundant cover of M. vimineum has
been associated with lower native plant diversity
(Oswalt et al. 2007).

Study area

Sixteen sites within West Virginia were selected
based on the presence of a contiguous roadside
population of M. vimineum adjacent to a closed-
canopy deciduous forest of approximately 70 or more
years of age. The sites were located in three regions:
1) five in the Fernow Experimental Forest (38° 53’ N,
79° 17" W), Cheat-Potomac Ranger District of the
Monongahela National Forest (MNF) in the Alle-
gheny Plateau (Fernow), 2) six in Cooper’s Rock
State Forest and the West Virginia University Forest
(39° 39" N, 79° 47" W) also in the Allegheny Plateau
(Cooper), and 3) five in the Seneca Rocks area (39° 2/
N, 79° 42" W) of the Cheat-Potomac Range District
of the MNF in the Ridge and Valley Province (R-V:
Fig. 1).

The Fernow, Cooper, and R-V sites range in
elevation between 585-707 m, 664—720 m, and 592—
903 m, respectively. Annual precipitation averages
approximately 160 cm for both the Fernow and
Cooper sites, while it is about 79 cm annually for
the R-V sites (Clarkson 1964). The highest average
annual temperature is approximately 23—-25°C for the
Fernow and Cooper sites, but 30°C for the R—V sites
(NOAA, National Climatic Data Center website). The
Fernow and Cooper sites are mixed mesophytic
forests and the R—V sites are oak-dominated forests.
Thus, the Fernow and Cooper sites are more similar in
terms of topography and plant species composition.

Fig. 1 General site locations across a regional environmental
gradient in West Virginia, USA. County borders are included
and the line roughly divides the Allegheny Plateau (to the
West) and the Ridge and Valley (R-V) Province (to the East).
Fernow (5 sites, Tucker county) = Fernow Experimental
Forest, Cheat-Potomac Ranger District of the MNF in the
Allegheny Plateau, Cooper (6 sites, Preston county) = Cooper
State Forest and the West Virginia University Forest in the
Allegheny Plateau, and R-V (5 sites, Pendleton and Grant
counties) = Seneca Rocks and Smoke Hole area of the Cheat-
Potomac Ranger District of the MNF in the R—V Province

Despite these similarities, the Cooper sites tend to
have a less species-rich understory than the Fernow
sites. Estimated time of M. vimineum arrival for the
Fernow and Cooper sites is 2003. Microstegium
vimineum was estimated to have arrived in the R—V
sites in 1996 after extensive flooding of the South
Branch of the Potomac River and its tributaries. Slope
aspect and inclination of each of the sites in the three
regions varied such that uphill/downhill slopes and
south-west vs. north-east slopes were represented in
each of three areas. Most of the roadside M.
vimineum populations were 1-5 m wide and at least
20 m long along the roads. However, two of the
Cooper sites were adjacent to an area with a larger
swath (about 12 m wide) of M. vimineum mixed with
other species. While most of the roads were limestone
gravel, five were paved.

Sampling design
Each site was composed of a 10 m transect parallel to

the road and situated within a contiguous roadside
M. vimineum population that was at least 20 m long.
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From this roadside transect, 9 perpendicular transects,
each 1.25 m apart, were extended 50 m into the
adjacent forest. The two edge transects and a central
transect 5 m from either edge (hereafter referred to as
the systematic transects) were used to systematically
place 1-m? plots (0.625 m radius; i.e., the actual
circular area of each plot was just over 1 m” or
1.2 mz). Along each of the three systematic transects,
the first 1-m? plot (0 m) was placed at the roadside
just outside the forest canopy edge while subsequent
plots fell under the forest canopy and were located
every 5 m until 20 m was reached, and then every
10 m until 50 m was reached. If M. vimineum was
present along any of the nine possible transects at the
5 m plot and beyond, a non-overlapping 1-m” plot
was established and sampled (Fig. 2).

Sites were sampled in late August in 2005, 2006, and
2007 in order to estimate the cover of M. vimineum
when it has attained its full size before senescence.
Within each 1-m? plot, percent cover of all species
(including tree seedlings under 1 m, shrubs, vines, and
herbaceous plants), moss, bare ground, coarse woody
debris, and rock was determined. Above each 1-m>
plot, instantaneous light (Quantum meter, Spectrum
Technologies) and a spherical densiometer (Lemmon

Forest Densiometers) reading (percent canopy
Fig. 2 Sampling design. Forest
Dark circles represent the edge

systematically sampled
1-m? plots, while the gray
circles represent potential

opening) were measured. Cover, stem counts (2006
and 2007 only), stem height (2005 and 2006 only) of
the tallest stem in each 1-m? plot, and inflorescence
type count (2005 and 2006 only; chasmogamous or
cleistogamous) of the tallest stem of M. vimineum were
also determined. Plot set up and sampling started at the
50 m point and ended at the roadside to prevent the
potential of spreading M. vimineum seed; shoes were
checked for soil and seed. Just outside each of the
systematically located 1-m? plots, a 15 x 15 cm and
10 cm deep soil sample was taken in late August for
determination of soil total C and N (Fig. 2). After
collecting each soil sample, the area was re-covered
carefully with the litter removed before taking the soil.
The total C and N percentages were determined by the
University of Maine Analytical Lab.

Data analysis

Using only the 24 plots on the three systematic
transects that were sampled whether or not M. vimi-
neum was present, M. vimineum cover, stem height,
chasmogamous and cleistogamous inflorescence
counts and select biotic and abiotic environmental
variables were compared across sites (combined
distances, regional gradient) and distances (combined
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sites, local gradient) using a separate generalized linear
model for each of the 3 years. Each year was analyzed
separately because the sample size did not allow for an
additional covariate of time and existence of possible
temporal trends would be useful to document. The
measured biotic variables included herb/shrub/vine
and tree seedling species richness and diversity.
Diversity was calculated using Shannon’s index (Be-
gon et al. 1996). Light (umol m~2s™'), canopy
opening (%), moss (%), bare ground (%), total soil N
and C (%, in 2005 only), coarse woody debris (%), and
litter depth (cm) were the abiotic variables. A gamma
distribution (skewed distribution) with a log link
function (nonlinear transformation of the predicted
values) was used for all variables except herb/shrub/
vine and tree seedling diversity, which were normally
distributed, and herb/shrub/vine and tree seedling
richness, which were represented by a negative bino-
mial distribution (count data and skewed distribution)
and a log link function. Herb/shrub/vine richness and
diversity values included M. vimineum, if present, for
this general comparison among site types and within
each site type. All variables, including site, were
considered fixed effects.

Based on the measured light levels and densiom-
eter estimates, forest interior plots were conserva-
tively defined as all plots 5 m and beyond the
roadside population. Cover (all 3 years) and stem
counts (2006 and 2007 only) in plots containing M.
vimineum in the forest interior were compared across
sites for each year using a generalized linear model
procedure (Proc GenMod, SAS v. 9.1). Cover was
evaluated using a gamma distribution with a log link
function and stem counts were evaluated using a
negative binomial distribution with a log link
function.

Because there were always more plots without M.
vimineum than with M. vimineum, a random selection
from all plots without M. vimineum equal to the
number of plots with M. vimineum was made for each
year. Using this new set of data for each site
containing equal numbers of M. vimineum plots and
plots without M. vimineum, all variables were first
analyzed with a generalized linear model procedure
(Proc GenMod, SAS v. 9.1). All variables except
seedling and herb/shrub/vine diversity and richness
were modeled using a gamma distribution with a log
link function. The richness variables were modeled
using a negative binomial distribution with a log link

function and the diversity variables were modeled
using a normal distribution (Proc GenMod, SAS v.
9.1). Microstegium vimineum counts and cover were
removed from the data prior to calculating richness
and diversity when comparing plots containing or not
containing M. vimineum. The generalized linear
model analysis were used to reduce the number of
variables to those that significantly influenced
M. vimineum establishment; variables that were
significant (using P < 0.1, as a first-stage separation
of potentially important variables) determinants of
M. vimineum presence were included in a logistic
regression analysis with backwards selection
(P < 0.05; Proc Logistic, SAS v. 9.1) for each site
type and year. The logistic regression analysis
determined which of the known important variables
had the most relative influence on M. vimineum
establishment in forest interiors. Richness and diver-
sity variables were run in separate equations due to
multicollinearity (Pearson r > 0.5). Each of the 3
years was analyzed separately because (1) sample
size changed as new plots were colonized by
M. vimineum, meaning the analyses may not be truly
a repeated measure (nor are they completely unbi-
ased), (2) the sample size did not allow for an
additional covariate of time, and (3) documentation
of temporal trends provided additional information
that could be compared with the local gradient
variables described earlier.

Results
Local gradient

Cover (13005 = 68.72, Pao0s < 0.0001; data for 2006
and 2007 had similar values for all variables, unless
stated otherwise), stem height (3305 = 56.43,
Proos < 0.0001, N = 48), and cleistogamous inflo-
rescences (15005 = 14.35, P5go5 = 0.006, N = 48) of
M. vimineum were significantly greater in the roadside
plots (O m) compared to the forest interior plots for all
years measured (stem height and inflorescence infor-
mation was only measured in 2005 and 2006). There
were no significant distance differences for chasmog-
amous inflorescences in 2005 (P = 0.61, N = 48),
though it shared a similar trend with 2006 in which
there were significantly more chasmogamous inflo-
rescences (13006 = 3.93, Prpoe = 0.047, N = 48) at
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0 m than the forest interior plots. Herb/shrub/vine
richness (3505 = 78.12, Pagos = < 0.0001, N = 48)
and diversity (;{%005 = 55.53, P5pp5 < 0.0001, N = 48)
were significantly higher at 0 m compared with the
interior plots. Tree seedling richness (y3g0s =
31.02.96, P05 < 0.0001, N = 48) and diversity
(;{%005 = 20.36, Proos = 0.0048, N = 48) were signif-
icantly lower at 0 m compared with the interior plots.
While roadside plots differed significantly with interior
plots, there were not significant differences in
M. vimimeum plant measures or species richness or
diversity measures when comparing distances 5 m or
more into the forest interior.

The roadside plots (0 m) had significantly greater
canopy opening (;{%005 =162.48, Pypo5 < 0.0001,
N = 48) and higher light values (3,5 = 191.48,
P>pos < 0.0001, N = 48) than all interior plots for all
3 years. All interior light values were less than
70 umol m™2 s~! and most were less than 30 pmol
m~* s, Similarly, coarse woody debris (355 =
23.02, Ppos = 0.0017, N = 48), total C (3305 =
50.34, Pypos < 0.0001, N =48), and total N
(;{%005 = 61.51, Pypos < 0.0001 < N = 48) all were
significantly lower at 0 m compared to all interior
plots. In contrast, moss cover tended to be more
abundant at 5 m and 10 m, showing a significant
effect in all years (3355 = 20.82, Pagos = 0.0040,
N = 48). Bare ground cover was significantly greater
at 0 m than interior plots in all years ()35 = 41.37,
Prpos < 0.0001, N = 48). Litter depth and rock
showed no apparent pattern with increasing distance
from the road. Aside from moss cover, the patterns (or
lack of) for the biotic and abiotic variables support
separating roadside and forest interior plots at the 5 m
distance. Means and standard errors for each variable
at each distance are available upon request, but are not
presented here.

Regional gradient

Analysis of forest interior plots (averaged within each
site) that contained M. vimineum showed no signif-
icant difference in percent cover (Ppgg7 = 0.15,
N =14) or stem count (Pyyy; = 0.81, N = 14)
among the three sites for any of the 3 years (only
2007 data, which had the largest number of
M. vimineum containing plots, are presented here).
Percent cover per 1-m? forest interior plot containing
M. vimineum averaged between 0.77 and 1.84, while
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stem counts per 1-m? plot averaged between 10.9 and
14.2 across the three sites in 2007.

Using all forest interior plots, there were no
significant differences in cover or stem height among
the three site types (i.e., along the regional environ-
mental gradient) in any year (Ppos = 0.79,
Proos = 0.90, respectively), but the R-V sites did
tend to have shorter M. vimineum stems than both the
Fernow and Cooper sites in 2006. Cleistogamous
inflorescences differed significantly among sites in
2005 (35905 = 6.96, P = 0.03), but not in 2006
(P = 0.94). There were no significant site differences
in either year (Pypos = 0.90; Pygos = 0.30) for
chasmogamous inflorescences, though they appeared
to decrease in number between 2005 and 2006,
especially in the Cooper and R-V sites. The Fernow
sites were significantly more rich ()3, = 21.98,
P < 0.0001) and diverse (3,5 = 22.97, P < 0.0001)
in herb-shrub-vine species than both the Cooper and
R-V sites in all 3 years. Tree seedling richness
(P = 0.80) and diversity (P = 0.92) did not differ
significantly among the sites for any of the 3 years.
Total soil C (P = 0.49) and N (P = 0.58) and coarse
woody debris (P = 0.42) did not differ significantly
among the sites for all years measured. Moss cover
(P = 0.06) in the R-V sites was marginally signif-
icantly less than moss cover in the Fernow sites in
both 2006 and 2007 and showed a similar trend in
2005. Rock cover was significantly greater in the R—
V and Fernow sites than the Cooper sites for all years
(X%OOS = 7.32, Pyyos = 0.03). The Cooper sites had
significantly shallower litter depths (y3ps = 7.20,
P5005 = 0.03) than both the Fernow and R-V sites in
2005 but not 2006 or 2007. There was a trend for bare
ground to increase and litter depth to decrease over
time. Amount of light did not vary significantly
among the sites over the 3 years. Though canopy
opening ()35 = 23.35, P < 0.0001) differed signif-
icantly among the sites for all 3 years, the pattern
varied. However, there was a trend for the Cooper
sites to have more open canopies than the Fernow and
R-V sites in 2006 and 2007 (Table 1).

A comparison of forest interior plots with and
without M. vimineum in 2005 showed that herb/shrub/
vine diversity ()(2 = 4.68, P = 0.031), tree seedling
richness (y* = 5.07, P = 0.024) and diversity (y* =
3.26, P = 0.071), coarse woody debris (;52 =5.97,
P = 0.015), and total soil C (3> = 3.37, P = 0.066)
cover were all significant at P < 0.1 in separate
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Table 1 Comparison of M. vimineum growth, biotic, and abiotic variables across a regional gradient using the systematic plots

Variable Year Regional gradient (most mesic to most xeric)
Fernow Cooper R-V
N=5 N=6 N=5
Cover (%) 2005 6.11 (1.87) 7.49 (1.86) 6.88 (1.97)
2006 5.49 (1.79) 7.92 (1.96) 6.96 (1.81)
2007 6.09 (1.93) 5.06 (1.48) 4.75 (1.50)
Stem height (cm) 2005 9.85 (2.51) 9.41 (2.05) 10.47 (2.31)
2006 8.55 (2.11) 7.73 (1.74) 5.68 (1.48)
Cleistogamous 2005 1.41 (0.41)a 1.34 (0.36)a 0.90 (0.24)b
Inflorescences/stem 2006 1.03 (0.24) 1.02 (0.25) 1.09 (0.29)
Chasmogamous 2005 0.09 (0.03) 0.09 (0.04) 0.13 (0.04)
Inflorescences/stem 2006 0.08 (0.03) 0.01 (0.01) 0.05 (0.02)
Herb/shrub/vine richness 2005 7.83 (0.44)a 4.08 (0.25)b 2.25 (0.27)c
Tree seedling richness 2005 2.01 (0.13) 2.05 (0.09) 1.86 (0.12)
Light (umol m~2 s™") 2005 23.10 (2.39) 57.09 (13.24) 47.53 (18.76)
Canopy opening (%) 2005 11.30 (0.60)a 7.64 (0.46)b 7.13 (0.53)b
2006 5.84 (0.50)ac 6.82 (0.60)a 4.74 (0.49)c
2007 6.88 (0.43)a 9.20 (0.57)b 7.00 (0.39)a
Coarse woody debris (%) 2005 3.67 (0.43) 4.83 (0.75) 3.79 (0.49)
Total N (%) 2005 0.56 (0.04) 0.73 (0.04) 0.57 (0.03)
Total C (%) 2005 8.96 (0.89) 13.33 (0.74) 10.21 (0.71)
Rock (%) 2005 1.37 (0.42)a 0.40 (0.10)b 2.74 (0.49)a
Moss (%) 2005 1.75 (0.25) 1.31 (0.19) 1.30 (0.24)
2006 3.04 (0.51)a* 2.34 (0.41)a* 1.04 (0.19)b*
2007 3.45 (0.60)a* 2.15 (0.37)ac* 1.29 (0.20)c*
Bare ground (%) 2005 0.75 (0.18) 0.88 (0.40) 0.76 (0.23)
2006 0.64 (0.22) 0.98 (0.50) 0.97 (0.20)
2007 0.89 (0.36) 1.09 (0.50) 2.99 (1.14)
Litter depth (cm) 2005 2.60 (0.15)a 2.18 (0.09)b 2.82 (0.24)a
2006 2.52 (0.22) 2.09 (0.12) 2.69 (0.26)
2007 1.81 (0.13) 2.07 (0.14) 2.01 (0.14)

Values are means of each variable per 1-m? plot. Comparisons were analyzed using a generalized linear model; numbers in
parentheses are the standard error, and sites with different letters are significantly different (P < 0.05). Only 2005 data are shown
except where temporal trends differ. Herb/shrub/vine and tree seedling diversity are not shown because the trends are similar to the

richness values. Values marked with an * are marginally significantly different with P = 0.06)

generalized linear models. Plots with higher herb/
shrub/vine diversity, lower seedling richness or
diversity, less coarse woody debris, and more total
soil C were more likely to contain M. vimineum. The
logistic regression models using these variables
together revealed that none were significant for the
Fernow sites, while herb/shrub/vine diversity was
significant for the Cooper sites, and both herb/shrub/
vine diversity and tree seedling richness were signif-
icant variables for the R-V sites. Thus, in 2005, plots

with a 0.1 unit increase in herb/shrub/vine diversity at
the Cooper and R-V sites were 56 and 29 times more
likely, respectively, to have M. vimineum present than
not present, while plots experiencing a 1 unit
decrease in tree seedling richness at the R-V sites
were 62 times more likely to have M. vimineum than
not present (Table 2).

Herb/shrub/vine richness (X2 = 41.22, P < 0.0001)
and diversity (* = 68.35, P < 0.0001), tree seed-
ling richness (7> =490 P =0.027) and diversity
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Table 2 Logistic regression models with backwards selection and M. vimineum presence or absence as the binary response variable

Model Site type Adj R? AIC Significant variables b4 Odds ratio 95% CL
2005
H-S-V diversity+* Fernow (N = 29) NA NA None NA NA NA
T-S richness+ Cooper (N = 31) 0.51 29.04 H-S-V diversity 8.46 1.56 1.21-2.25
CWD + Total C R-V (N = 48) 0.37 49.60 H-S-V diversity 6.01 1.29 1.07-1.62
T-S richness 4.08 0.48 0.24-0.98
2006
H-S-V richness+"¢ Fernow (N = 91) 0.26 110.86 H-S-V richness 7.46 1.24 1.07-1.46
T-S richness+ Canopy opening 5.35 1.22 1.05-1.46
Moss + CWD+ Cooper (N = 83) 0.63 69.28 H-S-V richness 18.49 2.53 1.73-4.08
Litter depth+ Litter depth 7.16 0.46 0.24-0.77
Canopy opening Moss 5.87 1.36 1.11-1.84
+Light R-V (N =177) 0.54 73.58 H-S-V richness 8.56 2.13 1.34-3.71
Canopy opening 4.22 1.28 1.03-1.65
Moss 5.86 2.36 1.26-5.12
2007
H-S-V richness+? Fernow (N = 137) 0.08 179.43 H-S-V richness 7.50 1.20 1.06-1.38
T-S richness+ Cooper (N = 109) 0.35 123.91 H-S-V richness 17.65 1.74 1.37-2.30
Moss+ Light 5.21 1.06 1.02-1.12
Rock + Light Moss 5.56 1.19 1.05-1.40
R-V (N = 95) 0.46 94.15 H-S-V richness 20.62  3.06 1.99-5.25

H-S-V herb/shrub/vine, T-S tree seeding, CWD coarse woody debris, CL confidence limits, AIC Akaike information criterion,
NA not applicable. Variables that make up the initial model were significant at the P < 0.1 level in separate generalized linear
models. Diversity and richness variables could not be included in the same models due to multicollinearity

? The same model except with tree seedling diversity replacing tree seedling richness, produced similar results and is not presented
® The same model except with tree seedling diversity replacing tree seedling richness, produced similar results and is not presented
¢ The same model except with H-S-V diversity replacing H-S—V richness produced similar results and is not presented

4 The same model except with H-S—V diversity replacing H-S—V richness produced similar results except moss and light were no

longer significant for the Cooper site; this latter model is not presented

(f* = 5.46, P = 0.020), canopy opening (x> = 28.70,
P < 0.0001), light (4> = 5.87, P = 0.015), litter depth
(> =5.98, P=0.015), moss (y*=1592, P<
0.0001), and coarse woody debris ()(2 = 8.92 12.36,
P = 0.003) were all significant at P < 0.1 in the
generalized linear models using 2006 data. Herb/
shrub/vine richness and diversity and canopy opening
were the most important variables of the logistic
regression models for the Fernow sites, and the
strongest model contained herb/shrub/vine diversity
and canopy opening. Fernow plots with a 1 unit
increase in herb/shrub/vine diversity and canopy
opening were 963 and 20 times, respectively, more
likely to have M. vimineum present than not present.
Herb/shrub/vine diversity and richness were also
significant for both the Cooper and R-V sites. Tree
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seedling richness and diversity were only significant
for the R-V sites, with plots having lower seedling
richness and diversity more likely to have M. vimineum
present. Litter depth and moss cover were significant
for the Cooper sites while canopy opening and moss
were significant for the R—V sites. Cooper and R-V
plots with a 1 unit increase in moss were 36 and 136
times, respectively, more likely to have M. vimineum
present in 2006. Cooper plots with a 1 unit decrease in
litter depth were 84 times more likely to have
M. vimineum present than not present in 2006 (Table 2).

Herb/shrub/vine richness ()(2 = 35.00, P < 0.0001)
and diversity (> = 58.35, P < 0.0001), tree seedling
richness (y> = 2.72, P = 0.10), moss (3* = 2.38,
P = 0.10), rock (3> = 10.00, P = 0.002), and light
(f* = 7.37, P = 0.007) were significant at P < 0.1 in
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the generalized linear models using 2007 data. Herb/
shrub/vine richness and diversity were the most
important variables of the logistic regression models.
Moss and light were also significant but only for the
Cooper plots in the model containing herb/shrub/vine
richness. Fernow plots with a 1 unit increase in herb/
shrub/vine diversity (the stronger of the two models)
were 392 times more likely to have M. vimineum
present in 2007. Cooper and R-V plots with a 1 unit
increase in herb/shrub/vine richness were 74 and 206
times, respectively, more likely to have M. vimineum
present. Cooper plots with a 1 unit increase in light and
moss were 6 and 19 times, respectively, more likely to
have M. vimineum present in 2007 (Table 2).

Herb/shrub/vine richness and diversity were the
only variables that were important in the logistic
regression models for every year and every site type,
showing a positive correlation with the presence of
M. vimineum. The importance of light, moss cover,
canopy opening, and tree seedling richness and
diversity varied with year and site type.

Discussion

These results support other findings, which show
M. vimineum produces less biomass and fewer
flowers and seed in low-light environments compared
to populations in higher-light environments (Claridge
and Franklin 2002; Cole and Weltzin 2005; Cheplick
2005). Nonetheless, while the three site types differed
in terms of species richness and diversity, canopy
opening, rock cover, litter depth, and moss cover,
these differences did not correspond with a signifi-
cant difference in average M. vimineum growth and
reproduction by site. Thus, the local environmental
gradient effects appear to impact M. vimineum’s
successful establishment more than the regional
gradient. Although no year-to-year statistical tests
were conducted, stem heights were noticeably shorter
at all sites in 2006, but less so in the Fernow sites,
and cover decreased in 2007 in both the Cooper and
R-V site types, perhaps in response to lower seed
production in 2006. The year 2006 was a relatively
dry in terms of August (when M. vimineum flowers
are beginning to develop) precipitation for the
Cooper (6.45 cm) and R-V (3.80 cm) sites compared
to 2005 (Cooper = 7.67 cm, R-V = 9.88 cm) and
2007 (Cooper = 21.89 cm, R-V = 10.08 cm) and

the Fernow sites (2005 = 12.15 cm, 2006 = 12.34,
2007 = 17.53 cm) (NOAA NCDC data). The change
in precipitation may have also been reflected in the
2006 and 2007 moss cover in the more xeric R—V
sites.

Herb/shrub/vine richness and diversity were the
only variables that were consistently significant and
were positively correlated with M. vimineum pres-
ence in interior plots across the regional gradient.
Herb/shrub/vine richness and diversity may serve as
surrogate measures of other resources such as soil
moisture, light, and nutrients, which support the
argument that both the native plants and M. vimineum
respond similarly to the availability of abundant
resources in these patches (Davis et al. 2000;
Huebner and Tobin 2006). It is also possible that
resources are not necessarily abundant in these
patches but that niche partitioning among the species
is occurring (Silvertown 2004). For instance,
M. vimineum may utilize resources primarily in late
summer, while many of the herbaceous understory
species with which it is apparently coexisting likely
utilize more resources in early and mid-summer. The
roadside populations of M. vimineum appear to be
competitively interacting with other plants, while
M. vimineum in the forest interiors appear to be
coexisting with other plants. A reduction in light
abundance may be the trigger behind the shift from
competition to coexistence along the local gradient.

Tree seedling richness and diversity revealed the
opposite pattern across the gradient, with higher
values in the forest interior plots compared to the
roadside but lower values being associated with
M. vimineum presence. Tree seedling cover and
richness have been negatively correlated with herb
cover and richness (Peet 1978; Huebner et al. 1995),
and this interaction is typically attributed to compe-
tition between the herbs/shrubs/vines (resident spe-
cies) and tree seedlings (transient species). The
results of this paper indicate that tree seedlings may
be somewhat competitive against M. vimineum in the
forest interior. Jacques (2007) found that 2-year-old
tree seedlings were more competitive than M. vim-
ineum in both an open area and a thinned canopy with
and without M. vimineum removal prior to planting
the seedlings. The latter could indicate that main-
taining a relatively healthy tree seedling bank in the
understory may help reduce M. vimineum establish-
ment in forest interiors.
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What may be of most interest are the variables that
did not define M. vimineum establishment in forest
interiors consistently across time and the regional
gradient, namely litter depth, moss cover, canopy
closure, and light (PAR). Litter depth can vary
temporally and it is conceivable that early fall
measurements (prior to leaf senescence) may be less
informative than a spring measurement would have
been (when M. vimineum seedlings are first becoming
established). However, spring measurements of all
variables were taken in 2005 with no significant
differences noted between spring and fall. Also, there
is no doubt that canopy gaps or other disturbances
that open the canopy facilitate the growth and
reproduction of M. vimineum (Cole and Weltzin
2005; Glasgow and Matlack 2007), but the data
presented here confirm that light gaps and obvious
disturbances are not a requirement for establishment
of M. vimineum. The amount of bare ground did show
an insignificant trend of increasing over time, which
may indicate an increase in small-scale disturbance
such as water flow over the site or the inadvertent
effects of data collection. While great efforts were
taken not to disperse seed or disturb the sites when
collecting the data, the simple act of walking in the
sites may have been enough to increase the amount of
bare ground. However, the increase in bare ground
was not directly related to an increase in M. vimineum
at these sites.

The importance of moss cover in 2006, the driest
year, further manifests M. vimineum’s reliance on
mesic conditions (Barden 1987; Redman 1995;
Webster et al. 2008), but only in the more xeric sites
of the regional gradient. Canopy opening was only
important in terms of M. vimineum presence for the
Fernow and R-V sites in 2006, though the Cooper
sites had more open canopies (6.82%) than the
Fernow (5.84%) and R-V (4.74%) sites this same
year. Litter depth in 2006 was negatively associated
with the presence of M. vimineum, which is supported
by the literature (Oswalt and Oswalt 2007; Marshall
and Buckley 2008b). However, this association only
occurred in the Cooper sites, where litter was
generally shallower (2.09 cm) than found at the
Fernow (2.52 cm) and R-V (2.69 cm) sites in 2006.
Canopy opening and litter depth are surrogate
measures of disturbance. Plots in the most generally
disturbed forest floor sites were more prone to
invasion by M. vimineum if they had relatively
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shallow litter depths. In contrast, plots within sites
with generally undisturbed canopies were more likely
to be invaded if the plots were located just beneath a
relatively more open canopy. These results may have
helped define disturbance thresholds, i.e., canopy
opening values above 6.8% and litter depths below
2.1 cm, at which point establishment of M. vimineum
becomes more likely. Such thresholds may be evident
only under more extreme environmental conditions,
such as drier years.

The fact that M. vimineum average cover and stem
counts per 1-m? (in plots containing M. vimineum) do
not vary across the regional gradient indicates M.
vimineum seed will germinate and grow in any safe
patch (one that is apparently preferred by several
native herb species too), even in more Xxeric sites
along the moisture gradient. However, these data do
not tell us if M. vimineum is less likely to colonize
and spread under more stressful conditions in which
one would assume there are fewer safe patches
available. The next paper (by the same author)
addresses the question of M. vimineum population
growth and spread over both local and regional
gradients.
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