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Non-native liana, Euonymus fortunei, associated
with increased soil nutrients, unique bacterial
communities, and faster decomposition rate
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Abstract Invasive plants have wide-ranging impacts
on native systems including reducing native plant
richness and altering soil chemistry, microbes, and
nutrient cycling. Increasingly, these effects are found
to linger long after removal of the invader. We
examined how soil chemistry, bacterial communities,
and litter decomposition varied with cover of Euony-
mus fortunei, an invasive evergreen liana, in two
central Kentucky deciduous forests. In one forest, E.
fortunei invaded in the late 1990s but invasion
remained patchy and we paired invaded and uninvaded
plots to examine the associations between E. fortunei
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cover and our response variables. In the second forest,
E. fortunei had completely invaded the forest by 2005;
areas where it had been selectively removed by 2010
were paired with an adjacent invaded plot. Where E.
fortunei had patchily invaded, E. fortunei patches had
up to 3.5x nitrogen, 2.7x carbon, and 1.9x more
labile glomalin in soils than uninvaded plots, whereas
there were no differences in soil characteristics
between invaded and removal plots. In the patchily
invaded forest, bacterial community composition var-
ied among invaded and non-invaded plots, whereas
bacterial communities did not vary among invaded and
removal plots. Finally, E. fortunei leaf litter decom-
posed faster (k = 4.91 year™ ') than the native liana
(k=23.71 yearfl), Vitis vulpina; decomposition of
both E. fortunei and V. vulpina was faster in invaded
(k = 7.10 year™ ') than removal plots
(k = 4.77 year™"). Our findings suggest that E. for-
tunei invasion increases the rate of leaf litter decom-
position via high-quality litter, alters the
decomposition environment, and shifts in the soil
biotic communities associated with a dense mat of
wintercreeper. Land managers with limited resources
should target the densest mats for the greatest restora-
tion potential and remove wintercreeper patches before
they establish dense mats.

Keywords Invasive species - Litter decomposition -

Soil bacterial community - 16S rRNA - Legacy
effects - Wintercreeper

@ Springer


http://orcid.org/0000-0002-1103-2994
http://dx.doi.org/10.1007/s11258-016-0689-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s11258-016-0689-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11258-016-0689-3&amp;domain=pdf

330

Plant Ecol (2017) 218:329-343

Introduction

Exotic plant species have been shown to alter ecosys-
tem structure through negative effects on the growth
and performance of native plants (Miller and Gorchov
2004; Hartman and McCarthy 2004) resulting in
reduced plant richness and evenness (Vila et al. 2011).
Such changes in plant richness and evenness alter the
quantity and quality of leaf litter inputs available to
detritivores and soil microbes (Liao et al. 2008;
Heberling and Fridley 2013; Jo et al. 2015). Leaf litter
chemistry is a key driver of decomposition rate and
invasive species have repeatedly been shown to
increase decomposition rate and nutrient cycling
(Ashton et al. 2005; Arthur et al. 2012; but see Jo
et al. 2016). While changes in ecosystem functions
after invasion have, in part, been attributed to changes
in litter quality and quantity, invasive plants may also
alter ecosystem functions by directly altering the
abiotic environment including soil pH, chemistry, and
moisture (Ehrenfeld et al. 2001; Heneghan et al. 2006;
Iannone et al. 2015) or indirectly by altering the
decomposer community (Strickland et al. 2009;
Arthur et al. 2012; Piper et al. 2015). The relative
importance of invaders’ impacts on litter chemistry
and quantity and the abiotic and biotic decomposition
environment is not well understood and seems to vary
by species (Liao et al. 2008).

Invasive lianas may have even greater potential for
altering ecosystem processes and nutrient cycling than
invasive shrubs and trees. Because lianas are structural
parasites, they invest more in leaves relative to stems
(Powers 2014) and lianas can make up to 40% of leaf
litter inputs in tropical forests (Tang et al. 2012). As
native liana diversity is relatively low in North
America (Leicht-Young and Pavlovic 2014), invasion
by non-native lianas has great potential to alter both
the quantity and quality of leaf litter inputs. In the most
comprehensive study of liana leaf characteristics to
date, lianas were found to have greater leaf nitrogen
(12%) and phosphorus (9%) than trees on a mass basis,
and 11-26% less defensive compounds such as lignin,
phenols, and tannins (Asner and Martin 2012). As
these traits are also known to be positively correlated
with decomposition rates (Cornwell et al. 2008), any
increase in the abundance of lianas has great potential
to alter ecosystems processes as well as soil physio-
chemical properties. Extensive studies of native and
non-native invasive lianas in Australia have indicated
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that leaves of invasive vines have lower construction
costs and C:N and higher nitrogen, potassium, and
phosphorus concentrations than native lianas, and
non-native lianas occur in soils with greater moisture,
nitrogen, phosphorus, and potassium (Osunkoya et al.
2010; Perrett et al. 2012). Most studies of the impacts
of invasive lianas in North America have focused on
distribution, competition, and response to disturbance
(Leicht-Young and Pavlovic 2014) although there is
increasing evidence that invasive lianas also alter soil
conditions in North America (Leicht-Young et al.
2009; Smith and Reynolds 2012; Leicht-Young et al.
2015).

FEuonymus fortunei (Turxz.) Hand-Maz [Celas-
traceae], herein wintercreeper, is a perennial ever-
green liana native to China and known to be an invader
in at least 11 states (Invasive Plant Atlas of the United
States 2013). Wintercreeper grows in diverse envi-
ronments from heavy-shade to full-sun, creating
dense, near-monoculture ground cover that shades
out natives (Hutchison 1992; Swearingen et al. 2010;
Mattingly et al. 2016). Wintercreeper offers a unique
case study of North American liana invasion as its
density suggests potential for high-volume leaf litter
inputs that may alter soil physio-chemical properties,
while its evergreen nature and ability to grow in deep-
shade suggest that it may possess leaf traits more
consistent with long leaf-life and highly defended,
low-quality litter (Reich et al. 1997; Cornwell et al.
2008). Few studies have examined plant—soil interac-
tions of wintercreeper; however, wintercreeper has
been found to grow better in soil conditioned by
conspecifics than by native species, while natives grew
better in soil conditioned by other species (Smith and
Reynolds 2012, 2015). Thus, wintercreeper’s unique
life history as an invasive evergreen liana along with
indicators that wintercreeper alters soil conditions to
its advantage make it a unique study system to
understand how invasive lianas may alter soil charac-
teristics, soil biota, and ecosystem processes.

Our study took place in the north-central Bluegrass
Physiographic Region of Kentucky. Most forests in
this region exhibit a binary of invasion: sites with
nearly 100% invasive cover and sites uninvaded by
wintercreeper. We located a 20-ha rural forest, ‘Scotts
Grove’ (Bloom et al. 2002), in which wintercreeper
invasion was patchy with some areas reaching close to
100% cover while other areas remain uninvaded. This
site allowed for an observational study of the



Plant Ecol (2017) 218:329-343

331

association of wintercreeper with soil characteristics,
decomposition and nitrogen loss from litter, and
bacterial community composition. We paired this
rural, patchily invaded forest with an urban forest
fragment with known history where wintercreeper had
formed a continuous layer and that has been experi-
mentally removed in specific sections. Preliminary
studies in the urban forest fragment suggested that
wintercreeper decomposed very quickly, on par with
invasive Lonicera maackii (unpublished data, Arthur
etal. 2012); in that preliminary study, however, we did
not have a functionally equivalent native liana. In the
current study, we sought to compare the decomposi-
tion of wintercreeper to that of a native deciduous
liana, Vitis vulpina (frost grape). We hypothesized
that: (H1) despite its evergreen life history, winter-
creeper litter would have higher litter quality and
faster decomposition rates than the native frost grape;
(H2) wintercreeper cover would be associated with
differences in soil physical, chemical, and biotic
environments relative to plots without cover; (H3)
decomposition rate would be faster under winter-
creeper cover compared to plots without cover due to
wintercreeper’s litter quality and reduced soil drying;
and (H4) due to different land-use and invasion
histories, associations of wintercreeper cover with
soil biotic and abiotic conditions and decomposition
rate would be site specific.

Methods

The study was conducted in two forested sites located
in the Bluegrass Physiographic Region of central
Kentucky, where soils are moderately to well-drained
silt loams of high pH underlain by Middle Ordovician
Lexington Limestone (Wharton and Barbour 1991).
The regional land use is a mix of agriculture and
urban/suburban development, with forest fragments
interspersed throughout.

The University of Kentucky Lexington-Fayette
Arboretum forest is a mixed eastern deciduous forest
remnant measuring 5.8 ha, in Fayette County, Ken-
tucky. The canopy is primarily composed of Celtis
occidentalis, Juglans nigra, Fraxinus americana, Acer
negundo, Prunus serotina, and Quercus macrocarpa
(Mattingly et al. 2016). In the decades preceding this
study, the site was managed with grazing and under-
story mowing, which ceased in 1980. Wintercreeper

was already present when mowing ceased, but the site
was then quickly invaded by a dense stand of Amur
honeysuckle. Honeysuckle removal in 2005 revealed a
dense cover of wintercreeper which had spread
throughout the understory. Since then it has been the
site of ongoing wintercreeper removal with removal
efforts used in this study completed by 2010. Plots at
the Arboretum without wintercreeper cover are “re-
moval” areas, with potential legacy effects of winter-
creeper on soil structure, chemistry, and bacterial
communities, and are referred to as “removal” plots.

The forest at Scott’s Grove, located in Jessamine
County, KY, is dominated by Acer saccharum, Carya
glabra, C. ovata, Fraxinus americana, F. quadrangu-
lata, Quercus alba, Q. muhlenbergii, Q. shumardii, Q.
velutina, and Ulmus rubra (J. Campbell, pers. comm.).
The site has been in private ownership and primarily
used for hunting for the past 50 years; aerial photos by
the USDA suggest that it has not been logged during
this time (Bloom et al. 2002). Wintercreeper began
invading Scotts Grove in the late 1990s and was well
established by 2004 (C. Baskin, pers. comm.). Win-
tercreeper invasion is variable and highly patchy;
hence, in this site we have true “uninvaded” plots.
These uninvaded plots typically occur in close prox-
imity to invaded locations (within 5 m) and do not
vary in slope or canopy composition and cover.

We examined the effect of wintercreeper cover on
the rate of decomposition of non-native and native
species of lianas (wintercreeper and frost grape), in
paired plots with and without ground cover of
wintercreeper. Removal/invaded plot pairs were
spread throughout the Arboretum woods, but paired
plots were no more than 3 m apart (see Supplemental
Materials Fig. 1). The area of wintercreeper removed
ranged from 3m x 3 m to 8§ m x 8§ m with all
samplings occurring in the center 1.5 m x 1.5 m.
Wintercreeper was removed from plots over the period
of 2005-2010 with winter application of glyphosate
used to remove wintercreeper in plots 1,4, and 5 and a
plastic tarp covering the ground for plots 2 and 3. We
collected senescent leaves at the Arboretum in the
winter of 2013 and fall of 2014. Leaves were deemed
senescent when an abscission line had formed and they
fell freely from the plant. Ten gram samples of air-
dried leaves were incubated in bags with mesh size of
1 mm?. Samples were placed in 10 plots (5 with
wintercreeper cover and 5 with wintercreeper
removed or uninvaded) at each study site. Samples
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were placed in an approximately 1.5 m x 1.5 m array
in each of the ten plots at the Arboretum site on
February 21, 2014 and Scott’s Grove samples were
placed on February 24, 2014 (+ = 0). Samples were
picked up after 4, 8, 12, 26, and 52 weeks and mass
and nutrients remaining were measured.

Five subsamples of initial leaf litter were analyzed
for total C and N using an Elementar vario MAX CNS
analyzer (Elementar, Germany). Carbon fractions
from 5 subsamples of initial litter of each species
were extracted with increasingly acidic solutions (van
Soest 1963) using an Ankom 220 Fiber Analyzer
(Ankom, Macadon, NY, USA). We also analyzed
initial concentrations of cations (Ca, Mg, and K) and
phosphorus (P) in leaf litter. Samples of 0.25 g were
ashed overnight at 500 °C, then acidified with 6 N
HNOj; and heated, filtered, and the eluent analyzed for
Ca, Mg, and K on a GBC Avanta atomic absorption
spectrophotometer (GBC Scientific Equipment,
Hampshire, IL). Samples were analyzed for P using
the malachite green micro-plate method (D’Angelo
et al. 2001).

Characterization of decomposition environment

We examined soil texture, moisture, percent carbon
and nitrogen, and carbon fractions in all plots. Soil
texture was determined using the micro-pipette
method (Miller and Miller 1987). Soil carbon fractions
were determined on soils collected at depths of 0-5
and 5-10 cm in late February and early March, 2015.
Soil carbon was extracted using cold water extraction
followed by hot-water extraction which represents
labile carbon using the methods of Ghani et al. (2003).
Total organic carbon in both cold- and hot-water
extractions was determined on a Shimadzu TOC-V
total organic carbon analyzer (model TOC-VCSN).
Total carbohydrate concentration for both extractions
was determined via phenol method without acid
hydrolysis (Ghani et al. 2003) followed by colorimet-
ric quantification. Acid hydrolysis of soil for 1 h under
15 psi was followed by colormetric quantification
(Lowe 1993). Easily extractable (labile) and total
glomalin were extracted using the Broadford assay
procedure (Wright and Upadhyaya 1998) and quanti-
fied colorimetrically. All colorimetric quantification
was performed on a Genesys 20 spectrophotometer
(Thermo Scientific). Total soil carbon and nitrogen of
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soils were determined using an Elementar vario MAX
CNS analyzer (Elementar, Germany). Soil moisture
samples for both 0-5 cm depth and 5-10 cm depth
were collected approximately bi-weekly from all plots
for the duration of the study. On the last pickup date
(February 14 at Scott’s Grove and March 11, 2015 at
the Arboretum), the height of wintercreeper cover
from the forest floor was measured at five points in
each invaded plot and averaged. The final pick up
dates were different at the two sites due to a large
snowstorm that arrived on February 15, 2015.

Soil bacterial community sequencing

We collected three 10-cm-depth soil cores at the
margins of each plot at the four-week collection date.
Cores were combined by plot and passed through a
2-mm sieve. Total DNA was extracted from 0.25 g of
soil from each sample using the PowerSoil DNA
Isolation Kit (MoBio, Carlsbad, CA). We followed the
manufacturer’s protocol with the exception of adding
60 pL of 50 mg/mL lysozyme and incubating at 37 °C
for 1 h prior to the first step of the manufacturer’s
protocol. We amplified the 16S rRNA gene using
barcoded primers designed for Illumina MiSeq (Ca-
poraso et al. 2012). Amplicons were sequenced using
250 x 250 paired-end sequencing with an Illumina
MiSeq at the Indiana University Center for Genomics
and Bioinformatics. Contig assembly, quality trim-
ming, alignment, and chimeric sequence removal were
completed with mothur v. 1.31.2 (Schloss et al. 2009)
using the methods of Muscarella et al. (2014). We
removed mitochondrial, archaeal, and eukaryotic
sequences by identifying them with the Ribosomal
Data Base Project’s 16S rRNA reference sequences
and taxonomy version 7 (Cole et al. 2009). We
clustered remaining sequences into operational taxo-
nomic units (OTUs) using nearest-neighbor distance
and 97% sequence similarity in mothur. Because not
all samples had equal sequencing coverage, we
subsampled 60,000 sequence observations from each
sample before estimating OTU richness and evenness.
After 1000 subsampling iterations, we calculated
average richness, Pielou’s evenness, and Shannon-
Wiener index for each sample. Richness and evenness
estimates were performed in R v. 3.1.0 (R Core Team
2015).
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Statistical analysis

To compare litter decay rates between species and
wintercreeper cover treatments, decomposition rate
constants (k) for each litter type were determined using
a negative exponential model:

In(X,) = In(Xo)—kt,

where X, equals the amount of mass left at time = £, X
is the initial mass of litter, and ¢ = time in years
(Olson 1963). Because the native cover plots at the
Arboretum and Scotts Grove represent removal and
uninvaded treatments, respectively, all analyses were
performed separately for each site. Differences in
initial litter chemistry of frost grape and wintercreeper
and wintercreeper cover depth between sites were
examined using a Student’s ¢ test. Bacterial richness
and evenness between cover (invaded and removal/
uninvaded) were examined with Student’s paired t-test
at each site. Differences in soil texture between cover
types within a site were compared with a paired
Wilcoxon sign test as the proportion of each soil
texture category which must, by definition, add up to
1.0. Differences in soil conditions among cover
(invaded, uninvaded/removal) and soil depth (0-5,
5-10 cm) were determined using two-way ANOVA.
When significant interaction effects were identified,
we followed up with a Tukey HSD to determine
differences among all groups. Soil moisture was
averaged by season and differences in soil moisture
were examined with a three-way blocked ANOVA
(cover, depth, and season). The effects of litter type
(wintercreeper/frost grape) and cover (invaded,
removal/uninvaded) on mass loss and nitrogen dynam-
ics of litter were examined with two-way blocked
ANOVA. Nitrogen dynamics in litter were examined
using a blocked three-way ANOVA (species, cover,
and time). To examine the response of soil bacterial
community composition to wintercreeper invasion or
removal, we used Principle Coordinates Analysis
(PCoA) on Bray-Curtis distance matrices of log-
transformed relativized OTU abundances. To deter-
mine if soil bacterial community composition varied
as a function of plant cover, we ran a PERMANOVA
with the adonis function in the ‘vegan’ package v. 2.3-
0 (Oksanen et al. 2015) of R. When differences
between bacterial communities of invaded and
removal/uninvaded plots were discovered, indicator
species analysis was used to determine which OTUs

were indicative of cover type with indval function in
the ‘labdsv’ package (Roberts 2015). All statistical
analyses were performed in R v. 3.1.0 (R Core Team
2015) except for analyses of differences in litter cation
and phosphorus concentrations which were analyzed
with JMP v. 10.0 (SAS Institute 2012).

Results
Litter chemistry and decomposition

Wintercreeper had generally higher litter quality than
frost grape. Wintercreeper had higher initial %carbon,
(t=3.79, p<0.001) and %nitrogen (t = 23.3,
p < 0.001) than frost grape, and lower C:N (¢t = 18,
p < 0.001, Table 1). Frost grape had greater initial
calcium (¢t =9.04, p <0.001) and magnesium
(t = 3.07, p < 0.01), while wintercreeper had higher
potassium (r = 12.5, p < 0.001, Table 1). Species did
not differ in initial phosphorus (¢ = 0.06, p > 0.05).
There were no differences between species in the most
labile carbon fractions, but frost grape had a greater
proportion of hemicellulose (r = 3.27, p < 0.01) and
lignin (¢ = 10.2, p < 0.001), while wintercreeper had
a greater proportion of cellulose (r = 9.9, p < 0.001,
Table 1).

Wintercreeper decomposed faster than frost grape
at the Arboretum (F; ;,: 7.25, p = 0.02) with 50% of
its mass lost in 37 days, while it took 49 days for frost
grape to lose 50% of its mass (Table 2) and decom-
position was 1.5x faster in invaded than removal cover
plots (Fy2: 14.7, p = 0.002, Fig. 1a). At Scotts
Grove, although wintercreeper lost 50% of its mass
in 81 days and frost grape took 103 days (Fig. 1b) and
initial mass remaining was lower for wintercreeper
than frost grape for times 1-4 (F range 5.5-924,
p < 0.05), by the end of the study there were no
differences in decomposition rate constants as a
function of litter species (Fy . 2.44, p > 0.1,
Table 2). There was no difference in decomposition
rate as a function of vegetation cover at Scotts Grove
(Fl,12: 081,[) > 01)

Nitrogen concentrations in litter increased through
time (F4s6: 20.5, p < 0.001) at the Arboretum with
frost grape (F; s¢: 386, p < 0.001) and invaded plots
(F156: 10.5, p = 0.002) having the highest nitrogen
concentrations (Fig. 2a). There was limited immobi-
lization of nitrogen in frost grape (species x time Fy s¢:
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Table 1 Initial litter chemistry characteristics (mean & SE)

% AS YLignin

oW S

%NPE

Mg

Ca

%Nitrogen C:N

% Carbon

Species

7.81 +
0.07

13.72 £

0.29

12.65 £
0.29

13.27% £ 0.16 2.74 £ 0.03 65.83 £ 0.41

20.59 £ 033 2.16 £ 0.03

20.7 £ 0.13

221% £
0.01

46.7% +

0.08

Wintercreeper

11.71% £
0.38

15.67* £  8.36 +
0.46

0.72

275+ 0.12 64.26 + 0.94

8.64 £ 0.33

29.8* £ 0.49 30.31* £ 1.02 2.34* £ 0.05

1.52 £
0.03

451 +

0.13

Frost grape

Carbon, nitrogen, and carbon fractions: non-polar (NPE—soluble cell contents), water-soluble (WS—hemicellulose and bound proteins), acid-soluble (AS—cellulose), and lignin

are reported as percent total mass. Calcium, magnesium, potassium, and phosphorus are reported as mg/g. Asterisks denote significantly greater values (p < 0.05)

Table 2 Decomposition rate constant (k, year ') of species
decomposed in invaded and removal/uninvaded cover plots at
the Arboretum and Scotts Grove

Site Cover Frost grape Wintercreeper

—591 + 046> —7.86 + 0.33°
Removal —4.35 4 0.30° —6.00 + 0.31°
—2.10 + 048 —3.07 £ 0.75
Uninvaded —2.81 £+ 042 —3.17 + 0.64

Arboretum Invaded

Scotts grove  Invaded

Different letters within a site signify differences in
decomposition rates within a site by Tukey HSD

120
8’ a Arboretum
f= 100
g 80 - —O—— FG (Removal)
&) — #% — FG (Invaded)
w60 —<—— WC (Removal)
17,1 — 4 —  WC (Invaded)
®
S 40
S 201
£
* 0 ¥ /mTT
100 b Scotts Grove
87 ——0O—— FG (Uninvaded)
= 80 - — % — FG (Invaded)
‘© A —O——  WC (Uninvaded)
E 60 - . — ¢— WC (Invaded)
14
=

§ 40 + = _
§ s ~ -~
> 20

O 4

0 100 200 300 400
Time (days)

Fig. 1 Percent initial mass remaining litter incubated in
invaded plots (closed symbols) or removal/uninvaded plots
(open symbols). Lines show negative decay for wintercreeper
(diamonds) and frost grape (squares) in the two decomposition
environments. a Arboretum. b Scotts Grove. Error bars show
+SE

16.5, p < 0.001) decomposing in invaded cover plots
(species x cover Fj s¢: 4.49, p = 0.04, Fig. 2b), with
initial nitrogen remaining generally declining through
time (F4s6: 40.6, p <0.001). Similarly at Scotts
Grove, nitrogen concentration increased through time
(Fig. 2c, F4 79: 47.0, p < 0.001), with higher nitrogen
concentrations under invaded cover (Fj7o: 20.7,
p <0.001). Differences between invaded and



Plant Ecol (2017) 218:329-343 335
Fig. 2 Nitrogen dynamics Arboretum Scotts Grove
of litter incubated in invaded
(closed symbols) and 351 4a c - —+
removal/uninvaded plots —

3.0 4

(open symbols). Nitrogen
dynamics of wintercreeper
(diamonds), frost grape

N Concentration (%)

25 ﬁ\\
*~ _—

FG (Uninvaded
FG (Invaded)

—o——  WC (Uninvaded)
WC (Invaded)

(squares), at the Arboretum 2.0 - o
(a and b) and Scotts Grove B e

(c and d). Panels a and 1.5 H’/'E/D’
c represent N concentration

of litter. Panels b and 1.0

d represent N mass 120 1 b

remaining (percent of initial P

litter N remaining). Error
bars show £+SE

% Initial N Remaining
[2]
o

100 | #<_- p
80 | F\QEK:}%%
] \ ii O

40 \ T
20{ —o— FG (Removal) B
— —= —  FG (Invaded) I—
01 —o—— WC (Removal)
— & —  WC( Invaded)
20 : ‘ —— ‘ . . :
0 50 150 200 0 50 100 150 200
Time (days) Time (days)
uninvaded cover increased with time (cover x time 60 a
interaction F, 7o: 4.00, p = 0.005). There was some
immobilization of nitrogen in frost grape samples 50 A
(species x time F4 7¢: 18.5, p < 0.001) with greater o
initial nitrogen remaining in invaded cover plots E 40 |
(Fi70: 12.1, p < 0.001). Cation and phosphorus 3
dynamics showed similar patterns to nitrogen dynam- i
. . . S 30
ics (Supplemental Materials, Figs. 2, 3, 4, and 5). e Invaded (0-5 cm)
O Removal (0-5cm)
Decomposition environment 20 - B Invaded (5-10 cm)
O Removal (5-10 cm)
. . . . ® Invaded (0-5
Soil moisture varied with depth, cover, and season at 60 { b o l.rl]r\:;v:\déd (o‘fg::)m)
both sites (Fig. 3, Table 3). At the Arboretum, soil ®  Invaded (5-10 cm)
moisture was higher in the top 5 cm and these ° 50 1 0 Uninvaded (5-10cm
differences were greatest in spring and winter (signif- =
icant depth x season interaction, Table 3). Invaded -g 40 1
plots at the Arboretum had slightly higher soil 20 30
. . . . S 1
moisture than removal plots (Fig. 3a). Soil moisture °
at Scotts Grove was also highest in the top 5 cm 20 |
(Fig. 3b), with differences between depths greatest in
spring and winter (Table 3). Soil moisture content was 10

16% greater in invaded plots than uninvaded plots at
Scotts Grove in the spring. Soils in the Arboretum
were classified as having ‘silt’ texture, whereas those
at Scott’s Grove, where there was higher percent sand
and lower percent clay, were classified as silt-loam,
clay-loam, and silty-clay-loam (Table 4). Soil texture

Spring Summer  Fall Winter

Season
Fig. 3 Mean percent soil moisture £+ SE at 0-5 cm (circles)
and 5-10 cm (squares) depths across time at a Arboretum

invaded (filled) and removal (open) plots and b Scotts Grove
invaded (filled) and uninvaded (open) plots
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Table .3 ANC_)VA .table for Effect df Arboretum Scotts grove

analysis of soil moisture by

cover, depth, and season at F value p value F value p value

the Arboretum and Scotts

Grove Block 4 6.9 <0.001 0.65 0.63
Cover 1 5.7 0.02 106 <0.0001
Depth 1 201 <0.0001 48.2 <0.0001
Season 3 97.7 <0.0001 28.4 <0.0001
Cover x depth 1 3.8 0.05 2.48 0.12
Cover x season 3 0.43 0.73 0.93 0.43
Depth x season 3 7.37 0.0003 5.59 0.002
Cover x depth x season 3 0.50 0.71 2.64 0.06
Residuals 60

did not vary between treatments within site. Winter-
creeper groundcover depth was significantly greater at
the Arboretum (18.6 £ 0.3 cm) than at Scott’s Grove
(13.0 £ 1.2,r =4.48, p <0.01).

Soil carbon and nitrogen concentrations also varied
according to vegetation cover and depth, in ways that
differed between the two sites (Table 5). At Scotts
Grove, soil nitrogen levels were 1.8x (0-5 cm) to 3.5x
(5-10 cm) higher in invaded plots than non-invaded
plots (F; 12: 57.3, p < 0.001). Total soil %C (Fy 12,
459, p < 0.001) and labile glomalin (F;;:, 22.6,
p < 0.001) were 1.6x and 2.3x greater in invaded plots
at 0-5cm and 2.7x and 4.6x greater at 5-10 cm,
respectively. Labile polysaccharides (F;;: 7.53,
p = 0.02) and total glomalin (F; ;;: 7.82, p < 0.001)
levels at the 5-10 cm depth were 2x those of non-
invaded plots although there were no differences at the
most shallow depth. Unlike Scotts Grove, soil vari-
ables examined did not vary between invaded and
removal plots at the Arboretum (p > 0.05, Table 5).
Both sites saw a decrease in several soil abiotic
characteristics with depth. At Scotts Grove, %C (F; 12:
28.5, p <0.001), %N (F,12: 20.2, p < 0.001), and
hot-extracted carbohydrates (F; ;,: 33.6, p < 0.001),
hot-extracted DOC (Fy j,: 8.25, p = 0.02), labile

polysaccharides (F;1;: 32.5, p < 0.001), labile glo-
malin (F;;;: 10.1, p = 0.008), and total glomalin
(Fi11: 33.6, p<0.001) decreased with depth
(Table 5). At the Arboretum, %C (F;o: 42.1,
p < 0.001), %N (F; 15: 35.3, p < 0.001), hot-extracted
carbohydrates (F; 1 11.7, p < 0.001), hot-extracted
DOC (Fy 12: 5.06, p = 0.04), labile polysaccharides
(Fy.12: 21.4, p < 0.001), labile glomalin (Fy 15: 15.5,
p = 0.002), and total glomalin (F; 15: 29.3, p < 0.001)
all decreased with depth.

Bacterial community composition

A total of 31,931 OTUs were classified at the 97%
similarity level. There were no differences in taxa
richness or evenness (Table 6) between cover types
within a site. After removal of zero sum OTUs,
bacterial community composition was examined on
the relative abundance of remaining OTUs (Arbore-
tum: 21,730, Scotts Grove: 22,413). At the Arboretum,
bacterial communities tended to be most similar
among spatially paired plots (Fig. 4a), and pH was
negatively and positively correlated with PCoA Axes
1 and 2, respectively. There was no difference in the
composition of the bacterial communities between

Table 4 Mean + SE Site Treatment Soil texture

percent soil textural

components for plots with % Sand %Silt %Clay

and without wintercreeper

cover at both sites Arboretum Invaded 11.6 + 0.41 80.6 + 0.77 7.8 £ 0.62
Arboretum Removal 12.9 £+ 0.67 79.5 £ 1.1 7.6 + 0.76
Scott’s Grove Invaded 20.8 £ 2.6 572 £ 4.1 22.0 £ 2.1
Scott’s Grove Uninvaded 254 + 5.8 559 + 4.8 18.7 £ 3.1
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Table 6 Estimates of OTU richness, Pielou’s evenness, and Shannon—Wiener diversity index (mean + S.E.) after 10,000 iterations

of subsampling for each site and vegetation cover

Richness Pielou’s evenness Shannon—-Wiener
Arboretum invaded 4861 + 165 0.768 £+ 0.0037 6.52 + 0.06
Arboretum removal 4726 + 195 0.761 £+ 0.0033 6.44 + 0.05
Scotts grove invaded 4418 £ 159 0.762 £ 0.0026 6.39 £ 0.05
Scotts grove uninvaded 4511 + 571 0.755 £ 0.018 6.34 + 0.23

There were no significant effects of plot cover type within site
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Fig. 4 Principle Coordinates Analysis of relative abundance of
OTUs at a the Arboretum and b Scotts Grove. Filled symbols
(invaded plots); open symbols (removal/uninvaded plots).
Spatially paired plots have the same number, while N indicates
removal/uninvaded plots and WC indicated wintercreeper-
invaded plots. Vectors represent the strength and direction of
correlation (p < 0.05) between soil abiotic characteristics
(A = 0-5 cm depth, B = 5-10 cm depth) and PCoA axes.
Percentages on each axis represent percent of variation in the
distance matrix described by that axis

literature on herbivory pressure on wintercreeper in its
introduced range. Consistent with our hypothesis and
with the two species’ litter quality, wintercreeper did
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decompose more rapidly than the native frost grape in
early decomposition at Scotts Grove and throughout
decomposition at the Arboretum. These differences
were likely due to the lower C:N, hemicellulose, and
lignin found in wintercreeper compared to frost grape.

We also hypothesized (H2) that wintercreeper-
covered plots would be associated with higher nutri-
ent- and carbon levels in the soil as well as a unique
bacterial community. We only found differences in
decomposition environment between invaded and
uninvaded plots at Scotts Grove where wintercreeper
presence was associated with higher soil moisture
content, soil carbon and nitrogen, and labile polysac-
charides and glomalin. The higher sand content of
Scotts Grove soils may be responsible for the greater
variability in soil moisture and greater differences in
soil moisture in relation to vegetation cover. Many
invasive plants have been shown to increase nutrients
and nutrient cycling due to high-quality litter (Ehren-
feld et al. 2001; Ashton et al. 2005; Arthur et al. 2012).
Invasive lianas, in particular, have great potential for
altering soil nutrients as they exhibit fast-growth life
history traits such as high photosynthetic rate (Leicht-
Young and Pavlovic 2014) that are correlated with
high litter quality traits (Cornelissen and Thompson
1997). Celastrus orbiculatus (oriental bittersweet),
also a liana in the Celastraceae family, increased soil
nutrient level and nitrogen mineralization (Leicht-
Young et al. 2009). Both Celastrus and wintercreeper
may be changing soil conditions due to their relatively
high leaf N and low C:N content (Leicht-Young et al.
2009, Table 6). The litter may be influencing soil
conditions either via litter inputs and their decompo-
sition or via leaching of minerals and soluble carbon
compounds from the living wintercreeper mat (Levia
and Frost 2003). Higher soil carbon levels found in
invaded plots, particularly labile glomalin, are likely
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Table 7 Phylum membership of 491 OTUs determined to be indicator species of either invaded or uninvaded cover plots at Scotts

Grove

Phylum Ecological Correlates Total Invaded Uninvaded
Acidobacteria Low C mineralization, pH 0.179 0.165 0.196
Actinobacteria Higher pH 0.151 0.210 0.078
Armatimonadetes 0.010 0.004 0.018
Bacteroidetes High C mineralization 0.059 0.051 0.068
Chlamydiae 0.004 0.003 0.005
Chloroflexi 0.010 0.015 0.005
Firmicutes 0.008 0.015 0
Gemmatimonadetes 0.016 0.018 0.0137
Nitrospira Nitrate oxidizers 0.008 0.015 0
Planctomycetes 0.124 0.092 0.164
Proteobacteria High C mineralization, rhizosphere 0.346 0.327 0.370
Verrucomicrobia Possible low C soils, methanotroph 0.084 0.085 0.082

“Total” indicates proportion of taxa belonging to that phylum for all 491 indicator OTUs; “Invaded” and “Uninvaded” indicate the
proportion of indicator taxa within that cover type for each phylum. Ecological correlates of abundance of bacterial phyla are

provided where known (Fierer et al. 2007; Bergmann et al. 2011)

derived from root production and leachates. Higher
soil C and labile carbon compounds may serve as a
resource for the soil microbial community.

The composition of the soil bacterial community in
invaded areas was significantly different from bacte-
rial communities in uninvaded areas of Scotts Grove
although richness did not vary. Invasive plants have
frequently been found to alter microbial communities
(Arthur et al. 2012; Lin et al. 2014; Piper et al. 2015).
We found that bacterial communities were more
similar to each other among invaded plots than
communities in uninvaded plots were to one another.
Piper et al. (2015) similarly found that as the percent
cover of invasive smooth brome (Bromus inermis)
increased, bacterial communities became more simi-
lar. In the smooth brome bacterial communities, this
similarity in bacterial communities was driven by an
increase in rare bacterial species and an overall
increase in species richness (Piper et al. 2015). We
did not observe differences in species richness or
evenness. Instead, it seems most likely that winter-
creeper altered the abundance of common bacteria
rather than increasing rare species. While the plurality
of indicator species for both invaded and uninvaded
plots was Proteobacteria, Actinobacteria were the 2nd
most represented phyla in invaded plots, while Aci-
dobacteria were the 2nd most represented phyla in

uninvaded plots. As Actinobacteria are considered to
be copiotrophic and Acidobacteria oligotrophic
(Fierer et al. 2012), it appears that the higher level of
labile carbon compounds and nitrogen associated
with wintercreeper invasion is favoring a more
copiotrophic  bacterial community. Copiotrophic
bacteria in the soil have been hypothesized to have
high growth rates, brief lags to substrate additions,
high maintenance requirements, and low C:N and
C:P ratios (Fierer et al. 2007). Such a bacterial
community may translate to faster decomposition
and nutrient cycling rates but may also result in
greater competition between plants and bacteria for
soil nutrients. Although we did not examine fungi in
this study, the higher levels of glomalin in winter-
creeper-invaded areas suggest higher biomass of
mycorrhizal fungi and levels of exudates. The
combination of a shift in the bacterial community
and a possible increase in mycorrhizal fungi with
wintercreeper may, in part, explain the positive soil-
feedback on wintercreeper growth that Smith and
Reynolds (2015) found. Although Smith and Rey-
nolds (2015) did not explicitly examine mycor-
rhizae, mycorrhizae are known to be agents of both
positive feedback on invasive plants and negative
feedback on native plants (Bever 2002; Bray et al.
2003; Reinhart and Callaway 2006).
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We hypothesized (H3) that differences in decom-
position environment where wintercreeper was pre-
sent would result in faster decomposition of all species
under wintercreeper mat. The presence of winter-
creeper in a plot increased decomposition of litter only
at the Arboretum. Interestingly, while there were
changes in the biotic and abiotic soil environment with
invasion at Scotts Grove, there was no wintercreeper
cover effect on decomposition, whereas at the Arbore-
tum there were no soil effects, but decomposition was
faster under the wintercreeper mat. The wintercreeper
mat at the Arboretum was deeper than at Scotts Grove.
The thicker mat at the Arboretum may have main-
tained a moister environment with more constant
temperature between the soil surface and the mat,
particularly during winter months, that would increase
decomposition rate (Swift et al. 1979; Couteaux et al.
1995). The association of higher decomposition rate
with thicker wintercreeper mats also has management
implications as it suggests that targeting the thickest,
deepest wintercreeper mats would reduce changes in
decomposition rates in invaded forests.

Finally, we hypothesized (H4) that differences in
the sites’ land-use histories would result in site-
specific differences in the association of wintercreeper
with the response variables examined. Because our
removal and uninvaded plots were nested within sites,
we are unable to separate site effects from legacy
effects. In general, we found differences between
wintercreeper-invaded and uninvaded plots at Scotts
Grove in soil abiotic and biotic conditions but not at
the Arboretum, whereas we only found differences in
decomposition rate as a function of wintercreeper
cover at the Arboretum. These site-specific differences
in soils may suggest a possible legacy effect of
wintercreeper invasion on soil biotic and abiotic
conditions at the Arboretum. At the Arboretum, C,
N, and labile polysaccharides and glomalin levels did
not vary between invaded and removal plots and levels
were intermediate between invaded and uninvaded
areas of Scotts Grove. It is possible that C, N,
polysaccharides, and glomalin levels were increased
with invasion as was seen at Scotts Grove, but have not
returned to pre-invasion levels since wintercreeper
removal at the Arboretum. As with most approaches to
invasion control, wintercreeper removal was achieved
by removing and killing the aboveground biomass.
Previous work manipulating above- and belowground
biomass has found that belowground biomass has a
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larger impact on long-term soil legacies (Holub et al.
2005; Keith et al. 2009; Elgersma et al. 2011). We also
found that bacterial communities did not differ
between invaded and removal plots within the Arbore-
tum. This joins a growing body of literature that
suggests removal of invaders or short-term modifica-
tion of litter inputs does not restore microbial
communities (Elgersma et al. 2011; Kulmatiski and
Beard 2011; Lankau et al. 2014; but see Carey et al.
2015). In the case of wintercreeper, a microbial legacy
after removal is particularly concerning as winter-
creeper is known to benefit from positive feedback via
wintercreeper-conditioned soil (Smith and Reynolds
2012, 2015).

Our data were generated from a natural invasion
with experimental removal, and thus, it is difficult to
eliminate the alternative hypothesis that wintercreeper
does not change decomposition environment and rate;
rather, it preferentially grows in such soil conditions.
Wintercreeper has previously been found to alter the
soil environment in Indiana forests (Swedo et al.
2008); thus, our findings confirm those results. Addi-
tionally, once established, wintercreeper expands to
cover most of the forest floor except for seasonally
flooded areas (pers. obs.) which do not exist in either
of our sites suggesting wintercreeper has not yet
reached the uninvaded areas of Scotts Grove. It is also
possible that the legacy effects that we observed at the
Arboretum are not legacy of wintercreeper presence,
but previous land-use history. While we cannot
eliminate this alternative hypothesis, our data do
suggest wintercreeper has the potential to create
legacy effects. Carbon, nitrogen, and labile glomalin
levels in both invaded and removed plots at the
Arboretum have values between those in invaded and
uninvaded plots at Scotts Grove. This may indicate
that carbon, nitrogen, and labile glomalin increased
with wintercreeper and have not returned to pre-
invasion levels.

Conclusions

Our study shows wintercreeper invasion is associated
with altered soil and ecosystem processes. Resources
for soil microbes are higher where wintercreeper is
present and bacterial communities are composed of
members with more copiotrophic life histories. Our
finding of increased glomalin in wintercreeper-
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invaded plots requires additional direct study of the
response of mycorrhizal fungi to wintercreeper inva-
sion. Although our study suggests there is a potential
for a legacy effect of wintercreeper after removal,
more manipulative approaches are needed to deter-
mine the extent of legacy effects. Together with work
by Smith and Reynolds (2012, 2015), our research
suggests that wintercreeper modifies free-living bac-
terial communities and potentially mycorrhizal fungi
to the benefit of wintercreeper. This benefit may last
beyond the removal of wintercreeper, impeding
restoration of native plant communities.
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