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Amending Soil with Mulched European
Buckthorn (Rhamnus cathartica)
Does Not Reduce Reinvasion
Basil V. Iannone III, Lauren G. Umek, Liam Heneghan and David H. Wise
ABSTRACT
We conducted a three-year field experiment to determine if amending soils with mulched European buckthorn (Rhamnus
cathartica) can limit reinvasion, and whether two methods of incorporation—tilling or surface application—produce similar
results. Mulch (a high carbon:nitrogen [C:N] material) may reduce reinvasion by stimulating soil microbial immobilization
of N. Converting the woody waste generated during buckthorn removal into mulch would also eliminate both the need
to remove this waste from restoration sites and the expense of acquiring amendments from elsewhere. We found that
adding buckthorn mulch to soils, whether tilled or not, did not decrease either buckthorn reinvasion or soil N availability.
The mechanical disturbance of tilling, however, caused a large, prolonged reduction in reinvasion by killing a previously
unrecognized but major contributor to reinvasion—small buckthorn individuals (most < 5 cm tall) that were undetected
during initial removal. Recruitment of new individuals occurred during the experiment, but recruitment rate decreased
rapidly over time, suggesting that buckthorn seeds are short-lived. Three major recommendations emerge: (1) buckthorn
mulch should not be used to limit reinvasion; (2) tilling can greatly reduce reinvasion by killing buckthorn individuals
that are undetected during initial removal; and (3) because buckthorn seeds appear to be short-lived, reinvasion can be
reduced by repeated, annual follow-up control of undetected and newly recruited individuals.
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I

nvasions by exotic shrubs into temperate regions of North America
are an increasing concern for conservation (Woods 1993, Catling
1997, Hutchinson and Vankat 1997,
Ehrenfeld et al. 2001, Mascaro and
Schnitzer 2007). While exotic shrubs
invade at much slower rates than herbaceous plant invaders (Martin et
al. 2009), many exotic shrub species
possess two common traits of aggressive plants: vegetative reproduction
(via stump resprouting) and prolific
seed production (Ingold and Craycraft 1983, Luken and Mattimiro
1991, Archibold et al. 1997, Silander
and Klepeis 1999). These traits likely
contribute to exotic shrub invasion
(Rejmánek and Richardson 1996,
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Rejmánek 2000) and reinvasion
(Runkle et al. 2005, Heneghan et al.
2009). Reinvasion via stump resprouting can be greatly reduced by applying herbicide to recently cut stumps
(Archibold et al. 1997, Hartman and
McCarthy 2004). Reinvasion from
remnant seed banks, however, can be
more challenging to control (Drayton and Primack 1999, Adams and
Galatowitsch 2006).
Invasions by aggressive plants,
including exotic shrubs, are often
associated with increases in available
soil nitrogen (N) (Dukes and Mooney
1999, Ehrenfeld et al. 2001, Cassidy
et al. 2004, Iannone 2013). If exotic
shrubs preferentially establish in soils
with high N availability (e.g. Iannone
2013), then decreasing this resource
after exotic-shrub removal may limit
reinvasion (Wedin and Tilman 1990).
High carbon:nitrogen (C:N) ratio soil
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amendments (e.g. mulch, sawdust,
and sucrose) can decrease soil N availability by stimulating soil microbial
immobilization of N and in doing so,
limit reinvasion by aggressive herbaceous plants (Alpert 2010, Perry et al.
2010). Whether or not such amendments limit reinvasion by slowergrowing exotic shrubs is unknown
(Alpert 2010). A practical option
might be to utilize the large amount of
woody waste produced during exotic
shrub removal as a source of high C:N
mulch. This would reduce the need
to remove the waste from restoration
sites, as well as reduce the expense
of acquiring another high C:N ratio
material from elsewhere.
While amending soils with mulch
may limit reinvasion via soil N immobilization, we also hypothesized that
tilling mulch into the soil may limit
reinvasion by burying the remnant

seed banks of exotic shrubs, thus
limiting seedling emergence. Tilling, however, may also disturb soils
or harm native seed banks or plants
that persisted during invasion. In
such situations, laying mulch on the
soil surface, rather than tilling it into
the soil, may still reduce reinvasion
by decreasing soil N (Zink and Allen
1998). Determining how mulching
reduces reinvasion (soil N immobilization vs. seed bank burial), and whether
or not mulch needs to be tilled into
the soil to do so, will assist in developing effective post-shrub removal
restoration strategies.
We investigated whether amending
soils with mulched European buckthorn (Rhamnus cathartica; hereafter buckthorn) can limit buckthorn
reinvasion. Buckthorn, which invades
both shaded and well-lit environments throughout much of North
America (Kurylo et al. 2007), forms
dense thickets, becoming a dominant
component of the plant communities
where it establishes (Catling 1997,
Mascaro and Schnitzer 2007). After
being removed, buckthorn reinvades
via stump resprouting and potentially
via its dense seed bank (Archibold et
al. 1997). Soil mulch amendments
may decrease buckthorn reinvasion
as buckthorn preferentially establishes
in high-ammonium (NH4+-N) soils
(Iannone 2013). The objectives of
this study were to determine: 1) if
amending soils with buckthorn mulch
reduces buckthorn reinvasion; 2) if
buckthorn mulch needs to be tilled
into the soil to cause this reduction;
3) if amending soils with buckthorn
mulch decreases soil N availability;
and 4) if tilling buries the remnant
buckthorn seed bank. Objectives 3
and 4 will determine how mulching with buckthorn reduces reinvasion. This investigation may also help
understand how soil N availability
affects buckthorn establishment.

Methods
Study Site
The study site was located approximately 46 km NNW of downtown
Chicago on a 3-ha parcel of land
managed by the Mettawa Openlands
Association in Mettawa, IL, USA
(42° 14' 29" N, 87° 54' 23" W). The
property is a former horse pasture that
became invaded by buckthorn after
horses were removed ca. 1990. In an
effort to restore native prairie, the
dense buckthorn thicket was cleared
in 2007. During clearing, an approximately 0.3-ha portion of the land was
divided into forty-five 52-m2 hexagonal plots that were used to investigate
post-buckthorn removal restoration
strategies. The study reported here
was conducted in five of these plots
(hereafter “blocks”) where buckthorn
was left standing. The soil in these
blocks is a Nappanee silt loam (Aeric
Epiaqualfs) (U.S. Department of
Agriculture [USDA] 2012).
Study Design and Establishment
In the winter of 2008/2009, we
divided each block into four 13-m2
plots, and then removed and weighed
the aboveground buckthorn from all
plots. Analysis using linear mixedeffects (LME) models revealed that
initial biomass did not differ significantly among plots ( p ≥ 0.21; range =
43 to 357 kg/plot). To determine treatment effects on buckthorn resprouting, we did not apply herbicide to
buckthorn stumps as is typically done.
All plots within each block were randomly assigned one of two levels of
mulching (“mulch” or “no mulch”)
and tilling (“till” or “no till”), creating
a 2 × 2 randomized-block design with
5 replications (N = 20; 4 plots/block).
We applied treatments on 25 and 27
March 2009. We mulched the buckthorn harvested from our plots into
approximately 0.5 m wide and 1–4 m
long strips using a Vermeer BC625A
brush chipper (Vermeer Corporation, Pella, IA, USA), and applied this
mulch to the mulch treatment at a rate
September 2013

of 60 kg/plot. This rate lies within the
range of rates used in prior investigations of soil C amendments (Morghan
and Seastedt 1999, Averett et al. 2004)
and was chosen after consulting a local
practitioner (Doug DeWitt, Tallgrass
Restoration, pers. comm.). The chemical composition of the mulch was
(mean ± SD): total C = 46.2 ± 1.0%;
total N = 0.7 ± 0.1%; C:N ratio =
72.2 ± 9.6; NH4+-N = 34.0 ± 11.0
μg/g-dry mulch; and NO3–-N = 3.8
± 2.4 μg/g-dry mulch. We tilled plots
in the tilling treatment using both a
Honda Mantis cultivator and a Honda
F220 tiller (Honda Motor Co., Inc;
Alpharetta, GA, USA), both of which
tilled to an approximate depth of 20
cm. We laid mulch evenly across the
surface of plots receiving mulch, but
no tilling. The experiment ran for
three growing seasons (2009–2011).
The chemical composition of
the buckthorn mulch was (mean ±
SD): total C = 46.2 ± 1.0%; total
N = 0.7 ± 0.1%; C:N ratio = 72.2
± 9.6; NH4+-N = 34.0 ± 11.0 μg/gdry mulch; and NO3–-N = 3.8 ± 2.4
μg/g-dry mulch. We determined total
C and N content on 44 3-mg dried,
ground subsamples of buckthorn
mulch using a CE Elantech Flash
2000 NC Soil Analyzer (CE Elantech
Inc., Lakewood, NJ, USA) (Sollins et
al. 1999). We extracted NH4+-N and
NO3–-N from four 0.5-g sub-samples
of moist, ground buckthorn mulch
using 80 mL 2M KCl and estimated
NH4+-N and NO3–-N concentrations
in these extracts colormetrically using
an EpochTM Microplate spectrophotometer (BioTek® Instruments, Inc.,
Highland Park, VT, USA) following methods described by Rhine et
al. (1998) and Doane and Horwath
(2003), respectively.
Quantifying Buckthorn
Reinvasion
Buckthorn density—Each time we
sampled buckthorn density, we did
so in three randomly placed 0.25 m2
subplots. Each year, starting at bud
break (when buckthorn leafed out;
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Figure 1. Buckthorn (Rhamnus cathartica)
(A) yearlings and (B) seedlings with distinct
cotyledons. Photograph B was taken by and
used with permission by Carl Strang.

first week of April in 2009 and 2010;
first week of May in 2011), we sampled buckthorn seedlings and yearlings
every four weeks for six consecutive
sampling periods. We define seedlings
and yearlings as buckthorn individuals
with and without cotyledons, respectively (Figure 1), and that therefore
established during, or prior to, the
growing season in which they were
sampled. We sampled resprouts every
4 weeks for five consecutive sampling
periods starting the first week of May
in 2009 and 2010. We then harvested
all resprouts (explained below). As
buckthorn sprouts from stumps and
not roots (Archibold et al. 1997), we
could differentiate resprouts from
yearlings and seedlings.
Buckthorn growth—We measured
resprout biomass per plot and per
stump, individual yearling biomass,
and root:shoot ratios of yearlings.
To limit effects of intraspecific competition on buckthorn yearling and
seedling establishment and growth,
we harvested all buckthorn resprouts
from all plots between 10 and 14 September 2010. At this time we counted
the buckthorn stumps in each plot. We
dried resprouts under constant lighting for 6 weeks on greenhouse benches
and weighed them. To prevent future
resprouting, we applied a 1:1 mixture
of water and glyphosate (N-( phosphonomethyl)glycine [Roundup; Monsanto Company, Saint Louis, MO,
USA]) to stumps. At the end of the
experiment (23 September 2011),
we harvested all yearlings (roots and
shoots) from three randomly placed
0.25 m2 subplots in each plot. We
rinsed soil from roots, separated roots
266
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from shoots, and dried each at 70° C
for 7 days before weighing.
Timing of reinvasion—We estimated
the timing of reinvasion (buckthorn
age structure) and the ratio of yearlings that established prior to, and
after, treatment application by counting growth rings on either all yearlings
harvested from each plot or a random
sub-sample of 120 yearlings when
their numbers were very high (range =
8 to 238 individuals). Using a LEICA
MZ12.5 dissecting microscope (Leica
Microsystems Inc., Buffalo Grove, IL,
USA), we counted growth rings on a
2 mm thick slice removed from the
base of each yearling stem. To facilitate slicing and growth-ring detection,
we soaked stems in tap water for ~8
hours.
Quantifying the
Proposed Mechanisms of
Reduced Reinvasion
Change in seed bank density—We estimated the change in seed bank density
at 0 cm to 5 cm and 5 cm to 10 cm soil
depths. To do so, we collected three
6 cm × 10 cm soil cores from three
random points in all plots prior to and
after treatment application (24 March
2009 and 4 April 2009, respectively),
divided these cores in half, shook soils
vigorously for 2 minutes in a mixture of sodium bicarbonate (baking
soda), sodium hexametaphosphate
(Calgon©), and magnesium sulfate
(Epsom salt), and decanted all buckthorn seeds that rose to the surface
(Malone 1967).
N availability—We measured
NH4+-N and NO3–-N in a 6 cm ×
10 cm soil core collected from the
center of each plot prior to treatment
application, and then every 8 weeks
starting at bud break (2 weeks after
treatment application) for four consecutive sampling periods during 2009
and 2010. In 2011, we collected soils
at bud break, 4 weeks later, and every
8 weeks for two more sampling periods. We stored soils at -20° C until
processed. We extracted NH4+-N and
NO3–-N from moist 4-g sub-samples
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using 20 mL of 2M KCL and then
measured NH4+-N and NO3–-N
concentrations in these extracts using
a Hach DR5000TM UV-Vis spectrophotometer (Hach Company,
Loveland, CO, USA) (Robertson et
al. 1999). We corrected readings for
relative water content (RWC) ( Jarrell
et al. 1999) and reported values on
a dry-weight basis (Robertson et al.
1999). Analysis using LME models
revealed that neither soil NH4+-N nor
NO3–-N differed significantly among
plots prior to treatment application
( p ≥ 0.14; range in NH4+-N = 2.7 to
10.1 mg/kg; range in NO3–-N = 4.9
to 13.2 mg/kg).
Statistical Analyses
We used univariate permutational
analysis of variance (PERMANOVA)
with Euclidean distances to analyze
seedling density as this data was nonnormal (Anderson 2001). We analyzed changes in seed bank density
and buckthorn age structure using
multivariate PERMANOVA with
Euclidean distances (Anderson 2001),
with changes in seed bank density for
each soil depth and the proportion of
individuals that established in a given
year as separate vectors. We estimated
p-values using 10,000 random permutations on the residuals of reduced
models (Anderson 2001). We analyzed
all other response variables using LME
models (Zuur et al. 2009).
Statistical models used to analyze
response variables that were measured
only once contained mulch, till, and
their interaction as fixed effects, and
block as a random effect. Statistical models used to analyze response
variables that were measured multiple times contained the additional
terms “year” and “sampling period”
and all possible interactions as fixed
effects, as well as plot nested within
block as a random effect. We added
stump count as a covariate for the
analysis of resprout biomass per plot.
To account for possible effects of intraspecific competition, we added final
yearling density (ln transformed) and

Table 1. Analysis of buckthorn density over time, including seedlings, yearlings, and resprouts. Numbers in parentheses are numerator degrees of freedom for the analysis of resprout density. p-values in bold type were statistically
significant at the 0.05 level.
Model Term
RWC
Stump Count
Initial Biomass
Mulch
Till
Sampling Period (SP)
Year (Yr)
Mulch x Till
Mulch x SP
Mulch x Yr
Till x SP
Till x Yr
SP x Yr
Mulch x Till x SP
Mulch x Till x Yr
Mulch x SP x Yr
Till x SP x Year
Mulch x Till x SP x Yr

df num
1
1
1
1
1
5 (4)
2 (1)
1
5 (4)
2 (1)
5 (4)
2 (1)
10 (4)
5 (4)
2 (1)
10 (4)
10 (4)
10 (4)

Seedlings
df denom
p
283
0.001
—
—
—
—
11
0.78
11
0.86
283
0.001
283
0.001
11
0.30
283
0.83
283
0.57
283
0.87
283
0.004
283
0.001
283
1.00
283
0.40
283
0.89
283
0.64
283
0.92

Yearlings*
df denom
p
271
0.42
—
—
—
—
12
0.73
12
0.004
271
0.003
271
< 0.0001
12
0.62
271
< 0.0001
271
< 0.0001
271
0.39
271
0.003
271
0.0006
271
0.02
271
0.05
271
0.0001
271
0.68
271
0.23

Resprouts**
df denom
p
143
0.88
143
0.004
143
0.40
10
0.07
10
0.13
143
0.006
143
0.15
10
0.14
143
0.88
143
0.007
143
0.07
143
0.07
143
0.002
143
0.45
143
0.10
143
0.07
143
0.65
143
0.27

* Values were sqrt-transformed.
** Values were sqrt-transformed, and the model allowed for heterogeneous variance in residuals across levels of tilling.

resprout biomass per plot as covariates
to the analyses of yearling biomass
and root:shoot ratios, and also added
final yearling density to the analysis
of age structure. We used Spearman
rank correlations to determine if RWC
and initial buckthorn biomass were
related to all response variables, and
if initial soil NH4+-N and NO3–-N
levels were related to soil NH4+-N and
NO3–-N levels during the study. If so,
we added these terms as covariates. We
transformed data and/or allowed for
heterogeneous variance across levels,
or ranges, of model terms if doing so
improved model residuals (see appropriate tables for details) (Zuur et al.
2009). We used PERMANOVA+
v 1.0.2 (Anderson et al. 2008) to conduct PERMANOVAs, and R v 2.14.1
(R Development Core Team 2011) to
conduct LME models and Spearman
rank correlations. We report all results
as mean ± SE.

Results
Buckthorn Reinvasion
The mechanical disturbance of tilling reduced reinvasion, while mulch,
regardless of whether it was tilled into
the soil, had no effect on reinvasion.
Buckthorn density—Each year we
did not detect seedlings until 4 to
8 weeks after yearling bud break
(between early May and early June).
Over the three years, overall seedling
density decreased by 91% (Table 1;
Figure 2). Mulching did not significantly affect seedling density (Table
1). Although mulching reduced
yearling densities by 71% (from 100
± 39 to 29 ± 13 yearlings/m2) and
61% (from 133 ± 60 to 52 ± 20 yearlings/m2) in the first two sampling
periods of 2009 (April and May),
respectively, this reduction did not
persist beyond this period (Table 1).
Mulching reduced resprout density
by 36% in 2009 (from 32.4 ± 4.1 to
20.8 ± 3.3 resprouts/m2), but not in
2010 (28.0 ± 2.3 resprouts/m2; Table
1). Tilling reduced seedling density
September 2013

by 39% in 2009, but not in 2010
and 2011 (Table 1; Figure 2). Tilling
reduced yearling density by 79–86%
over the three growing seasons, while
tilling mulch into the soil reduced
yearling density by an additional 9%
and 12% beyond tilling alone in 2009
and 2011, respectively (Table 1, Figure
3). Tilling did not significantly reduce
resprout density (Table 1).
Buckthorn growth—Buckthorn
yearling biomass was 82% lower when
mulch was tilled into the soil than
when it was laid across the soil surface
(Table 2; Figure 4). Pairwise comparisons between plots that were either
tilled, mulched, or both, and plots
that were neither tilled nor mulched
(i.e., comparisons most relevant to
management), however, revealed that
neither tilling nor mulching caused
this reduction (Figure 4). Nonetheless, yearling biomass was greatest in
plots where mulch was laid across the
soil surface (Figure 4). Neither tilling
nor mulching significantly affected
yearling root:shoot ratios (1.07 ± 0.05;
Table 2).
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Tilling, but not mulching, may
have reduced resprout biomass per
plot (Table 2). One tilled plot had
resprout biomass (9.4 kg/plot) that
was 34% greater than all other plots,
and 98% greater than all other tilled
plots. When this plot was removed
from the analysis, tilling reduced total
resprout biomass by 49% (from 4.2 ±
0.5 to 2.1 ± 0.5 kg/plot). There was
no significant effect of tilling on total
resprout biomass when this plot was
left in the analysis (3.5 ± 0.5 kg/plot;

Figure 3. The effects of mulch x till interaction on buckthorn yearling
density over time (p = 0.05). Black circles = non-mulched, non-tilled
plots. White circles = mulch-only plots. White triangles = till-only plots.
Black triangles = mulched, tilled plots. Tilling greatly reduced yearling
densities throughout the experiment, while tilling mulch into the soil
caused slightly more reduction than tilling alone in 2009 and 2011.
Mean ± SE.

Table 2). Neither tilling nor mulching significantly affected resprout
biomass per stump (0.06 ± 0.01 kg/
stump; Table 2). Despite resprouts
being much taller than yearlings (1 m
vs. < 15 cm, respectively), and being
abundant in all plots, resprout biomass did not affect yearling growth
(Table 2).
Timing of reinvasion (buckthorn age
structure)—Although seedling density

b

1.00
0.80

a,b

0.60

a

0.00

Mulch

No Mulch
Mulch

Figure 4. The effects of the mulch x till interaction on individual
yearling biomass (root plus shoot growth; p = 0.003). Permutational
pairwise comparisons revealed that yearlings growing in mulched plots
where mulch was tilled into the soil (black bars) were smaller than yearlings growing in mulched plots where mulch was laid on the soil surface (grey bars) (p = 0.003). Bars with different letters are significantly
different from one another. These treatment combinations, however,
did not differ significantly from all others (ps ≥ 0.13). Mean ± SE.
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decreased greatly and yearling density
changed little over time (Figures 2 and
3), buckthorn reinvaded throughout
the experiment (Figure 5). Buckthorn
reinvaded later in plots that were both
mulched and tilled than in plots that
were only tilled (Table 3; Figure 5).
The age structure of these treatment
combinations, however, did not differ
significantly from that of other treatment combinations (Figure 5). Neither tilling nor mulching affected the
ratio of yearlings that established prior
to, and after, treatment application
( proportion established before = 0.34
± 0.05; proportion established after =
0.66 ± 0.05) (Table 3).
Proposed Mechanisms for
Reducing Reinvasion

a,b

0.40
0.20

2011

Year

Figure 2. The effects of tilling on buckthorn seedling density over time
(p = 0.004). Tilled plots (black circles) had lower seedling densities than
non-tilled plots (white circles) in 2009, but not in subsequent years.
Overall seedling density decreased greatly over time. Mean ± SE.

1.20

2010

31.3

Change in buckthorn seed bank density—Seed bank densities in the 0 cm
to 5 cm and 5 cm to 10 cm soil depths
did not change in response to either
tilling or mulching (Table 3). However, seed bank densities were high and
heterogeneous across all plots (710 ±
100 and 110 ± 30 seeds/m2 in 0 cm to
5 cm and 5 cm to 10 cm soil depths,
respectively).

Table 2. Analysis of buckthorn growth: individual yearling biomass, root:shoot ratio, resprout biomass/plot, and
resprout biomass/stump. Final Yr Den = final density of yearlings at the end of the experiment and Final Resprout
= Resprout biomass harvested in 2010. p-values in bold type are statistically significant at the 0.05 level. p-values in
parentheses for resprout biomass/plot are for analysis without the one very high value described in the results.

Model Term
RWC
Stump Count
ln(Final Yr Den)
Final Resprout
Mulch
Till
Mulch x Till

Individual Yearling
Biomass*
df num df denom
p
1
9
0.38
1
—
—
1
9
0.05
1
9
0.75
1
9
0.37
1
9
0.005
1
9
0.006

Root:Shoot Ratio**

Resprout Biomass/Plot

df denom
—
—
10
10
10
10
10

df denom
—
11
—
—
11
11
11

p
—
—
0.03
0.21
0.12
0.61
0.09

p
—
0.42 (0.09)
—
—
0.96 (0.23)
0.20 (0.01)
0.99 (0.19)

Resprout Biomass/
Stump***
df denom
p
—
—
—
—
—
—
—
—
12
0.52
12
0.29
12
0.60

* Values were ln-transformed.
** Model allowed for heterogeneous variance in residuals across levels of till.
*** Values were ln-transformed, and model allowed for heterogeneous variance in residuals across both the range in ln(final yearling density) and levels of till.

Soil N availability—Tilling, but
not mulching, decreased soil N availability. Throughout the experiment,
tilling slightly decreased (15%) both
soil NH4+-N (from 12.1 ± 0.6 to 10.2
± 0.5 mg/kg) and NO3–-N (from 3.5
± 0.3 to 2.9 ± 0.3 mg/kg) (Table 4).
Mulch increased soil NH4+-N by 21%
in 2010, but did not significantly
affect soil NH4+-N in 2009 or 2011
(Table 4; Figure 6). Mulch did not
significantly affect soil NO3–-N (Table
4; Figure 6).

Discussion
Utility of Buckthorn Mulch
Our study revealed that amending
soils with buckthorn mulch by either
laying it on or tilling it into the soil
will not limit buckthorn reinvasion.
The mechanical disturbance of tilling, despite burying buckthorn seeds,
was what reduced reinvasion. Tilling

mulch into the soil reduced yearling
density only slightly beyond tilling
alone, further confirming this finding.
The brief, 8-week reduction in yearling
density caused by mulching was likely
due to mulch burying, rather than killing yearlings. Additionally, buckthorn
yearlings grew best in mulch-only
plots, suggesting that managers should
avoid surface application of mulch—a
practice common where buckthorn is
removed with heavy machinery (Doug
DeWitt, Tallgrass Restoration, pers.
comm.). The temporary reduction in
resprout density caused by mulching is
irrelevant to management as resprouts
were still abundant in mulched plots.
Finally, buckthorn mulch increased,
rather than decreased, soil N availability. These findings also emphasize
that studies examining the effects
on reinvasion of tilling a high C:N
ratio amendment into the soil need
to isolate the effects of tilling the

amendment into the soil from those
of the actual amendment.
Further Considerations for
Soil Mulch Amendments
The reasons why buckthorn mulch
increased, rather than decreased, soil
N availability are unclear. This increase
prevented us from determining the
relationship between soil N availability and buckthorn establishment. It
is unlikely that buckthorn’s NH4+-N
concentration increased soil NH4+-N,
as amendments with similar NH4+-N
concentrations do not have this effect
(Iannone et al. 2009). The C:N ratio
of buckthorn mulch (~72), although
low compared to that of other woody
tissues [e.g. pine = ~227; red oak =
~330 (Iannone et al. 2009)], is still
above the ratio required to immobilize N [~30–35 (Stevenson and Cole
1986)]. Nonetheless, applying more
mulch may have decreased available

Table 3. Analysis of buckthorn age structure (i.e., timing of reinvasion), ratio of yearlings that established prior to
and after treatment application (establishment ratio), and changes in seed bank density. p-values in bold type are
statistically significant at the 0.05 level.
Model Term
RWC
Initial Biomass
ln(Final Sap Den)
Mulch
Till
Mulch x Till

df num
1
1
1
1
1
1

Buckthorn Age Structure
df denom
p
—
—
—
—
11
0.06
11
0.19
11
0.40
11
0.03

Establishment Ratio*
df denom
p
10
0.08
—
—
10
0.05
10
0.77
10
0.78
10
0.87

Change in Seed Bank Density
df denom
p
—
—
11
0.94
—
—
11
0.49
11
0.53
11
0.55

*Model allowed for heterogeneous variance in residuals across levels of till.
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higher C:N ratios and/or higher surface area:volume ratios than buckthorn
mulch.

Figure 5. The effects of mulch x till interaction on timing of reinvasion (buckthorn age structure)
(p = 0.03). Values are the mean ± SE yearling density at the end of the experiment. Bars show
what proportion of those yearlings established in what year. NOTE: time goes backwards on the
horizontal-axis to convey yearling age, i.e., yearlings establishing in 2011 were younger than
those establishing in 2010 or earlier. Permutational pairwise comparisons revealed that till and
mulch-till treatments differed from one another (p = 0.04; denoted by asterisks). These treatment
combinations, however, did not differ significantly from all others (ps ≥ 0.23).

N (Blumenthal et al. 2003). As we
sampled soils 2 weeks after mulching and every 8 weeks thereafter, it
is unlikely that buckthorn mulch
caused a decrease in soil N that was
too brief to detect. Mulch’s low surface area:volume ratio, relative to other
high C:N ratio materials (e.g., sawdust or sucrose), may limit microbial
270
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access (Cornwell et al. 2009), thereby
decreasing N immobilization. Managers considering amending soils with
mulched exotic shrubs should first
measure the C:N ratio of the mulch to
evaluate its potential to decrease available soil N. Investigations into how
soil N availability affects exotic shrubs
should similarly use amendments with
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Implications for Control
We applied a tilling treatment to isolate the effects of tilling mulch into
the soil from those of mulching per
se, and not to evaluate its utility as a
control strategy. Nonetheless, understanding how tilling caused prolonged
reductions in reinvasion can help to
devise better control strategies. Tilling greatly reduced yearling density
8 weeks before the emergence of
buckthorn seedlings. After seedlings
emerged, yearling density changed
very little, suggesting that recruitment of new buckthorn during the
experiment was low and that buckthorn individuals establishing prior to
treatment application, i.e., that were
undetected during initial removal,
were the major source of reinvasion. If
so, killing undetected buckthorn individuals during the growing season following removal should greatly reduce
reinvasion.
Undetected individuals may play a
large role in many exotic shrub reinvasions. Managers are encouraged to
remove exotic shrubs in the winter
to limit disturbances to soil, native
plants, and native animals (Simoni
et al. 2012). However, winter snow
cover could easily hide small individuals, allowing them to trigger reinvasion (Moody and Mack 1988). For
example, most undetected buckthorn
yearlings in this experiment were
under 5 cm during the first growing
season. Additionally, exotic shrubs,
when being cleared, are typically large
(~4 m tall at our site). Given the effort
required to remove large shrubs with
loppers, hand saws, and chain saws,
it is easy to understand why much
smaller individuals go undetected.
Contrary to estimates of yearling
density, estimates of age structure
revealed that seedling establishment
occurred after treatment application.
Long-term reduction in buckthorn
reinvasion will therefore require
follow-up control of new recruits in

Table 4. Analysis of soil NH4+-N and soil NO3–-N over time. p-values in bold type are statistically significant at the
0.05 level.
NH4+-N*
Model Term
RWC
Initial NH4+-N
Mulch
Till
Sampling Period (SP)
Year (Yr)
Mulch x Till
Mulch x SP
Mulch x Yr
Till x SP
Till x Yr
SP x Yr
Mulch x Till x SP
Mulch x Till x Yr
Mulch x SP x Yr
Till x SP x Year
Mulch x Till x SP x Yr

df num
1
1
1
1
3
2
1
3
2
3
2
6
3
2
6
6
6

df denom
174
174
11
11
174
174
11
174
174
174
174
174
174
174
174
174
174

NO3–-N**
p
0.003
0.06
0.08
0.03
< 0.0001
< 0.0001
0.28
0.14
0.01
0.88
0.33
< 0.0001
0.62
0.48
0.06
0.81
0.71

df denom
175
—
12
12
175
175
12
175
175
175
175
175
175
175
175
175
175

p
0.30
—
0.96
0.03
< 0.0001
< 0.0001
0.62
0.50
0.63
0.46
0.88
< 0.0001
0.34
0.52
0.43
0.74
0.45

*Model allowed for heterogeneous variances across levels of both sampling period and year.
**Values were sqrt-transformed, and model allowed for heterogeneous variances across levels of both sampling period and year.

addition to elimination of initially
undetected individuals. Nonetheless,
the small change in yearling density
over time suggests that buckthorn
mortality and recruitment were occurring at similar rates. The rapid decline
in seedling density over time further
suggests that the seed bank was largely
depleted three years after initial control. This rapid depletion is plausible,
as exotic shrubs can persist in low-light
environments (Martin et al. 2009),
thus limiting their need for longterm seed dormancy (Grime 1977).
However, to test this hypothesis, seed
bank densities need to be measured
throughout future studies. Therefore,
so long as initially undetected individuals are removed, the number of
new recruits requiring follow-up control should remain low, and repeated
annual follow-up control starting in
the growing season following initial
removal may result in longer-term
reductions in reinvasion than typically
noted (Runkle et al. 2005, Heneghan
et al. 2009).
Herbicide may be more appropriate for repeated, annual follow-up
control than the often-recommended
prescribed fire (Packard and Mutel

Figure 6. The effects of mulch on soil NH4+-N or NO3–-N over time. Soil NO3–-N did not differ
significantly between mulched (black triangles) and non-mulched (white triangles) plots. Soil
NH4+-N was 21% higher in mulched (black circles) than non-mulched (white circles) plots in 2010,
but did not differ significantly between these treatments during any other growing season (p =
0.01). Mean ± SE.

1997), as herbicides can be applied
annually without delay. In contrast,
multi-year delays in burning can occur
while waiting either for fuel load (i.e.,
plant litter) to build up ( particularly
September 2013

in light-limited woodlands), or for
suitable weather. Managers should
also continue to apply herbicide to
stumps in order to reduce resprouting (Archibold et al. 1997, Hartman
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and McCarthy 2004), since neither
tilling nor mulching reduced resprouting enough to be an effective control
strategy.
Finally, the prolonged reduction in
reinvasion caused by tilling revealed
that managers should consider using
tilling as a control strategy. While
tilling may not be feasible in woodlands and may disrupt extant native
seed banks and native plants, it could
easily be applied without concern
in open and degraded sites with no
or few native seeds or native plants,
although alternative tilling methods
than we used will be required for larger
restoration projects.
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