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ABSTRACT
Among the most important and visible weeds in the Southeastern
USA is the exotic invasive vine, kudzu (Pueraria montana var.
lobata). Efforts to eradicate it typically involve many years of
application of restricted-use pesticides. Recent availability of
effective, non-restricted-use pesticides and developments with the
application of the bioherbicide Myrothecium verrucaria has made
possible new control programmes for kudzu management. Field
trials at three sites over two years with aminocyclopyrachlor,
aminopyralid, fluroxypyr, metsulfuron methyl and combinations of
these herbicides achieved 99–100% reduction in aboveground
kudzu biomass. Additionally, programmes were developed that
eradicated kudzu while simultaneously establishing native
vegetation. One of these successful programmes integrated
bioherbicide application, mechanical removal of kudzu biomass
and planting switchgrass (Panicum virgatum) in an entirely
chemical herbicide-free system. These field tests demonstrate a
variety of methods that can be used independently or in an
integrated approach for rapid kudzu eradication.
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Introduction

A series of deliberate introductions of kudzu (Pueraria montana var. lobata) throughout
the Southeastern USA resulted in the wide establishment of one of the world’s worst exotic
invasive weeds (reviewed in Forseth & Innis, 2004; Mitich, 2000). This perennial vine is
notorious for overtaking rural structures, and interfering with utilities and rights-of-
way. Where kudzu is established, it frequently becomes the dominant plant species and
completely suppresses desirable vegetation as well as undermining economically pro-
ductive uses of the land (Grebner et al., 2011).

Given the high visibility of kudzu and the considerable negative effects of kudzu infes-
tation in the southern USA, there is comparatively little documentation of successful man-
agement of this weed. Much of the limited scientific literature on kudzu management is
devoted to herbicide evaluations, especially picloram (e.g. Everest et al., 1999; Miller,
1985, 1986, 1996; Miller & Edwards, 1983), a herbicide with limited selectivity, and
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high environmental persistence and mobility in groundwater (Berisford et al., 2006).
Metsulfuron methyl (MSM) is also often listed as an effective herbicide, and other
reports have documented kudzu suppression with clopyralid and triclopyr (e.g. Ezell &
Nelson, 2006; Harrington et al., 2003). Kudzu management guides recommend a sustained
effort of up to 10 years to achieve eradication (reviewed in Forseth & Innis, 2004). More
recently two active ingredients, aminopyralid (AMP) and aminocyclopryachlor (AMCP)
have proven to be very effective at suppressing, or even eradicating kudzu (Minogue
et al., 2011; Weaver et al., 2015, 2016). Beyond these herbicide-based control papers, a
few researchers have considered alternative control methods including grazing (Bonsi
et al., 1992); plastic sheeting (Newton et al., 2008) and insect-based biocontrol (Frye
et al., 2007, 2012; Sun et al., 2006). We have published on the bioherbicidal properties
of Myrothecium verrucaria (MV) on many weed species, including kudzu (e.g. Boyette
et al., 2002; Hoagland et al., 2007) and demonstrated compatibility or synergy with
several herbicides (e.g. Boyette et al., 2008; Weaver & Lyn, 2007). While MV is presently
unregistered and not widely available, improved production and formulation techniques
of MV (Boyette et al., 2008; Weaver, Hoagland, Boyette, & Zablotowicz, 2009, Weaver,
Jin, Hoagland, & Boyette, 2009) have facilitated field testing of MV in direct comparisons
with herbicides for kudzu suppression (Weaver et al., 2015, 2016).

Harrington et al. (2003) considered the use of integrated weed management by coup-
ling herbicide application with pine tree establishment. Similarly, Grebner et al. (2011)
evaluated the increase in land expectation value when using herbicides to suppress
kudzu in pine or oak afforestation enterprises. Depending on the goals of the particular
land manager, other species could be selected for revegetation to prioritise suppression
of soil erosion, wildlife habitat or biofuel production. Native perennial grasses such as
switchgrass have received much attention recently as a means to produce biofuel from
marginal lands (e.g. Sanderson & Adler, 2008). It might be possible to pursue this goal
during the process of kudzu eradication. This approach is attractive for several reasons:
there is potential for an overall reduction in herbicide use; the land is rapidly transitioned
to productive use; when properly executed it may help minimise soil erosion that may
result from kudzu removal. Concern over emerging herbicide resistance indicates a
need for development of alternative control tactics.

We present here the results from a multi-year, multi-site experiment to address several
questions related to the goal of localised kudzu eradication. Our objectives were to deter-
mine if it is possible to achieve localised kudzu eradication more rapidly with a more
intensive, integrated approach. Is it possible to eradicate kudzu without the use of syn-
thetic herbicides by using mowing, bioherbicides and suppressive vegetation? How effec-
tive are the newest commercial products relative to established herbicide programmes and
bioherbicide systems? How effectively can native vegetation be established in existing
kudzu stands prior to kudzu eradication?

Materials and methods

Study sites.

Kudzu-infested sites were identified on private land near Eden Mississippi, USA (33°0′
16.73″N 90°15′56.11″W); Byhalia, MS, (34°51′33.03″N 89°45′52.18″W); and Mound
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Bayou, MS, (33°52′53.79″N 90°36′44.71″W). Sites that had a dense, uniform kudzu cover
and were situated on terrain that was accessible by an all-terrain vehicle (ATV) were
selected for experiments. Study sites were divided into experimental units 2 m wide and
at least 15 m long. Two, 1 m wide plot borders were mowed every 7–14 days during the
growing season (May through October) to prevent interplot spread of the kudzu vines.

Treatments and experimental design

Ten treatments plus an untreated control were established (Table 1), with 3 replicates at
each site (99 plots total). Treatments at each site were arranged in a randomised complete
block design. The first four treatments listed in Table 1 tested fall and spring treatments of
two new commercial products (AMCP +MSM or Streamline, and AMP +MSM or Cha-
parral), either applied first in the spring or first in the fall, with three applications total over
2010 and 2011. The next two treatments were current standard herbicides (MSM and
AMP), each applied twice, in fall 2010 and fall 2011. The ‘Herbicide 3×’ treatment was
an herbicide-intensive programme, with four treatments total of various standard pro-
ducts at full label rates (Table 1). The ‘Organic’ treatment used the bioherbicideM. verru-
caria (MV) in combination with mowing and revegetation with switchgrass, while the two
‘Integrated’ treatments combined standard herbicides with switchgrass revegetation, either
with or without mowing prior to planting the switchgrass. The control plots were sprayed
with surfactant only (Induce, Helena Chemical, Collierville, TN) (Table 1).

M. verrucaria (IMI 361690) was grown on a defined glucose and ammonium nitrate-
based agar medium (VMG) (Vogel, 1956; Weaver, Hoagland et al., 2009) for 5–9 days
in autoclavable boxes with translucent lids (Market Labs, Caledonia, MI, USA) at 28°C
in a 12 h light–dark cycle. Spores were collected by scraping the surface of the culture
with a spatula under a small volume of water. The spore suspension was homogenised
by mixing briefly in a Waring blender and passed through a Miralcloth filter before con-
centrating spores via centrifugation. The supernatant was discarded and the spore pellet
was resuspended in sterile water and centrifuged again for a total of three washings.
The washed spores were checked via HPLC to verify that they had no detectable mycotox-
ins (Weaver et al., 2012). Spore inoculum concentrations were adjusted to 2 × 107 spores
mL−1 (by haemocytometer) immediately before application.

Herbicide and bioherbicide application methods were as described previously (Weaver
et al., 2015, 2016). All products were applied via two, overlapping passes of an ATV
equipped with a boomless, single-nozzle (TeeJet TFW-12, TeeJet Wheaton, IL) spray
system delivering 374 L ha−1. All applications included induce non-ionic surfactant at a
rate of 0.25% (v:v), consistent with the herbicide label directions and shown to increase
the bioherbicidal activity of MV (Weaver, Jin et al., 2009). Treatments requiring spot
sprays were made via backpack sprayer (Solo, Newport News, VA) typically at less than
200 mL/plot. Spot sprays were only made when the treatment plan prescribed a spot
spray and if there was visible, living kudzu plants within the particular plot. Mowing of
plot borders and of some plots as a kudzu suppression tactic was achieved via an ATV-
pulled mower (Bush Hog GT42, Selma, AL). Descriptions of all treatments are provided
in Table 1.

Switchgrass seeds (Panicum virgatum cv. Alamo, Turner Seed Company Breckenridge,
TX) were germinated in soilless potting mix (Jiffy Mix, Jiffy Products, Batavia, IL) and
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grown in 6 cm pots to a height of ca. 50 cm before transplanting in the field at a density of
1.7 plants m−2. After transplanting, no supplemental water or fertiliser was provided.

Measurement of treatment efficacy

All aboveground, green kudzu biomass was collected from a 0.3 m2 area, arbitrarily
selected within each of the 99 plots in June of 2011 and June 2012, 12 and 24 months,
respectively, after initiation of treatment programmes. In plots with kudzu suppression

Table 1. Experimental programmes evaluated in field trials 2010–2011.

Treatment name
Kudzu suppression method
(commercial product name)

Rate of application
(ai ha−1)a Time of applicationb

AMCP +MSM SPRING/FALL AMCP + MSMc(Streamline) 131 + 42 g ha−1

131 + 42 g ha−1
4 June 2010
1 September 2010
6 June 2011

AMCP+MSM FALL/SPRING AMCP + MSM (Streamline) 131 + 42 g ha−1

131 + 42 g ha−1
1 September 2010
1 June 2011
12 September 2011

AMP+MSM SPRING/FALL AMP + MSMd (Chaparral) 72 + 11 g ha−1

72 + 11 g ha−1
4 June 2010
1 September 2010
6 June 2011

AMP+MSM FALL/SPRING AMP + MSM (Chaparral) 72 + 11 g ha−1

72 + 11 g ha−1
1 September 2010
1 June 2011
12 September 2011

MSM MSMe (Escort) 156 g ha−1 1 September 2010
12 September 2011

AMP AMPf (Milestone) 122 g ha−1 1 September 2010
12 September 2011

Herbicide 3x AMP+TCPg (MilestoneVM+)
MSM (Escort)
Fluroxypyr (Vista)
AMP+TCPg (MilestoneVM+)

125 + 1125 g ha−1

156 g ha−1

561 g ha−1

125 + 1125 g ha−1

1 June 2010
21 June 2010
10 September 2010
1 June 2011

Organic Mow
Plant switchgrass
MVh

Mow
MV
MV

n.a.
n.a.

7.5 × 1012 spore ha−1

n.a.
Spot spray
Spot spray

1 June 2010
21 June 2010
21 June 2010
1 July 2010i

10 September 2010
Two dates 2011j

Integrated AMP + TCP (MilestoneVM+)
Mow
Plant switchgrass
MSM (Escort)
Mow
AMP+TCPg (MilestoneVM+)

125 + 1125 g ha−1

n.a.
n.a.

Spot spray
n.a.

125 + 1125 g ha−1

1 June 2010
21 June 2010
21 June 2010
1 August 2010
20 August 2010i

1 June 2011
Integrated-no mow AMP + TCP (MilestoneVM+)

Plant switchgrass
MSM (Escort)
AMP+TCPg (MilestoneVM+)

125 + 1125 g ha−1

n.a.
Spot spray

125 + 1125 g ha−1

1 June 2010
21 June 2010
1 August 2010
1 June 2011

Control Surfactant only (Induce)
a Application rates expressed as g ha−1 of active ingredient(s).
b Time of application given is for the Byhalia site. Mound Bayou and Eden site treatments were within 1 week of the given
date.

c Aminocyclopyrachlor (DPX-MAT28) + MSM.
d AMP+ MSM.
e Metsulfuron methyl.
f AMP = Aminopyralid.
g AMP + TCP Aminopyralid +triclopyr.
h Bioherbicide M. verrucaria.
i Treatment only applied at the Mound Bayou site.
j Dates of spot treatment varied across locations.
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approaching 100%, multiple sampling grid placements were necessary to avoid false
reporting of 100% control. The biomass was air-dried and the level of control was evalu-
ated based on comparison to the biomass from surfactant only control treatments. Results
were normalised by a square root of percent control transformation and differences
between the control programmes analysed by analysis of variance and Tukey’s mean sep-
aration test (JMP vers. 11.1.1). Measurements of switchgrass establishments were made in
March of 2012 by collecting aboveground biomass and analysing as described for kudzu.

Results and discussion

Herbicidal treatments of kudzu

Kudzu biomass was reduced by all herbicide treatments and integrated programmes
tested. In the first year, there was a significant treatment response and site response,
but no site × treatment interactions. By the second year, all the treatments were approach-
ing 100% reduction in above ground kudzu biomass, and at this point there was no sig-
nificant difference between the treatment programmes or the sites (Table 2).

The MSM and AMP treatments represent the best of the current standard kudzu man-
agement recommendations. They include the maximum labelled rate of MSM and AMP,
respectively, applied at the time of year most frequently recommended. These two products
have proven highly effective in other published reports (Weaver et al., 2015, 2016) and were
also highly effective at the three test sites reported here, resulting in >90% reduction in
kudzu biomass after 1 year of application and 99% after a second year (Tables 3 and 4).
We have observed higher efficacy with these products (previously and in this study) than
has been reported elsewhere. This variation may be attributable to minor differences in
application methods such as surfactant selection, or site-specific factors such as differences
in kudzu biotype or regional climate. All three sites in the present study were further north
than either of the sites reported in Minogue et al. (2011) and while kudzu is found much
further north, it is possible that kudzu plant vigour is diminished at these latitudes. In
fact, the overall response to all treatments in the present study was better at Byhalia, the
northern-most site than at Eden, the southern-most site.

Two new commercial products were tested here that represent new formulations of pre-
viously tested active ingredients. These formulations, AMCP +MSM and AMP +MSM
were applied twice per year at half the maximum labelled rate. Both of these products pro-
vided excellent kudzu suppression, as measured in June 2011 after they had been applied
twice in the previous year. When AMP +MSM had only been applied once, however, the
kudzu suppression was only 88% overall and localised kudzu eradication had only been
achieved in one of the nine plots (Table 3). By June 2012, when these products had

Table 2. Analysis of variance of effects on kudzu suppression.

Source Degrees of freedom F ratio Prob > Fa

After 12 months After 24 months After 12 months After 24 months

Whole model 29 1.679 0.946 0.047 0.554
Site 2 3.722 1.058 0.030 0.354
Treatment 9 3.001 1.037 0.005 0.445
Site*treatment 18 0.771 0.899 0.723 0.582
aValues in bold are significant at the .05 level.
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been applied three times, >99% control was realised, regardless whether the treatments
began in June or September. Overall, after 2 years, the AMCP +MSM and the AMP +
MSM treatments each resulted in apparent localised kudzu eradication on ≥16 of 18
plots, regardless of whether treatments were applied first in fall or first in spring (Table 4).

The herbicide-intensive programme (herbicide 3x) made use of the full label application
rate of three herbicides in one growing season and then retreatment with a full label herbi-
cide application rate the following season. In the experiments presented here, this herbicide-
intensive programme resulted in no less than 94% control after 1 year (the Eden location)
and 100% control in all plots at all three sites after 2 years. This treatment programme may
seem impractically expensive, but is actually quite reasonable when compared to the poss-
ible alternatives of repeated applications for 3–10 years. Even if the slower, traditional

Table 3. Kudzu aboveground dry weight reduction expressed as percentage of untreated control.
Average Controla Byhalia Eden Mound Bayou

Treatment Name
12

month
24

month
12

month
24

month
12

month
24

months 12 month
24

month

AMCP +MSM SPRING/
FALL

98 a 100 a 100 100 100 100 95 100

AMCP +MSM FALL/
SPRING

91 ab 100 a 97 100 82 100 93 98

AMP+MSM SPRING/
FALL

97 a 99 a 99 97 96 100 97 100

AMP+MSM FALL/
SPRING

88 b 100 a 90 100 86 100 86 100

MSM 93 ab 99 a 96 100 90 100 93 98
AMP 90 ab 99 a 89 100 90 98 91 99
Herbicide 3x 98 a 100 a 99 100 94 100 100 100
Organic 91 ab 95 a 93 100 94 99 88 86
Integrated 95 ab 100 a 100 100 95 100 90 100
Integrated-no mow 96 ab 100 a 100 100 95 100 92 100

Site Averagec 96.5 a 99.6 a 92.2 b 99.7 a 92.4 ab 98.1 a
a Values within a column with the same letter in common are not significantly different by Tukey test of differences.

Table 4. Number of plots with apparent localised kudzu eradiation.
Number of Plots with zero observed kudzua

Overall Byhalia Eden Mound Bayou

Treatment name
12

months
24

months
12

months
24

months
12

months
24

months
12

months
24

months

AMCP +MSM
SPRING/FALL

8 9 3 3 3 3 2 3

AMCP +MSM FALL/
SPRING

1 8 1 3 0 3 0 2

AMP+MSM SPRING/
FALL

4 8 2 2 1 3 1 3

AMP+MSM FALL/
SPRING

1 8 1 3 0 2 0 3

MSM 0 8 0 3 0 3 0 2
AMP 2 6 1 3 0 2 1 1
Herbicide 3x 5 9 1 3 0 3 2 3
Organic 1 4 1 2 0 0 0 2
Integrated 6 9 3 3 0 3 0 3
Integrated-no mow 3 9 3 3 0 3 0 3

Site Total 31 78 16 28 4 25 6 25
a Number of plots with apparent localised eradiation, out of a possible 3 for each site and 9 for overall.
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method uses spot applications in the later years, to save on herbicide costs, it would still
incur substantial application costs for up to a decade. The more rapidly kudzu eradication
can be achieved, the sooner the land can be returned to economic or ecosystemproductivity.

Integrated management programmes for kudzu eradication

Published guides for kudzu control often recommend that herbicides be applied in the fall
to maximise translocation and kill the plant before the carbohydrate reserves accumulate
in the root (reviewed in Forseth & Innis, 2004). We did not restrict ourselves to this model,
and instead the organic, herbicide 3x, and two integrated programmes were designed
explicitly to kill as much kudzu as possible, as rapidly as possible, and to maintain
season long pressure on any recovering plants. This continuous pressure was largely suc-
cessful in preventing kudzu regrowth during the entire growing season and contributed to
the low rates of observed kudzu regrowth.

The decision of which kudzu suppression programme to follow is conditioned on
several factors, one of which is topography. The sites selected in this study avoided
extreme slopes, and mowing would have been possible on any of the plots studied here.
While we have proven that mowing alone, as little as once per year, can have an effect
on kudzu suppression (Weaver et al., 2016), it is not possible on all sites. In our two inte-
grated programmes, the addition of mowing had no discernable effect, with statistically
similar results after 1 and 2 years of treatment and both yielded apparent localised
kudzu eradication on all plots at every site after the second year. Thus, within the
context of the multiple, aggressive steps to kill kudzu in the integrated treatments,
mowing had no measurable, additional benefit.

The organic treatment programme represents the greatest departure from the tra-
ditional kudzu management prescriptions. Instead of relying on herbicides, we integrated
multiple approaches that each were likely to have some efficacy, but were each unlikely to
produce kudzu eradication when used alone. In work previously reported (Weaver et al.,
2016), a single mowing event and twoMV broadcast applications only resulted in 41% and
29% kudzu suppression, respectively, after 1 year. Here, by combining a single mowing
event, 1 MV broadcast application and 2 MV spot sprays and planting switchgrass, we
realised 91% kudzu suppression, overall, after 1 year. The overall efficacy of the organic
programme was 91% and 95% after 1 and 2 years, respectively, and statistically equivalent
to the best of the herbicide programmes. There is significant, and growing attention paid
to the emergence of herbicide resistant weeds (e.g. Heap, 2014). A recent review and pro-
spectus expressed concern regarding the ‘unwillingness of many weed researchers to
conduct real integrated weed management research’ generally and the need for integration
of non-herbicide-based tools specifically (Shaner & Beckie, 2014). We have demonstrated
here that the overreliance on herbicides is not only unfortunate, but unnecessary.

Switchgrass establishment

There are several reasons to revegetate kudzu-infested sites with switchgrass. Areas of kudzu
infestation coincide with some of the most erodible soils in the USA and switchgrass is
among the favoured plant species for stabilising soils. Switchgrass is a native species and
valued for the systemic ecosystem services it provides. It is a perennial grass that grows
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well on marginal soils without supplemental fertility and produces enough biomass to be a
viable biofuel crop (reviewed inMitchell et al., 2012; Sanderson&Adler, 2008). Switchgrass
may be especially suitable for lands as they transition out of kudzu infestation because it is
highly tolerant to many of the herbicides deployed against kudzu. The bioherbicide MV is
also not known to attack any grass species (Walker & Tilley, 1997).

Figure 1. (Colour online) Representative results from the first four months of kudzu suppression pro-
grammes. All photos taken 3 June 2010 (a) and 29 September 2010 (b) at the Byhalia site. In panel (b)
untreated kudzu is clearly visible as deep green plots (yellow arrow) and switchgrass establishment is
visible in the organic and integrated plots (white arrow). Other successful kudzu suppression pro-
grammes can be seen as bare or brown plots (red arrow). More detailed images are presented from
representative plots with untreated kudzu (c), herbicide 3× (d), integrated (e) and organic (f) pro-
grammes. Plot borders are indicated with yellow overlay.
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In our efforts to establish switchgrass there was no significant effect of the kudzu
control treatment, but a significant effect of location. Switchgrass yield in March 2011,
10 months after planting, ranged from 8.9 t ha−1 (±3.2) at the Eden site to 25.9 t ha−1

(±6.4) at the Byhalia site. In all three programmes that included switchgrass there was
some kudzu suppression activity prior to planting, either an herbicide application (inte-
grated-no mow), a mowing event (organic) or both (integrated). It was somewhat easier
to hand plant the switchgrass seedlings in the mowed plots than in the unmowed, but
there was no effect on the switchgrass biomass yield the following spring. A qualitative
indication of the successful establishment of the switchgrass was the emergence of volun-
teer switchgrass plants in 2011 in the plot borders and even within other plots at the study
site. Switchgrass is more commonly planted from seed using small-grain planting drills
(Duffy & Nanhou, 2002), but this was not possible in our small-plot work. Planting seed-
lings likely gave the switchgrass an advantage in successful establishment in this warm, dry
year, which offset the liability by the atypically late planting.

There are several factors that may contribute to the fate of a site after successful kudzu
eradication. One possible outcome is bare ground, particularly if the kudzu infestation has
depleted the local seed bank or if the herbicide regimen was not appropriately selective.
Portions of Mississippi immediately outside of the Alluvial Delta, for example, the
Loess bluffs, are known as some of the most erodible soils in the USA (Langdale et al.,
1985). Kudzu was often introduced in this region to prevent soil erosion (reviewed in
Forseth & Innis, 2004), and it would be inadvisable to trade an invasive weed problem
for an erosion problem.

Figure 1(a) and (b) present an overview of the Byhalia site just before the kudzu treat-
ments began and four months post-initiation of the programmes. Figure 1(c)–(f) provide a
closer look at the development of an untreated plot; herbicide 3× plot; integrated and
organic plot, respectively.

Conclusion

We have demonstrated here that rapid localised kudzu eradication is possible. Through
use of new, selective herbicides, it is possible to simultaneously eradicate kudzu and intro-
duce desirable native vegetation. Furthermore, the bioherbicide MV and mowing could be
integrated into a kudzu eradication and switchgrass establishment programme with
success similar to the best herbicides.
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