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Three field experiments were conducted from 2013 to 2015 in Barry County, MI to evaluate the
effectiveness of PRE, POST, and one- (EPOS) and two-pass (PRE followed by POST) herbicide
programs for management of multiple-resistant Palmer amaranth in field corn. The Palmer amaranth
population at this location has demonstrated resistance to glyphosate (Group 9), ALS-inhibiting
herbicides (Group 2), and atrazine (Group 5). In the PRE only experiment, the only herbicide
treatments that consistently provided ~80% or greater control were pyroxasulfone and the combina-
tion of mesotrione + S-metolachlor. However, none of these treatments provided season-long Palmer
amaranth control. Only topramezone provided >85% Palmer amaranth control 14 DAT, in the
POST only experiment. Of the 19 herbicide programs studied all but three programs provided
≥88% Palmer amaranth control at corn harvest. Herbicide programs that did not control Palmer
amaranth relied on only one effective herbicide site of action and in one case did not include a resi-
dual herbicide POST for late-season Palmer amaranth control. Some of the EPOS treatments were
effective for season-long Palmer amaranth control; however, application timing and the inclusion of
a residual herbicide component will be critical for controlling Palmer amaranth. The programs that
consistently provided the highest levels of season-long Palmer amaranth control were PRE followed
by POST herbicide programs that relied on a minimum of two effective herbicide sites of action and
usually included a residual herbicide for late-season control.
Nomenclature: Atrazine; glyphosate; mesotrione; pyroxasulfone; S-metolachlor; Palmer amaranth,
Amaranthus palmeri S. Wats.; corn, Zea mays L.
Keywords: Herbicide sites of action, multiple-resistance, Palmer amaranth control.

The genus Amaranthus comprises over 70 species,
including species both native and nonnative to
the United States. However, only a select few are
problematic in US crop production systems.
Redroot pigweed (Amaranthus retroflexus L.), Powell
amaranth (Amaranthus powellii S. Wats.), spiny
amaranth (Amaranthus spinosus L.), smooth pigweed
(Amaranthus hybridus L.), common waterhemp
[Amaranthus tuberculatus (Moq.) Sauer], and Palmer
amaranth are the most common of these problematic
species (Bensch et al. 2003; Gossett and Toler 1999;
Grichar 1994; Hager et al. 2002; Knezevic et al.
1994; Massinga et al. 2001; Moolani et al. 1964;
Schweizer and Lauridson 1985; Toler et al. 1996).
Redroot pigweed, Powell amaranth, spiny amaranth,
and smooth pigweed are monoecious (male and
female structures on the same plant), while common
waterhemp and Palmer amaranth are dioecious (male

and female structures on separate plants) (Bryson and
DeFelice 2010). Although all of these species are
broadly distributed and troublesome in row-crop
production, few have been as detrimental in recent
history as Palmer amaranth.
Palmer amaranth has a tendency to develop resis-

tance to herbicides. Currently, Palmer amaranth is
resistant to six herbicide sites of action worldwide
(Heap 2016), including glyphosate. The first case of
glyphosate-resistant Palmer amaranth was reported
in Georgia in 2005 (Culpepper et al. 2006). Since
then, glyphosate-resistant Palmer amaranth has
spread to 23 other states, including Michigan (Heap
2016). Glyphosate-resistant Palmer amaranth bio-
types require from 1.5 to 115 times the rate of
glyphosate to achieve 50% control as do susceptible
plants (Norsworthy et al. 2008; Steckel et al. 2008).
In addition to resistance to single herbicide sites of
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action, there are several populations with resistance
to multiple herbicide sites of action (Heap 2016).
One of the most prevalent forms of multiple resis-
tance is resistance to glyphosate and ALS-inhibiting
herbicides. Populations of Palmer amaranth resistant
to both glyphosate and ALS inhibitors have been
identified in eight states, including Michigan (Heap
2016; Nandula et al. 2012; Sosnoskie et al. 2011).
In Michigan, there are four confirmed resistance
profiles in Palmer amaranth, ranging from single
site of action glyphosate (Group 9) or ALS-inhibiting
(Group 2) herbicides, to multiple herbicide sites of
action glyphosate plus ALS inhibitors, within a single
population. In addition to these populations, there is
a population in Michigan with confirmed resistance
to three different herbicide sites of action: glyphosate
plus ALS inhibitors plus atrazine (Group 5) (Kohrt
et al. 2016). Herbicide resistance in Palmer amar-
anth poses significant challenges for the development
of management strategies.
With the limited number of effective herbicide

options available for Palmer amaranth control in
soybean, planting corn may provide farmers the
greatest opportunity to manage this weed. Herbicides
that control herbicide-susceptible and glyphosate-
and ALS-resistant Palmer amaranth in corn include
photosystem II inhibitors (Group 5), glufosinate
(Group 10), long-chain fatty acid inhibitors (Group 15),
and 4-hydroxyphenylpyruvate dioxygenase (HPPD)-
inhibiting (Group 27) herbicides (Geier et al. 2006;
Johnson et al. 2012; Norsworthy et al. 2008;
Schuster et al. 2008; Stephenson et al. 2015). The
success of the previously described management
strategies is primarily due to the susceptibility of the
Palmer amaranth populations to specific herbicide
sites of action. However, when managing Palmer
amaranth populations resistant to three herbicide
sites of action, management strategies need to be
based on the use of effective herbicides. These stra-
tegies will likely need to include multiple herbicide
applications, due to Palmer amaranth’s prolonged
emergence and rapid growth rate (Horak and
Loughin 2000; Keeley et al. 1987; Sellers et al.
2003). Palmer amaranth is a relatively new problem
in the major corn producing regions of the United
States; the majority of research has focused on
management of multiple-resistant Palmer amaranth
in cotton, soybean, and peanut (Ward et al. 2013).
Therefore, the objectives of this research were to 1)
evaluate the effectiveness of several PRE herbicides

applied alone and in combination with atrazine, as
well as commercially available herbicide premixes; 2)
evaluate the effectiveness of POST applied herbi-
cides; and 3) develop and evaluate one- and two-pass
herbicide programs for the control of multiple-
resistant Palmer amaranth in field corn.

Materials and Methods

Three separate field experiments were conducted
in 2013 through 2015 in a commercial corn
production field in Barry County, Michigan
(42.702467°N, 85.524992°W) with a Palmer
amaranth population resistant to glyphosate, ALS-
inhibiting herbicides, and atrazine (Kohrt et al.
2016). Treatments were arranged in a randomized
complete block design with four replications. Plot size
for each treatment was 3 m wide by 10 m long. The
soil type was a combination of Oshtemo sandy loam
and a Boyer loamy sand composed of 73%, 15%, and
12% sand, silt, and clay, respectively, with a pH of
7.0% and 2.2% organic matter. Field preparation
included fall chisel plowing followed by two passes of a
soil finisher in the spring. Corn was planted at 67,950
seeds ha−1 in 76-cm rows. Corn hybrid and planting
and herbicide application dates are presented in
Table 1. Precipitation and temperature data were
obtained from a nearby weather station operated by
Michigan State University (Michigan State University
Enviro-weather 2016).

Evaluation of PRE Herbicides. Individual PRE
herbicides and herbicide mixtures were applied to the
soil surface after planting (0 to 2 d) using a CO2-
pressurized backpack sprayer calibrated to deliver
187 L ha−1 at a pressure of 207 kPa through 11003
AIXR flat-fan nozzles (TeeJet®, Spraying Systems
Co., Wheaton, IL 60187) (Table 1). Herbicide
product information and treatments for this experi-
ment are presented in Tables 2 and 3, respectively.
A nontreated control was included as a comparison.
Corn injury and Palmer amaranth control were

evaluated at 30, 45, 60, and 72 d after planting (DAP).
Evaluations were based on a scale of 0% to 100%, with
0% being no control and 100% indicating complete
control. Aboveground Palmer amaranth biomass was
harvested from two 0.25-m−2 quadrats, 45 DAP in
2013 (June 30) and 60 DAP in 2014 (July 18) and
2015 (July 13). Palmer amaranth biomass was dried at
60 C for approximately 1 wk, after which it was weighed
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and percent biomass reduction was calculated using
equation 1.

y = 100� sample dry weight
nontreated control dry weight

´ 100
� �� �

[1]

Evaluation of POST Herbicides. POST herbicide
treatments were applied when Palmer amaranth was
between 7.5 and 10 cm tall, using the equipment
described above (Table 1). Herbicide product infor-
mation and treatments for this experiment can be
found in Tables 2 and 4, respectively. A nontreated
control treatment was included in this experiment as
a comparison. Crop injury and weed control were
evaluated 7 and 14 days after treatment (DAT) on a
scale of 0% to 100%, with 0% representing no
control and 100% indicating plant death.

Evaluation of Herbicide Programs for Palmer
Amaranth Control in Corn. The herbicide pro-
grams evaluated consisted of 1) two POST herbicide
applications, early POST (EPOS) followed by (fb)
POST; 2) PRE fb POST applications; and 3) one-
pass EPOS options. The herbicide programs exam-
ined are listed in Table 5, and herbicide product
information can be found in Table 2. Spray grade
ammonium sulfate (AMS) (Actamaster, Loveland
Products, Inc., Loveland, CO) at 2% (w/w) was
added to all EPOS and POST herbicide treatments.
Herbicide applications were made using the equip-
ment described above.

PRE herbicides were applied to the soil surface after
planting (0 to 2 d) and POST herbicides were applied
when the majority of plots had Palmer amaranth at
7.5 cm (Table 1). The one-pass EPOS applications were
made when Palmer amaranth was 5 to 7.5 cm in height.

Corn injury and Palmer amaranth control were
evaluated 14 d after the EPOS (DAEP) and POST
(DAPO) and at harvest. Evaluations were based on
the scale of 0% to 100% described above. Above-
ground Palmer amaranth biomass was harvested
from two 0.25-m − 2 quadrats 14 DAPO. Palmer
amaranth biomass was dried at 60 C for approxi-
mately 1 wk and weighed, and percent biomass
reduction was calculated using Equation 1.

Statistical Analysis. Statistical analysis was con-
ducted using SAS 9.4 (SAS Institute, Cary, NC). Each
experiment was analyzed separately. Assumptions of
normality of residuals and homogeneity of variances
were confirmed using PROC UNIVARIATE, and
analysis of variance (ANOVA) was conducted using
PROC MIXED. The statistical model included
herbicide treatment and year as fixed effects and
replication as a random effect for the PRE and POST
herbicide experiments. Data were combined over years
when there was not a treatment by year interaction.
For the herbicide programs experiment, the statistical
model included herbicide program as a fixed effect and
replication and year as random effects in the model.
Levene’s test for homogeneity of variances indicated
that the variance was unequal between years for this
experiment. Therefore, data was analyzed using the
REPEATED statement and the GROUP= option.
GROUP= year was used to compensate for differ-
ences in variance and the degrees of freedom were
adjusted for unequal variances with DDFM=
SATTERTH option in the MODEL statement. For
all experiments, treatment means were considered sig-
nificantly different at an alpha level of 0.05. Lettering
of the means to distinguish differences among treat-
ments was assigned using the macro PDMIX800 for
PROC MIXED (Saxton 1998).

Table 1. Planting dates, hybrids, and herbicide application dates for pre-emergence herbicide, postemergence herbicide, and herbicide
program experiments to control multiple-resistant Palmer amaranth in field corn in Barry County, MI (2013 to 2015). Abbreviations:
PRE, pre-emergence application; POST, postemergence application; EPOS, early postemergence application.

PRE experiment POST experiment Herbicide program experiment

2013 2014 2015 2013 2014 2013 2014 2015

Planting date May 16 May 19 May 16 May 16 May 19 May 16 May 19 May 14
Corn hybrida DKC 48-12 DKC 48-12 P0157 AM DKC 48-12 DKC 48-12 DKC 48-12 DKC 48-12 P0157 AM
PRE application date May 18 May 19 May 18 __ __ May 18 May 19 May 18
EPOS application date __ __ __ __ __ June 6 June 5 June 4
POST application date __ __ __ June 14 June 9 June 21 June 26 June 22

a Company information: DKC 48-12, Dekalb, Monsanto Company, St. Louis, MO; P0157 AM, Dupont Pioneer, Johnston, IA.

366 • Weed Technology 31, May–June 2017

https://doi.org/10.1017/wet.2017.18 Published online by Cambridge University Press

https://doi.org/10.1017/wet.2017.18


Results and Discussion

Evaluation of PRE Herbicides. Little to no corn
injury was observed with any of the PRE herbicide
treatments (data not shown). Overall Palmer amar-
anth control from the PRE herbicide treatments was
lower in 2013 than it was in 2014 or 2015. This may
have been due to the higher amounts of rainfall
within 10 d of planting and the PRE applications.
In 2013, 9.3 cm of rain fell, compared with 1.7 and
1.6 cm in 2014 and 2015, respectively, within this
time frame. Therefore, the 2013 results are presented
separately from the combined 2014 and 2015 results.

The rainfall in 2013 may have accelerated herbicide
dissipation and increased leaching of some of the
herbicides below the Palmer amaranth germination
zone, resulting in lower control in 2013 as compared
with that seen in 2014 and 2015.
Atrazine at 1.1 and 2.2 kg ai ha−1 failed to control
Palmer amaranth (Table 3). Palmer amaranth
control and biomass reduction was among the lowest
with atrazine in 2013 with both rates, and even
though 2.2 kg ai ha−1 provided slightly better control
72 DAP and higher biomass than 1.1 kg ai ha−1 of
atrazine in 2014 and 2015, Palmer amaranth control
was only 51% and thus unacceptable. Atrazine

Table 2. Herbicide product, application rates and timings, and manufacturer information for herbicide treatments used for Palmer
amaranth control in field corn in Barry County, MI (2013 to 2015).

Trade name Active ingredients Rates Timingsa Manufacturerb

kg ai or ae ha−1

2,4-D Amine 4 2,4-D amine 0.56 POST Winfield Solutions
AAtrex 4L Atrazine 1.12, 1.68, 2.24 PRE, EPOS, POST Syngenta Crop Protection
Armezon Topramezone 0.018 POST, EPOS BASF Corporation
Acuron Atrazine + bicyclopyrone +

mesotrione + S-metolachlor
0.84 + 0.05 + 0.20 + 1.8 PRE Syngenta Crop Protection

Balance Flexx Isoxaflutole 0.11 PRE Bayer CropScience
Bicep II Magnum Atrazine + S-metolachlor 1.82 + 1.41 PRE Syngenta Crop Protection
Callisto Mesotrione 0.21 PRE Syngenta Crop Protection
Callisto Xtra Atrazine +mestrione 0.67 + 0.1 POST Syngenta Crop Protection
Capreno Thiencarbazone-methyl + tembotrione 0.015 + 0.076 EPOS Bayer CropScience
Clarity Dicamba 0.56 POST BASF Corporation
Dual II Magnum S-metolachlor 1.4 PRE Syngenta Crop Protection
Halex GT Glyphosate +mesotrione +

S-metolachlor
1.05 + 0.1 + 1.05 POST, EPOS Syngenta Crop Protection

Harness Acetochlor 1.79 PRE Monsanto Company
Harness Xtra Acetochlor + atrazine 1.4 + 1.73 PRE Monsanto Company
Laudis Tembotrione 0.014 POST Bayer CropScience
Lexar EZc Atrazine +mesotrione + S-metolachlor 1.46 + 0.18 + 1.46 PRE Syngenta Crop Protection
Liberty 280SL Glufosinate 0.6 POST, EPOS Bayer CropScience
Lumax EZ Atrazine +mesotrione + S-metolachlor 0.7 + 0.18 + 1.8 PRE Syngenta Crop Protection
Roundup PowerMax Glyphosate 0.84 POST, EPOS Monsanto Company
Sharpen Saflufenacil 0.08 PRE BASF Corporation
Status Dicamba + diflufenzopyr 0.14 + 0.056 POST BASF Corporation
TripleFLEX Acetochlor + clopyralid + flumetsulam 0.31 + 0.13 + 0.04 EPOS Monsanto Company
Verdict Dimethenamid-P + saflufenacil 0.66 + 0.075 PRE BASF Corporation
Warrant Acetochlor 1.26 POST Monsanto Company
Zemax Mesotrione + S-metolachlor 0.19 + 1.9 PRE Syngenta Crop Protection
Ziduad Pyroxasulfone 0.18/0.24 PRE BASF Corporation

a Abbreviations: PRE, pre-emergence application; POST, postemergence application; EPOS, early postemergence application.
b Manufacturer information: Winfield Solutions, LLC, St. Paul, MN, www.winfield.com; Syngenta Crop Protection, LLC,

Greensboro, NC, www.syngenta.com; BASF Corporation, Research Triangle Park, NC, www.basf.com; Bayer CropScience, Research
Triangle Park, NC, www.cropscience.bayer.com; Monsanto Company, St. Louis, MO, www.monsanto.com.

c The Lexar EZ (atrazine +mesotrione + S-metolachlor) rate was lowered to 0.73 + 0.09 + 0.73 kg ai ha−1 when mesotrione was applied
POST in the programs experiment to stay within the maximum allowed mesotrione rate per season.

d The Zidua application rate was 0.18 kg ai ha−1 in 2013 and increased to 0.24 kg ai ha−1 for 2014 and 2015.
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Table 3. Effect of pre-emergence corn herbicides on the control and biomass of multiple-resistant Palmer amaranth 45 and 72 days after
planting (DAP) for 2013 and 2014-2015 in Barry County, MI.

Palmer amaranth control

45 DAP 72 DAP Palmer amaranth biomassa

Treatment Rate 2013 2014-2015 2014-2015 2013 2014-2015

kg ai ha−1 ________________ % _______________ ________ % reduction _______

Atrazine 1.1 0 fb 24 g 13 h 22 g 30 f
Atrazine 2.2 3 f 58 e 51 fg 30 fg 65 de
Acetochlor 1.8 33 cd 91 ab 89 a-c 43 ef 91 ab
Isoxaflutole 0.11 5 f 64 de 59 f 53 de 76 cd
Mesotrione 0.21 68 b 87 ab 79 cd 83 b 94 ab
Pyroxasulfonec 0.18/0.24c 83 a 94 ab 91 ab 94 a 97 a
S-metolachlor 1.4 20 e 82 bc 77 de 46 ef 76 cd
Saflufenacil 0.75 0 f 75 cd 70 ef 18 g 87 a-c
Acetochlor + atrazine 1.8 + 1.1 40 c 93 ab 90 ab 55 de 91 ab
Isoxaflutole + atrazine 0.11 + 1.1 20 e 49 f 43 g 45 ef 62 e
Mesotrione + atrazine 0.21 + 1.1 70 b 97 a 97 a 81 b 99 a
Pyroxasulfonec + atrazine 0.18/0.24 + 1.1 85 a 97 a 98 a 95 a 99 a
S-metolachlor + atrazine 1.4 + 1.1 40 c 84 bc 83 b-d 64 cd 98 a
Saflufenacil + atrazine 0.75 + 1.1 3 f 83 bc 80 c-e 47 ef 83 bc
Pyroxasulfonec + saflufenacil 0.18/0.24 + 0.75 79 ab 97 a 96 a 96 a 98 a
Mesotrione + S-metolachlor 0.19 + 1.9 79 ab 96 a 92 ab 93 a 98 a
Dimethenamid-P + saflufenacil 0.66 + 0.075 37 cd 86 bc 81 cd 78 bc 82 bc
Mesotrione + S-metolachlor + atrazine 0.19 + 1.9 + 0.7 80 ab 97 a 98 a 88 ab 99 a
Mesotrione + S-metolachlor + atrazine 0.19 + 1.4 + 1.5 84 a 98 a 94 ab 95 a 98 a
Bicyclopyrone +mesotrione +
S-metolachlor + atrazine

0.05 + 0.19 + 1.8 + 0.84 __ 93 ab 90 ab __ 86 a-c

a Palmer amaranth biomass was collected 45 DAP in 2013 and 60 DAP in 2014 and 2015. Biomass reduction was calculated as
y= 100 – ((sample dry weight / nontreated control dry weight) * 100).

b Means followed by the same letter within a column are not statistically different at α = 0.05.
c The pyroxasulfone rate was increased to 0.24 kg ai ha−1 for 2014 and 2015 from 0.18 kg ai ha−1 in 2013.

Table 4. Effect of postemergence corn herbicides on the control of multiple-resistant Palmer amaranth 7 and 14 days after treatment
(DAT) in Barry County, MI.

Palmer amaranth control

2013 2014

Herbicide treatment 7 DAT 14 DAT 7 DAT 14 DAT

kg ai ha−1 _____________ % __________________ ___________________ % __________________

Atrazine + COCb 0.56 28 da 15 cd 68 bc 68 b
Atrazine +COC 1.12 47 c 26 cd 70 bc 72 b
Dicamba 0.56 64 b 55 b 68 bc 91 a
Dicamba + diflufenzopyr +NIS + AMS 0.14 + 0.06 63 b 64 b 74 bc 94 a
Glufosinate + AMS 0.6 90 a 23 cd 96 a 95 a
Glyphosate + AMS 0.87 0 e 8 d 68 bc 66 b
Topramezone +MSO+AMS 0.018 81 a 88 a 78 b 96 a
2,4-D amine 0.56 62 b 30 c 62 c 68 b

a Means followed by the same letter within a column are not statistically different at α= 0.05.
b Adjuvant information: COC= crop oil concentrate at 1% (v/v) (Herbimax, Loveland Products Inc., Loveland, CO),

AMS= ammonium sulfate at 2% (w/w) (Actamaster, Loveland Products Inc., Loveland, CO), NIS= non-ionic surfactant at 0.25%
(v/v) (Activator 90, Loveland Products Inc., Loveland, CO), MSO=methylated seed oil at 1% (v/v) (SuperSpread, Wilbur-Ellis Co., San
Francisco, CA).
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applied PRE has generally been an effective tool for
Palmer amaranth control in corn. Johnson et al.
(2012) reported that atrazine PRE at 1.68 kg ai ha−1
controlled Palmer amaranth >98% at 8 wk after

application. After the failure to control this popula-
tion with atrazine in 2013, greenhouse testing
confirmed that this population was resistant to PRE
atrazine (resistance factor= 112-fold).

Table 5. Evaluation of herbicide programs for the management of multiple-resistant Palmer amaranth in corn for 2013 to 2015 in
Barry County, MI.

Palmer amaranth control Biomassa

Treatmentb Timingc Rate
14

DAEP
14

DAPO
At

harvestd 14 DAPO

kg ai ha−1 ______________ % __________ % reduction
Glufosinate fb
glufosinate

EPOSPOST 0.6 fb
0.6

73 ee 90 b-d 88 ab 100 a

Acetochlor + clopyralid + flumetsulam + glyphosate EPOS 0.31 + 0.13 + 0.04 76 e 80 e 69 c 83 b
Atrazine +mesotrione + S-
metolachlor + glyphosate + COC

EPOS 1.12 + 0.1 + 1.05 + 1.05 + 1% v/v 87 a 93 a-d 92 ab 99 a

Atrazine + tembotrione + thiencarbazone-methyl +
glyphosate + COC

EPOS 1.12 + 0.015 + 0.076 + 0.84 + 1%
v/v

87 a 89 cd 84 b 96 a

Atrazine + topramezone + pyroxasulfone +
glyphosate +MSO

EPOS 1.68 + 0.018 + 0.18 + 0.84 +
1% v/v

87 a 96 a 95 a 100 a

Acetochlor fb
Glufosinate

PRE POST 1.79 fb
0.6

76 e 91 a-d 87 ab 97 a

Atrazine + S-metolachlor fb
glufosinate

PRE POST 1.82 + 1.41 fb
0.6

84 a-c 94 a-c 93 a 99 a

Atrazine + S-metolachlor fb
tembotrione + glufosinate

PRE POST 1.82 + 1.41 fb
0.014 + 0.6

83 a-d 94 a-c 92 ab 99 a

Atrazine + S-metolachlor fb
glyphosate

PRE POST 1.82 + 1.41 fb
0.84

79 b-d 58 f 34 d 48 c

Atrazine + S-metolachlor fb
atrazine +mesotrione +COC

PRE POST 1.82 + 1.41 fb
0.67 + 0.1 + 1% v/v

79 b-d 95 ab 94 a 100 a

Atrazine + S-metolachlor fb
mesotrione + S-metolachlor + glyphosate +NIS

PRE POST 1.82 + 1.41 fb
0.1 + 1.05 + 1.05 + 0.25% v/v

85 ab 93 a-d 88 ab 97 a

Acetochlor + atrazine fb
atrazine + topramezone + glyphosate +MSO

PRE POST 1.4 + 1.73 fb
0.56 + 0.018 + 0.84 + 1% v/v

78 de 94 a-c 92 ab 100 a

Atrazine + isoxaflutole fb
acetochlor + glufosinate

PRE POST 1.12 + 0.11 fb
1.26 + 0.6

80 b-d 93 a-d 95 a 99 a

Dimethenamid-p + saflufenacil fb
dicamba + diflufenzopyr + glyphosate

PRE POST 0.66 + 0.075 fb
0.14 + 0.056 + 0.84

83 a-d 92 a-d 93 a 96 a

Dimethenamid-p + saflufenacil fb
dicamba + diflufenzopyr + tembotrione +
glyphosate

PRE POST 0.66 + 0.075 fb
0.14 + 0.056 + 0.014 +

0.84

73 e 91 a-d 94 a 100 a

Dimethenamid-p + saflufenacil fb
dicamba + diflufenzopyr + tembotrione +
glufosinate

PRE POST 0.66 + 0.075 fb
0.14 + 0.056 + 0.014 +

0.6

83 a-d 95 a-c 94 a 100 a

Atrazine +mesotrione + S-metolachlor
fb acetochlor + glufosinate

PRE POST 1.46 + 0.18 + 1.46 fb
1.26 + 0.6

85 ab 95 a-c 93 a 100 a

Atrazine +mesotrione + S-metolachlor
fb atrazine + tembotrione +COC

PRE POST 1.46 + 0.18 + 1.46 fb
0.56 + 0.014 + 1% v/v

79 b-d 95 a-c 92 ab 100 a

Atrazine +mesotrione + S-metolachlor
fb mesotrione + S -metolachlor + glyphosate +NIS

PRE POST 0.73 + 0.09 + 0.73 fb
0.1 + 1.05 + 1.05 + 0.25% v/v

84 a-c 95 ab 90 ab 99 a

a Palmer amaranth biomass reduction was calculated as y= 100 – ((sample dry weight / nontreated control dry weight) * 100).
b Adjuvant information: COC, crop oil concentrate at 1% (v/v) (Herbimax, Loveland Products Inc., Loveland, CO); NIS, nonionic

surfactant at 0.25% (v/v) (Activator 90, Loveland Products Inc., Loveland, CO); MSO, methylated seed oil at 1% (v/v) (SuperSpread,
Wilbur-Ellis Co., San Francisco, CA). All treatments contained AMS, ammonium sulfate at 2% (w/w) (Actamaster, Loveland Products
Inc., Loveland, CO).

c Abbreviations: EPOS, early postemergence; PRE, pre-emergence; POST, postemergence; 14 DAEP, 14 days after early post-
emergence treatment (27 to 38 days after pre-emergence treatment, and at the time of postemergence treatment); 14 DAPO,14 days after
the postemergence treatment.

d Weed control was evaluated just prior to corn harvest.
e Means followed by the same letter within a column are not statistically different at α= 0.05.
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Overall Palmer amaranth control from the PRE-
only herbicide treatments was inconsistent in the
three years of this experiment. Palmer amaranth
control was more consistent and long-lasting in
2014 and 2015 than it was in 2013. Of the 20 PRE
herbicide treatments examined, there were 10
treatments that provided similar levels of Palmer
amaranth control (89% to 98%) 72 DAP in 2014
and 2015 (Table 3). Pyroxasulfone was the most
consistent at controlling Palmer amaranth of the
Group 15 herbicides applied alone. At 45 DAP,
pyroxasulfone at 0.18 kg ai ha−1 provided 83%
control of Palmer amaranth, and was among
the treatments with the greatest control in 2013
(Table 3). The addition of atrazine at 1.1 kg ai ha−1 to
any of the single active ingredients tested did not
improve Palmer amaranth control over that provided
by the single active ingredient alone, with the
exception of mesotrione 72 DAP in 2014 and 2015
(Table 3). Others have reported synergistic responses
from the addition of atrazine to mesotrione applied
POST to atrazine-resistant velvetleaf (Abutilon
theophrasti Medik.) and redroot pigweed (Woodyard
et al. 2009). In all years, the combination of
mesotrione and S-metolachlor alone, tank-mixed
with atrazine or tank-mixed with bicyclopyrone and
atrazine provided similar levels of Palmer amaranth
control as did pyroxasulfone applied alone (Table 3).
However, none of these treatments provided com-
plete control for the entire growing season, and
all would likely need an effective POST herbicide
treatment for season-long control. Relying on a single
herbicide site of action (i.e., pyroxasulfone, Group 15)
for Palmer amaranth control will increase the selection
pressure for additional resistances. Tank-mixing
herbicides with other herbicide sites of action (i.e.,
saflufenacil, Group 14), while not always the most
consistent, may help reduce selection pressure on the
single herbicide site of action.

Evaluation of POST Herbicides. Corn was not
injured with any of the POST herbicide treatments
(data not shown). Due to a significant year by treat-
ment interaction, Palmer amaranth control results are
presented separately by year. The majority of the
POST herbicide treatments in 2013 failed to provide
adequate Palmer amaranth control 14 DAT. Topra-
mezone was the only herbicide that provided greater
than 85% control (Table 4). Control with all others
was less than 65%. In 2014, four of the eight herbicide

treatments evaluated provided greater than 90% con-
trol 14 DAT. These treatments included topramezone,
dicamba, dicamba plus diflufenzopyr, and glufosinate.
Palmer amaranth control was lowest with glypho-

sate, atrazine at 0.56 and 1.12 kg ai ha−1, and 2,4-D
amine, in both years of the study (Table 4). Glyphosate
and atrazine applied POST have historically provided
excellent Palmer amaranth control (Bond et al. 2006;
Jhala et al. 2014; Norsworthy et al. 2008). The failure
to effectively control Palmer amaranth in both years of
this experiment illustrates the resistance in this
population to both atrazine and glyphosate. While this
population was not tested for resistance to 2,4-D, the
lower control observed with 2,4-D amine was most
likely due to an ineffective dose. Miller and Nors-
worthy (2016) reported similar Palmer amaranth
control results when 2,4-D choline was applied at
similar acid equivalent rates in 2,4-D–resistant
soybean. Palmer amaranth control was greatest when
2,4-D choline was applied at 1.1 kg ae ha−1, twice the
amount that can be applied in corn.
Palmer amaranth population densities at the time of

application may help explain the differences in Palmer
amaranth control between 2013 and 2014. Palmer
amaranth populations were 10-fold greater in 2013,
484 plants m−2 compared with 43 plants m−2 in 2014.
The relatively poor control of Palmer amaranth in
2013 with several of the POST herbicides could
be attributed to a lack of spray coverage and possible
plant stresses associated with higher Palmer amaranth
populations. Previous research has shown that the lack
of spray coverage can lead to inconsistent control of
annual weeds, particularly with contact herbicides like
glufosinate (Eubank et al. 2008; Steckel et al. 1997).
The higher levels of control observed with some of the
treatments in 2014 may have been somewhat inflated
due to the lower Palmer amaranth population. Farmers
who rely on a single POST herbicide application will
most likely be faced with Palmer amaranth population
densities similar to what was observed in 2013.
Topramezone provided the most consistent control
over the two years, however, it was not completely
effective. Results suggest that an effective PRE
herbicide will be needed to reduce Palmer amaranth
populations prior to a POST application.

Evaluation of Herbicide Programs for Palmer
Amaranth Control in Corn. None of the herbicide
programs examined resulted in significant corn injury
(data not shown). Palmer amaranth control was 87%
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14 DAEP with three of the five EPOS herbicide
treatments (Table 5). Each of the effective treatments
contained an HPPD-inhibiting herbicide. Previous
research showed that topramezone, tembotrione, and
mesotrione POST can effectively control Palmer
amaranth (≥90%) (Jhala et al. 2014; Norsworthy et al.
2008; Schuster et al. 2008; Stephenson et al. 2015).
Palmer amaranth control from the PRE herbicides at
the time of the POST application ranged between 73%
and 85%. All POST treatments, with the exception of
glyphosate alone, following a PRE herbicide applica-
tion provided greater than 90% Palmer amaranth
control 14 DAPO. Palmer amaranth control was 58%
and biomass was reduced only 48% when glyphosate
was applied POST following a PRE application of
S-metolachlor plus atrazine. The EPOS treatment of
acetochlor plus clopyralid plus flumetsulam plus gly-
phosate also failed to provide a high level of Palmer
amaranth control and only reduced biomass 83% at 14
DAPO. At harvest, these programs only provided 34%
and 69% Palmer amaranth control, respectively.
Additionally, at harvest the EPOS program of atrazine
plus tembotrione plus thiencarbazone-methyl plus
glyphosate provided slightly lower control (83%) than
several of the other programs evaluated. Due to the
resistance profile of this Palmer amaranth population,
tembotrione would have been the sole component
of this treatment contributing to Palmer amaranth
control. Tembotrione is a highly effective HPPD
inhibitor for management of Palmer amaranth, and a
synergistic response has been reported when tembo-
trione is applied in combination with atrazine in
atrazine-resistant Palmer amaranth (Kohrt and Sprague
2016). However, the lower level of Palmer amaranth
control at harvest with this treatment was most likely
due to lack of the addition of a residual herbicide to
control later-emerging Palmer amaranth.

The majority of EPOS programs provided similar
Palmer amaranth control as did the PRE fb POST
programs. The EPOS programs that provided the
greatest Palmer amaranth control all contained an
HPPD-inhibiting herbicide plus atrazine for POST
control and a Group 15 herbicide (e.g., S-metolachlor,
pyroxasulfone) for residual Palmer amaranth control.
However, due to Palmer amaranth’s extended emer-
gence pattern and rapid growth, relying on a one-pass
EPOS program may not be the most consistent long-
term strategy, especially when managing a multiple-
resistant Palmer amaranth population. If the EPOS
program fails to control Palmer amaranth, options for

rescue treatments become extremely limited. The
two-pass POST programs of glufosinate (EPOS) fb
glufosinate (POST) provided control comparable to
several of the PRE fb POST and EPOS programs,
controlling 88% of Palmer amaranth at harvest
(Table 5). While this program provided good Palmer
amaranth control, it would increase selection pressure
for glufosinate resistance from the repeated application
of a single herbicide site of action.
We conclude that one of the most effective and

consistent management strategies to control multiple-
resistant Palmer amaranth is a PRE fb POST herbicide
program approach. While some of the PRE and
POST-only treatments provided effective control of
Palmer amaranth, complete, season-long control was
not achieved. Herbicide programs that contained
effective herbicide sites of action both PRE and POST
were among the most consistent programs. Strategies
should include at least one effective herbicide site of
action PRE and two effective foliar sites of action
POST, plus a soil residual herbicide, to control Palmer
amaranth for the entire growing season.

Literature Cited
Bensch CN, Horak MJ, Peterson D (2003) Interference of
redroot pigweed (Amaranthus retroflexus), Palmer amaranth
(A. palmeri), and common waterhemp (A. rudis) in soybean.
Weed Sci 51:37–43

Bond JA, Oliver LR, Stephenson DO 4th (2006) Response
of Palmer amaranth (Amaranthus palmeri) accessions to
glyphosate, fomesafen, and pyrithiobac. Weed Technol
20:885–892

Bryson CT, DeFelice MS, eds. (2010) Weeds of the Midwestern
United States & Central Canada. Athens, GA: University of
Georgia Press. Pp 34–39

Culpepper AS, Grey TL, Vencill WK, Kichler JM, Webster TM,
Brown SM, York AC, Davis JW, Hanna WW (2006)
Glyphosate-resistant Palmer amaranth (Amaranthus palmeri)
confirmed in Georgia. Weed Sci 54(4), 620–626

Eubank TW, Poston DH, Nandula VK, Koger CH, Shaw DR,
Reynolds DB (2008) Glyphosate-resistant horseweed (Conyza
Canadensis) control using glyphosate-, paraquat-, glufosinate-
based herbicide programs. Weed Technol 22:16–21

Geier PW, Stahlman PW, Frihauf JC (2006) KIH-485 and
s-metolachlor efficacy comparisons in conventional and no-
tillage corn. Weed Technol 20(3), 622–626

Gossett BJ, Toler JE (1999) Differential control of Palmer
amaranth (Amaranthus palmeri) and pigweed (Amaranthus
hybridus) by postemergence herbicides in soybean (Glycine
max). Weed Technol 13:165–168

Grichar WJ (1994) Spiny amaranth (Amaranthus spinosus L.)
control in peanut (Arachis hypogaea L.). Weed Technol 8:
199–202

Kohrt and Sprague: Resistant Palmer Amaranth • 371

https://doi.org/10.1017/wet.2017.18 Published online by Cambridge University Press

https://doi.org/10.1017/wet.2017.18


Hager AG, Wax LM, Bollero GA (2002) Common waterhemp
(Amaranthus rudis) interference in soybean. Weed Sci 50:607–610

Heap I (2016) The international survey of herbicide resistant
weeds. www.weedscience.com. Accessed February 5, 2016

Horak MJ, Loughin TM (2000) Growth analysis of four
Amaranthus species. Weed Sci 48(3), 347–355

Jhala AJ, Sandell LD, Rana N, Kruger GR, Knezevic SZ
(2014) Confirmation and control of triazine and 4-
hydroxyphenylpyruvate dioxygenase-inhibiting herbicide-resistant
Palmer amaranth (Amaranthus palmeri) in Nebraska. Weed
Technol 28:28–38

Johnson WG, Chahal GS, Regehr DL (2012) Efficacy of various
corn herbicides applied preplant incorporated and preemer-
gence. Weed Technol 26(2), 220–229

Keeley PE, Carter CH, Thullen RJ (1987) Influence of planting
date on growth of Palmer amaranth (Amaranthus palmeri).
Weed Sci 35:199–204

Knezevic SZ, Weise SF, Swanton CJ (1994) Interference of
redroot pigweed (Amaranthus retroflexus) in corn (Zea mays).
Weed Sci 42:568–573

Kohrt JR, Sprague CL (2016) Response of a multiple resistant
Palmer amaranth population to four HPPD-inhibiting applied
alone and with atrazine. Weed Sci (accepted), doi: 10.1017/
wsc.2017.28

Kohrt JR, Sprague CL, Nadakuduti SS, Douches D (2016)
Confirmation of a three-way (glyphosate, ALS, and atrazine)
herbicide-resistant population of Palmer amaranth (Amaranthus
palmeri) in Michigan. Weed Sci 65:327–338

Massinga RA, Curie RS, Horak MJ, Boyer J Jr (2001) Interference
of Palmer amaranth in corn. Weed Sci 49(2), 202–208

Michigan State University Enviro-weather. (2016) Weather Station
Network. https://www.enviroweather.msu.edu. Accessed May 15,
2016

Miller MR, Norsworthy JK (2016) Evaluation of herbicide
programs for use in a 2,4-D-resistant soybean technology for
control of glyphosate-resistant Palmer amaranth (Amaranthus
palmeri). Weed Technol 30:366–376

Moolani KM, Knake EL, Slife FW (1964) Competition of
smooth pigweed with corn and soybeans. Weeds 12:126–128

Nandula VK, Reddy KN, Koger CH, Poston DH, Rimando AM,
Duke SO, Bond JA, Ribeiro DN (2012) Multiple resistance to
glyphosate and pyrithiobac in Palmer amaranth (Amaranthus
palmeri) from Mississippi and response to flumiclorac. Weed Sci
60:179–188

Norsworthy JK, Griffith GM, Scott RC, Smith KL, Oliver LR
(2008) Confirmation and control of glyphosate-resistant Palmer

amaranth (Amaranthus palmeri) in Arkansas. Weed Technol
22:108–113

Saxton AM (1998) A macro for converting mean separation
output to letter groupings in Proc Mixed. Pages 1243–1246 in
Proceedings of the 23rd Annual SAS Users Group Interna-
tional. Cary, NC: SAS Institute Inc

Schuster CL, Al-Khatib K, Dille JA (2008) Efficacy of
sulfonylurea herbicide when tank mixed with mesotrione.
Weed Technol 22:222–230

Schweizer EE, Lauridson TC (1985) Powell amaranth
(Amaranthus powellii) interference in sugarbeet (Beta vulgaris).
Weed Sci 33:518–520

Sellers BA, Smeda RJ, Johnson WG, Kendig JA, Ellersieck MR
(2003) Comparative growth of six Amaranthus species in
Missouri. Weed Sci 51(3), 329–333

Sosnoskie LM, Kichler JM, Wallace RD, Culpepper AS
(2011) Multiple resistance in Palmer amaranth to glyphosate
and pyrithiobac confirmed in Georgia. Weed Sci 59:321–325

Steckel GJ, Wax LM, Simmons FW, Phillips WH 2nd (1997)
Glufosinate efficacy on annual weeds is influenced by rate and
growth stage. Weed Technol 11:484–488

Steckel LE, Main CL, Ellis AT, Mueller TC (2008) Palmer
amaranth (Amaranthus palmeri) in Tennessee has low level
glyphosate resistance. Weed Technol 22:119–123

Stephenson DO 4th, Bond JA, Landry RL, Edwards HM (2015)
Weed management in corn with postemergence applications
of tembotrione or thiencarbazone:tembotrione. Weed Technol
29(3), 350–358

Toler JE, Guice B, Murdock EC (1996) Interference between
johnsongrass (Sorghum halepense), smooth pigweed (Amar-
anthus hybridus), and soybean (Gylcine max). Weed Sci 44:
331–338

Ward SM, Webster TM, Steckel LE (2013) Palmer amaranth
(Amaranthus palmeri): a review. Weed Technol 27:12–27

Woodyard AJ, Hugie JA, Riechers DE (2009) Interactions
of mesotrione and atrazine in two weed species with
different mechanisms for atrazine resistance. Weed Sci
57:369–378

Received December 8, 2016, and approved February 27,
2017.

Associate Editor for this paper: William Johnson, Purdue
University.

372 • Weed Technology 31, May–June 2017

https://doi.org/10.1017/wet.2017.18 Published online by Cambridge University Press

www.weedscience.com
https://www.enviroweather.msu.edu
https://doi.org/10.1017/wet.2017.18

	Herbicide Management Strategies in Field Corn for a Three-Way Herbicide-Resistant Palmer Amaranth (Amaranthus palmeri) Population
	Materials and Methods
	Evaluation of PRE Herbicides
	Evaluation of POST Herbicides
	Evaluation of Herbicide Programs for Palmer Amaranth Control in Corn
	Statistical Analysis

	Table 1Planting dates, hybrids, and herbicide application dates for pre-emergence herbicide, postemergence herbicide, and herbicide program experiments to control multiple-resistant Palmer amaranth in field corn in Barry County, MI (2013 to 2015).
	Results and Discussion
	Evaluation of PRE Herbicides

	Table 2Herbicide product, application rates and timings, and manufacturer information for herbicide treatments used for Palmer amaranth control in field corn in Barry County, MI (2013 to�2015).
	Table 3Effect of pre-emergence corn herbicides on the control and biomass of multiple-resistant Palmer amaranth 45 and 72�days after planting (DAP) for 2013 and 2014-2015 in Barry County,�MI.
	Table 4Effect of postemergence corn herbicides on the control of multiple-resistant Palmer amaranth 7 and 14�days after treatment (DAT) in Barry County,�MI.
	Table 5Evaluation of herbicide programs for the management of multiple-resistant Palmer amaranth in corn for 2013 to 2015 in Barry County,�MI.
	Evaluation of POST Herbicides
	Evaluation of Herbicide Programs for Palmer Amaranth Control in Corn

	Literature Cited


