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Abstract

Waterhemp [Amaranthus tuberculatus (Moq.) J.D. Sauer] is one of the most prob-
lematic weeds in soybean [Glycine max (L.) Merr.] production in the Midwestern
United States. In recent years, the adoption of soybean resistant to dicamba, 2,4-
D, and/or glufosinate have enabled the use of these herbicides to improve control of
problematic weeds. Field experiments were conducted in Indiana in 2021 and 2022 to
determine effective herbicide programs for controlling a waterhemp population resis-
tant to herbicides in Weed Science Society of America (WSSA) Groups 2,4, 5,9, and
14. Two soybean varieties, one resistant to dicamba, glufosinate, and glyphosate, and
the other resistant to 2,4-D, glufosinate, and glyphosate were evaluated. Preemer-
gence applications included an auxin herbicide, either 2,4-D or dicamba, applied
with pyroxasulfone and flumioxazin. Postemergence applications included combi-
nations of 2,4-D or dicamba, glyphosate, and glufosinate. No more than 6% soybean
injury from all postemergence applications was observed in 2021 and no injury was
observed in 2022. By 21 days after the second postemergence application, two-pass
herbicide programs increased waterhemp control by at least 30% compared to one-
pass systems. Comparatively, two pass postemergence programs were more effective
in 2021 and preemergence followed by postemergence programs were more effec-
tive in 2022. Control of waterhemp with 2,4-D and dicamba was similar in 2021;
however, 2,4-D was more effective than dicamba in 2022, indicating the diminishing
utility of dicamba in this field. Results from this study suggest that effective control of
multiple-resistant waterhemp population is most likely achieved with two-pass her-
bicide programs that include 2,4-D tank-mixed with other effective herbicides, such

as glufosinate.

Abbreviations: DASP, days after second POST; DAT, days after treatment; EPSPS, 5-enolpyruvylshiki-mate-4-phosphate synthase; POST, postemergence;

POST-POST, postemergence followed by postemergence; PRE, preemergence; PRE-POST, preemergence followed by postemergence; ROS, reactive oxygen
species; WAT, weeks after treatment; WSSA, Weed Science Society of America.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.

© 2025 The Author(s). Crop, Forage & Turfgrass Management published by Wiley Periodicals LLC on behalf of American Society of Agronomy and Crop Science Society of

America.

Crop Forage & Turfgrass Mgmt. 2025;11:¢70063.
https://doi.org/10.1002/cft2.70063

wileyonlinelibrary.com/journal/cft2 1of13


https://orcid.org/0000-0001-5326-8703
https://orcid.org/0000-0002-6960-0333
https://orcid.org/0000-0003-3458-0368
https://orcid.org/0000-0001-9145-1058
mailto:wgj@purdue.edu
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/cft2
https://doi.org/10.1002/cft2.70063

20f13 Crop, Forage & Turfgrass Management

1 | INTRODUCTION
Waterhemp [Amaranthus tuberculatus (Moq.) J.D. Sauer] is
a competitive summer annual broadleaf weed that has been
identified as one of the most problematic weeds in US soy-
bean [Glycine max (L.) Merr.] production (Sauer, 1955; Van
Wychen, 2022). In Indiana, waterhemp germination extends
from mid-April through August (Heneghan, 2016), with
season-long waterhemp interference capable of causing up to
a 56% yield loss in soybean (Bensch et al., 2003; Steckel,
2007). Therefore, effective waterhemp management is neces-
sary to minimize competition and maximize soybean yield.
Waterhemp possesses a dioecious reproductive system, which
facilitates high genetic diversity (Steckel, 2007) and long-
distance pollen movement increases the spread of favorable
alleles, such as herbicide resistance traits (Liu et al., 2012).
Across the Midwestern United States, resistance to seven
different mode of action groups has been documented in
waterhemp, including Weed Science Society of America
(WSSA) Group 2 acetolactate synthase (ALS) inhibitors (Pat-
zoldt & Tranel, 2007), Group 4 synthetic auxins (Bernards
et al., 2012), Group 5 photosystem II (PSII) inhibitors (Foes
et al., 1998), Group 9 5-enolpyruvyl shikimate-3-phosphate
synthase (EPSPS) inhibitors (Legleiter & Bradley, 2008),
Group 14 protoporphyrinogen oxidase (PPO) inhibitors
(Shoup et al., 2003), Group 15 very long chain fatty acid
(VLCFA) inhibitors (Strom et al., 2019), and Group 27
4-hydroxyphenyl pyruvate dioxygenase (HPPD) inhibitors
(Hausman et al., 2011). While a single plant may only express
one of these herbicide resistance traits, many waterhemp
populations possess multiple herbicide-resistance traits. Foes
et al. (1998) documented the first multiple-herbicide-resistant
waterhemp population with resistance to Group 2 and 5
herbicides. Since 1998, waterhemp populations have been
documented with resistance to three, four, five, and some-
times, six herbicide mode of action groups (Bell et al. 2013;
Evans et al., 2019; Legleiter & Bradley, 2008; Shergill et al.,
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Plain Language Summary

Waterhemp is one of the most problematic weed species in soybean production in
the Midwestern United States. The introduction of soybean varieties resistant to 2,4-
D, dicamba, and/or glufosinate has enabled the use of these herbicides to improve
control of weeds like waterhemp. This study evaluated the control of a multiple-
resistant waterhemp population by looking at different herbicide active ingredients
and application timings. The results indicated that the use of preemergence followed
by postemergence programs were most consistent at reducing waterhemp density.
Additionally, with this multiple-resistant population, the use of effective herbicides,
such as glufosinate, is important to achieve good control of waterhemp and not allow
for seeds to return to the seedbank.

2018). Due to the rapid development of herbicide resistance
in waterhemp, alternative control options are necessary to
control these problematic populations.

Glufosinate, a WSSA Group 10 herbicide, inhibits the glu-
tamine synthetase enzyme, resulting in the accumulation of
glutamate and ammonia and the formation of reactive oxy-
gen species (ROS), thereby, disrupting cell membranes (Hack
et al., 1994; Takano & Dayan, 2020). Because glufosinate is
non-selective, it has historically been used in non-crop areas
or in preplant burndown applications. However, the commer-
cialization of glufosinate-resistant soybeans in 2009 allowed
for postemergence use of the herbicide for broad-spectrum
weed control, including many glyphosate-resistant weed pop-
ulations (Ross et al., 2015). The recent spread of glyphosate-
resistance in many weed species has resulted in a rapid
increase in glufosinate use for broad-spectrum weed control,
largely in soybean (Duke, 2018). Although glufosinate is gen-
erally effective for controlling waterhemp, the potency of the
herbicide appears to be diminishing, especially in populations
with multiple-herbicide resistance. For example, in the early
2000’s, 4- to 5-inch tall waterhemp was completely controlled
with 0.36 Ib ai acre™! of glufosinate (Beyers et al., 2002).
However, Sarangi et al. (2015) applied 0.53 1b ai acre ! of glu-
fosinate but only reported 84% control of glyphosate-resistant
waterhemp at 21 days after treatment (DAT). More recently,
Shergill et al. (2018) applied 2.04 b ai acre™! of glufosinate,
about three times the labelled rate, but did not achieve greater
than 90% control of a waterhemp population exhibiting
resistance to six herbicide modes of action at 28 DAT.

Glufosinate activity is highly dependent on environmen-
tal conditions (Anderson et al., 1993; Carlson & Burnside,
1984), and weed control is generally greater in conditions of
high light intensity, high humidity, and warm temperatures
(Coetzer et al., 2002; Wendler et al., 1990). For example,
Takano et al. (2019) reported 82% and 4% injury on Palmer
amaranth (Amaranthus Palmeri S. Watson) following glufos-
inate applications in light and dark conditions, respectively,
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because ROS production occurred only in plants exposed
to light. With glufosinate efficacy being variable due to
weather, tank-mixing with other chemistries, such as 2,4-D
or dicamba, has been shown to improve the consistency of
control on glyphosate-resistant waterhemp (Bobadilla et al.,
2022; Craigmyle et al., 2013).

Dicamba and 2,4-D are synthetic auxin herbicides that
imitate the naturally occurring plant hormone indole-3-acetic
acid (IAA) which regulates plant growth and development
(Fu et al., 2015; Todd et al., 2020). Preplant and postemer-
gence broadleaf weed control using 2,4-D has been prevalent
in grass crops since its widespread commercialization in
the 1950’s (Munro et al., 1992; Peterson et al., 2016). In
a field experiment conducted in Indiana, over 90% control
of waterhemp was documented with a 1 1b ae acre rate of
2,4-D at 28 DAT (Robinson et al., 2012). However, in 2012,
plants from a waterhemp population in Nebraska were less
than 50% controlled with a 32 Ib ae acre™! rate of 2,4-D in
a field experiment at 28 DAT, confirming 2,4-D resistance
(Bernards et al., 2012). More recently, additional populations
have been confirmed resistant to 2,4-D across the Midwest
(Evans et al., 2019; Shergill et al., 2018). Dicamba use has
also been prevalent for the control of broadleaf weeds in
grass crops (Johnson et al., 2010). Effective waterhemp
control of >85% has been documented with the use of
dicamba at 28 DAT (Anderson et al., 1996; Vyn et al., 2006).
However, instances of control failure with dicamba have
been documented, where less than 30% control was reported
with 0.5 1b ae acre™! rate of dicamba (Spaunhorst & Bradley,
2013). In 2022, a waterhemp population from Illinois had
a 10-fold higher level of resistance to dicamba than known
sensitive populations (Bobadilla et al., 2022).

Maintaining weed-free fields is critical for the protection
of soybean yield potential, and the use of two-pass herbicide
programs have previously provided more consistent control
of herbicide-resistant waterhemp. Hedges et al. (2018) doc-
umented a 24% increase in glyphosate-resistant waterhemp
control at 8 weeks after postemergence (POST) application
with the use of a two-pass herbicide program compared
to a PRE-only program. Duenk et al. (2023) documented
a 29% and 38% reduction in multiple-resistant waterhemp
control with one-pass PRE and one-pass POST programs,
respectively, compared to PRE followed by POST programs.
Reductions in waterhemp density of 4.5X and 31X were
reported when PRE and POST only programs, respectively,
were compared to PRE-POST programs at 4 weeks after
POST application (Schryver et al., 2017).

In addition to using two-pass herbicide programs, another
best management practice (BMP) for controlling troublesome
weeds, like waterhemp, while also mitigating the risk of herbi-
cide resistance is the use of herbicides from multiple effective
mode of action groups (Norsworthy et al., 2012). Prior to
crop emergence, many growers will apply a premix or tank-
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mix containing multiple herbicide active ingredients that have
residual activity for broad spectrum weed control. Previous
research has documented >90% control of broadleaf weeds,
such as waterhemp, in soybean when two or more chemistries
are used in a preemergence (PRE) application at 4 weeks after
treatment (WAT) (Hedges et al., 2019; Meyer et al., 2016).
The addition of a residual herbicide in tank-mixture with a
POST herbicide application has also shown to be effective
for controlling waterhemp populations. The inclusion of ace-
tochlor in an early POST application of glufosinate made
21 days after planting increased waterhemp control by 6%
in comparison to glufosinate alone 14 days after application
(Jhalaetal.,2017). Striegel et al. (2021) documented a reduc-
tion in waterhemp density when acetochlor at 1.1 1b ae acre ™!
was added to a POST application of dicamba plus glyphosate
compared to dicamba plus glyphosate applied alone at 28 days
after the POST application at V6.

The development of soybean technologies that allow for
POST over-the-top applications of dicamba and 2,4-D, as
well as glufosinate and glyphosate, facilitate the use of tank-
mixes with multiple active ingredients to control glyphosate-
resistant waterhemp. Craigmyle et al. (2013) reported a 22%
increase in control of 4- to 5-inch waterhemp in 2,4-D
resistant soybean when 2,4-D and glufosinate were applied
together compared to glufosinate alone. Underwood et al.
(2017) reported that the addition of glyphosate to a POST
application of dicamba increases control of redroot pigweed
by as much as 33% 2 weeks after application compared to
dicamba alone. These herbicide resistance traits in soybean
allow for herbicide options and combinations to control water-
hemp population with resistance to multiple herbicide mode
of action groups.

Failure to control waterhemp using dicamba in dicamba-
resistant soybeans has been observed by Indiana growers since
2019 (William G. Johnson, personal communication, 2020).
Seeds collected from Francesville, IN (40.91°N, —86.89°W),
were used in a series of preliminary experiments to deter-
mine potential herbicide-resistance characteristics in this
population. Molecular assay confirmed resistance to WSSA
Group 2 herbicides via the Trp574 mutation, to glyphosate
via an increase in EPSPS copy number, and to WSSA Group
14 herbicides via the AG210 mutation (Bland, 2024). This
population also exhibited resistance to foliar applications of
atrazine and dicamba, but the mechanism is unknown (Bland,
2024). Applications of a synthetic auxin herbicide (dicamba
or 2,4-D) in tank-mixture with glyphosate, and/or glufosinate
have been shown to control problematic weeds, including
multiple-resistant waterhemp (Riar et al., 2013). Control of
glyphosate-resistant Palmer amaranth with different herbicide
programs containing glyphosate, glufosinate, and 2,4-D has
been recently documented (Shyam et al., 2021). This research
was conducted to evaluate the use of different herbicide
programs containing dicamba or 2.4-D plus glyphosate
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and/or glufosinate, with or without a preceding soil resid-
ual herbicide application, in dicamba or 2,4-D resistant
soybean systems to control a five-way resistant waterhemp
population.

2 | MATERIALS AND METHODS

2.1 | Site description and field plot design
Field experiments were conducted in 2021 and 2022 at a no-
till field site near Francesville, IN (40.91°N, —86.89°W), on
a waterhemp population resistant to herbicides from WSSA
mode of action groups 2, 4, 5, 9, and 14 (Bland, 2024). The
soil type was a sandy loam (75% sand, 14% silt, and 11% clay)
with 2.4% organic matter and a pH of 7.5. One day prior to
planting, a burndown application of paraquat (Gramoxone,
Syngenta Crop Protection LLC) at 0.5 b ai acre™! plus a
nonionic surfactant at 0.25% v/v was made to remove win-
ter annual and early emerged summer annual weeds. The
experimental design was a 2 X 16 factorial design with four
replications. One factor was soybean variety (Enlist E3 Stine
32EA12 or Xtendflex Asgrow AG29XF1) and the experiment
was blocked by this factor. The second factor was herbicide
program, PRE only, PRE followed by POST (PRE-POST),
POST only, and two-pass POST (POST-POST), which were
randomized within each soybean variety block. Each herbi-
cide program included the corresponding auxin herbicide in
every program, except the nontreated check, which was 2,4-D
for the Enlist variety and dicamba for the Xtendflex variety.
Additional herbicides used and rates in herbicide programs
can be viewed in Table 1.

Soybeans were planted on May 15, 2021, and May 12,
2022, at 140,000 seeds acre™! in rows 30 inches apart. Each
plot was 10-ft wide by 30-ft long. PRE herbicide applications
were made within 24 h of planting in both years using a 6.67-
ft-wide boom CO,-pressurized backpack sprayer fitted with
four TTI 110015 nozzles (TeeJet Technologies) calibrated to
deliver 15 gal per acre at 40 PSI. The first POST application
was made 29 and 28 days after planting in 2021 and 2022,
respectively, when waterhemp was 3- to 6-inches tall in plots
that had not received a PRE application. Waterhemp plants
from plots that did receive a PRE application were, on aver-
age, 0- to 6-inches tall at the first POST application timing.
POST applications were made using a CO,-pressurized back-
pack sprayer fitted with four TTI 110015 or AIXR 110015
nozzles for dicamba or 2,4-D, respectively, and applied as
described above. A second POST application was made on
47 and 43 days after planting in 2021 and 2022, respectively,
to POST-POST treatments when waterhemp regrowth was
observed. Throughout the duration of the season, a Watch-
dog Weather Station (Spectrum Technologies) was used to
measure daily rainfall accumulation.
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2.2 | Data collection and statistical analysis
Visual assessments of crop injury and weed control were
taken for the entire plot at the time of the second POST appli-
cation (0 days), and at 7 and 21 days after the second POST
(DASP) application. Crop injury and weed control were rated
on a scale of 0 to 100%, where 0% indicates no injury and
100% indicates complete death. In addition to visual eval-
uations, waterhemp density was assessed at the same time
by counting waterhemp plants in two, 2.7-ft> quadrats, one
positioned near the front of the plot and one near the back,
which were combined for analysis. At the end of the grow-
ing season, soybeans were harvested with a plot combine,
seed weight was corrected to 13% moisture content, and yield
was calculated in Ib per acre™!. Data were subjected to an
ANOVA using the PROC GLIMMIX procedure of SAS v. 9.4
(SAS Institute Inc.). Herbicide programs and soybean vari-
ety were the main factors and were treated as fixed effects
along with year and replication was treated as a random effect.
When ANOVA indicated significant treatment effects, means
were separated using Tukey’s Honest Significant Difference
test at an alpha of 0.05. Additionally, contrast statements
were conducted to compare the influence of application tim-
ing strategies and differences grouped over POST herbicide
actives. Statements included types of herbicide programs,
one- vs two-pass programs, PRE-only vs POST-only one-
pass programs, and PRE-POST vs POST-POST programs.
Additional contrast statements were used to compare dicamba
programs to 2,4-D programs and the efficacy of glyphosate
and glufosinate when included the tank-mixture of the first
POST application, and pyroxasulfone applied PRE vs pyrox-
asulfone applied with the first POST application. Due to
substantial differences in precipitation patterns between 2021
and 2022 (Table 2) and its effect on waterhemp emergence
and herbicide performance, the ANOVA indicated to separate
waterhemp control data and soybean yield by year. Addition-
ally, there was no interaction between soybean variety and
herbicide treatment on soybean yield in either year, so data
were pooled across soybean varieties.

3 |
3.1 |

RESULTS AND DISCUSSION

Rainfall discussion

Rainfall timing and accumulation were different between
the two site years for this experiment, which can be viewed
in Table 2. In May in 2021, there were no rainfall events
until the last week of May, a full week after planting and
PRE herbicide application, while in May of 2022 there were
rainfall events within 3 days of planting and PRE herbicide
application. Rainfall is important for PRE herbicide activation
and movement in the soil profile; therefore these differences



TABLE 1 Herbicide treatments tested at Francesville, IN, location in 2021 and 2022.
Treatment Active ingredients Application timing Rate
1 nontreated check — —
2 glyphosate + [auxin] * PRE 0.948 1b ae acre + [auxin]
3 pyroxasulfone + flumioxazin + [auxin]+ PRE 0.1 1b ai acre + 0.080 1b ai acre + [auxin]
glyphosate +0.948 1b ae acre
4 pyroxasulfone + flumioxazin + [auxin] + PRE fb POST 0.1 1b ai acre + 0.080 1b ai acre + [auxin]
glyphosate fb + 0.948 Ib ae acre fb
[auxin]+ glyphosate [auxin] + 0.948 1b ae acre
5 pyroxasulfone + flumioxazin + [auxin] + PRE fb POST 0.1 1b ai acre + 0.080 1b ai acre + [auxin]
glyphosate fb +0.948 1b ae acre fb
[auxin]+ glufosinate [auxin] + 0.58 1b ai acre
6 pyroxasulfone + flumioxazin + [auxin] + PRE fb POST 0.1 Ib ai acre + 0.080 Ib ai acre + [auxin]
glyphosate fb + 0.948 Ib ae acre fb
[auxin]+ glufosinate + glyphosate [auxin] 4+ 0.58 Ib ai acre + 0.948 1b ae acre
7 pyroxasulfone + flumioxazin + [auxin]+ PRE fb POST 0.1 1b ai acre + 0.080 Ib ai acre + [auxin]
glyphosate fb + 0.948 1b ae acre fb
[auxin]+ glufosinate + pyroxasulfone [auxin] + 0.58 1b ai acre + 0.081 1b ai acre
8 [auxin] + glyphosate POST [auxin] + 0.948 1b ae acre
9 [auxin] + glufosinate” POST [auxin] + 0.58 Ib ai acre
10 [auxin] + glufosinate + glyphosate POST [auxin] 4+ 0.58 Ib ai acre + 0.948 1b ae acre
11 [auxin] + glyphosate tb POST fb POST [auxin] + 0.948 1b ae acre fb
[auxin] + glyphosate [auxin] + 0.948 1b ae acre
12 [auxin] + glyphosate fb POST fb POST [auxin] + 0.948 1b ae acre fb
[auxin] + glufosinate [auxin] + 0.58 1b ai acre
13 [auxin] + glufosinate fb POST fb POST [auxin] + 0.58 1b ai acre fb
[auxin] + glufosinate [auxin] + 0.58 1b ai acre
14 [auxin] + glufosinate fb POST fb POST [auxin] + 0.58 1b ai acre fb
[auxin] + glyphosate [auxin] + 0.948 Ib ae acre
15 [auxin] + glufosinate + glyphosate fb POST fb POST [auxin] + 0.58 Ib ai acre + 0.948 1b ae acre
[auxin] + glufosinate + glyphosate fb
[auxin] + 0.58 Ib ai acre + 0.948 1b ae acre
16 [auxin] + glufosinate + pyroxasulfone fb POST fb POST [auxin] + 0.58 Ib ai acre + 0.081 Ib ai acre

[auxin] + glufosinate

b
[auxin] + 0.58 Ib ai acre

Note: Products were sourced from the following companies: Valent U.S.A. Corporation, Walnut Creek, CA, Corteva Agriscience LLC, Indianapolis, IN, Bayer Crop

Science LP, St. Louis, MO, BASF Corporation, Research Triangle Park, NC.
Abbreviations: fb, followed by; PRE, preemergence; POST, postemergence.

3[auxin] indicates either dicamba at 0.498 1b ae acre with Voliminate at 20 fl oz/acre, Intact at 0.5% v/v, and Class Act Ridion at 1% v/v OR 2.4-D at 1.37 b ae acre with

AMS at 2.5% v/v, dependent on soybean variety.

®Combination of glufosinate + dicamba is not currently registered for commercial use in dicamba-resistant soybean.

may have affected the study results. In June of 2021, rainfall
events were consistent throughout the entire month, therefore
plants were growing normally. However, in 2022, very little
rainfall accumulated in the last 2 weeks, causing plants
to be drought stressed and may have affected herbicide
performance. By July in both years, rainfall events were
consistent, alleviated drought stress, and plants were growing
normally.

3.2 | Soybean injury

No crop injury was observed for either soybean variety for any
herbicide or application timing in 2022. Crop injury sympto-
mology observed in 2021 included chlorotic speckling, caused
by foliar herbicides, and leaf malformation, caused by pyrox-
asulfone. There was no more than 6% crop injury for any
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TABLE 2  Weekly precipitation distribution for the months of
May, June, and July at Francesville, IN, in 2021 and 2022.

Month Dates 2021 2022
inches
May 1-7 0.0 0.0
8-14 0.0 0.0
15-21 0.0 0.5
22-31 2.4 0.3
Total for May 1-31 2.4 0.8
June 1-7 0.4 0.7
8-14 0.6 0.5
15-21 1.2 0.0
22-30 4.3 0.01
Total for June 1-30 6.5 1.21
July 1-7 0.01 1.0
8-14 1.9 0.5
1521 0.8 0.9
22-31 0.6 3.1
Total for July 1-31 3.31 5.5
Total for May—July 12.21 7.51

treatment in either system. Injury at the time of the sec-
ond POST application (0 DASP) was <2% and <5% for all
PRE and single POST treatments in the Enlist and Xtend-
flex programs, respectively (data not shown). At 7 DASP,
only Xtendflex and Enlist treatments that received a second
POST application displayed crop injury, which ranged from
0% to 6% (data not shown). There were no differences in
crop injury between herbicide programs and soybean vari-
eties at 21 DASP in 2021 (data not shown). Even though
some injury was observed, research has shown no significant
yield loss when herbicides are applied in accordance with the
label (Kapusta et al., 1986; Priess et al., 2020a; Young et al.,
2003).

3.3 | Waterhemp control

Fifteen different herbicide programs, plus a nontreated check,
were included for both the Enlist and Xtendflex systems
(Table 1). Most of the discussion that follows focuses on
the general trends identified by the contrast statements. At 7
and 21 DASP, one-pass programs (PRE-only and POST-only)
resulted in less waterhemp control than two-pass programs for
both the Enlist and Xtendflex systems in both 2021 and 2022
(Contrast 1, Table 3). In 2021, PRE-only resulted in a 2%—
6% increase in waterhemp control compared to POST-only
programs at 7 and 21 DASP, but in 2022, PRE-only resulted
in a larger increase, 41%, compared to POST-only programs
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at both evaluation timings (Contrast 2, Table 3). No one-
pass POST-only program provided >60% waterhemp control
in either year for both systems at 7 and 21 DASP. Previous
research has documented inadequate waterhemp control, less
than 60% at 4 WAT, with only a POST herbicide application
(Schryver et al., 2017) and greater waterhemp control when
herbicide programs included a PRE application compared to
those without (Sarangi et al., 2017).

In 2021, the effect of PRE-POST vs POST-POST were not
consistent across ratings: at 7 DASP, PRE-POST program
waterhemp control was on average 7% higher (82%-96%)
than POST-POST programs (53%-97%) (Contrast 3, Table 3).
However, at 21 DASP, PRE-POST programs ranged 69%—
93% and POST-POST programs ranged 70%-98%, and
POST-POST provided 5% greater control than PRE-POST
on average (Contrast 3, Table 3). In contrast, in 2022, PRE-
POST provided greater control at both 7 DASP, on average,
24% greater control (88%—99%) than POST-POST (48%-—
91%), and 21 DASP, on average, 14% greater control where
PRE-POST ranged 90%—-96% and POST-POST ranged 50%—
98% (Contrast 3, Table 3). The increase in control observed
from PRE herbicides in 2022 may be due to drought condi-
tions throughout the month of June (Table 2) which reduced
weed seed germination (Singh et al., 2022). Levels of con-
trol with two-pass programs (Treatments 4-7 and 11-16) at
21 DASP varied from 69% to 98% in 2021 and 50% to 98%
in 2022 for both the Enlist and Xtendflex soybean systems
(Table 3). For PRE-POST programs, the inclusion of glu-
fosinate and either glyphosate or pyroxasulfone in the POST
application resulted in greater than 90% control in all soybean
systems except Enlist in 2021. For POST-POST programs,
greater than 85% control was achieved in all soybean sys-
tems except Xtendflex in 2022 with programs that either (1)
included both glufosinate and glyphosate in tank-mix with the
corresponding auxin or (2) included pyroxasulfone in the first
POST application. Greater than 90% control of glyphosate-
resistant Palmer amaranth has been previously documented
at 6 weeks after POST application with two-pass herbicide
programs, both PRE followed by POST and two POST appli-
cations, that included combinations of herbicides from groups
4 and 9 (Kumar et al., 2019). Similarly, greater than 90% con-
trol of glyphosate-resistant waterhemp with a PRE followed
by POST programs that included combinations of herbicides
from WSSA Groups 4, 9, 14, and 15 was documented by
Hedges et al. (2018) at 12 WAT.

In both years and at both evaluation timings, the inclu-
sion of glufosinate in tank-mixture with a synthetic auxin
increased waterhemp control from 4% to 12% compared to
tank-mixtures with glyphosate (Contrast 5, Table 3). This was
expected because the waterhemp population at Francesville
was glyphosate-resistant. Previous research has documented
more effective control of waterhemp when glufosinate or
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TABLE 3 Waterhemp control at all evaluation timings as influenced by the interaction of herbicide treatment and soybean herbicide system at

the Francesville, IN, location in 2021 and 2022.

7 DASP 21 DASP
2021 2022 2021 2022
Treatment Application timing Enlist Xtendflex Enlist Xtendflex Enlist Xtendflex Enlist Xtendflex
%
1 NONTREATED 0i 0i Om Om 0j 0j 0] 0j
2 PRE-ONLY 0i 0i Om Om 0j 0j 0j 0j
3 PRE-ONLY 23 h 65c 80 c-h 94 a-c 161 66 f 80 cd 90 a-c
4 PRE-POST 84 ab 90 ab 88 a-e 94 a-c 81 b-f 81 b-f 90 a-c 94 a-c
5 PRE-POST 88 ab 86 ab 99 a 96 ab 82 b-e 73 d-f 95 ab 95 ab
6 PRE-POST 82b 90 ab 95 ab 98 a 69 ef 91 a-c 93 a-c 96 a
7 PRE-POST 95 ab 96 ab 98 a 95 ab 78 c-f 93 ab 96 a 93 a-c
8 POST-ONLY 43 fg 30 gh 581ij 35kl 35¢h 26 hi 58 fg 33i
9 POST-ONLY 40 fg 39 fg 60 ij 30L 35 gh 30 g-i 48 gh 301
10 POST-ONLY 50 d-f 48 ef 581ij 33L 43 g 40 gh 43 hi 301
11 POST-POST 59 c-e 53 c-f 68 hi 48 jk 83 a-e 70 ef 86 a-d 50 gh
12 POST-POST 94 ab 65c 83 b-g 71 f-i 91 a-c 73 d-f 96 a 65 ef
13 POST-POST 95 ab 90 ab 91 a-d 75 e-h 93 ab 87 a-d 98 a 80 cd
14 POST-POST 89 ab 63 cd 70 g-i 60 ij 87 a-d 74 d-f 81 b-d 53 f-h
15 POST-POST 97 a 92 ab 85 a-f 78 d-h 92 a-c 90 a-c 96 a 73 de
16 POST-POST 96 ab 94 ab 91 a-d 76 e-h 98 a 94 ab 98 a 81 b-d
Contrasts
1 ONE PASS VS TWO PASS 42% VS 85%* 56% VS 79%* 36% VS 84%* 52% VS 85%*
2 PRE-ONLY VS POST-ONLY  44% VS 42%* 87% VS 46%* 41% VS 35%* 85% VS 44%*
3 PRE-POST VS POST-POST 89% VS 82%* 95% VS 711% 81% VS 86%* 94% VS 80%*
4 2,4-D VS DICAMBA 74% VS 72%* 80% VS 70%* 69 VS 70% 83% VS 69%*
5 GLYPHOSATE VS 61% VS 73%* 65% VS 69%* 63% VS 67%* 69% VS 76%*
GLUFOSINATE
6 PYROXASULFONE PRE VS 87% VS 95%* 95% VS 84%* 80% VS 96%* 94% VS 90%*
POST

Note: Means in both soybean varieties at the same evaluation timing with like letters are not statistically different based on Tukey’s Honest Significant Difference (a <

0.05).

Abbreviations: DASP, days after second postemergence application; PRE, preemergence; POST, postemergence.

*Significance at P < 0.05.

glyphosate was included in tank-mixtures with synthetic aux-
ins, either 2,4-D or dicamba (Duenk et al., 2023; Jhala et al.,
2017).

In this study, the effect of the residual herbicide timing on
waterhemp control was different between the 2 years. In 2021,
pyroxasulfone applied POST resulted in greater waterhemp
control than pyroxasulfone applied PRE. In 2022, the oppo-
site effect was observed, pyroxasulfone applied PRE resulted
in greater control (Contrast 6, Table 3). This variation was
likely due to a lack of precipitation for 2 weeks after pyrox-
asulfone was applied POST in 2022 (Table 2). A previous
study documented poor control of Amaranthus species when

no rainfall accumulation occurred within 7 days of PRE herbi-
cide application (Priess et al., 2020b). However, the addition
of a residual herbicide, specifically a Group 15 herbicide
like pyroxasulfone, to a POST application has been shown to
increase waterhemp control compared to POST applications
without a residual herbicide (Aulakh & Jhala, 2015).

In 2021, programs with 2,4-D provided slightly greater
waterhemp control than programs with dicamba at 7 DASP
(74% vs 72%), but there was no difference at 21 DASP
(69% vs 70%) (Contrast 4, Table 3). However, in 2022, 2.4-D
based programs provided 10% or greater waterhemp con-
trol than dicamba-based programs at both timings (Contrast
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TABLE 4
postemergence application as influenced by soybean herbicide program

Waterhemp density at 7 days after second

at Francesville, IN, in both years.

Variety Waterhemp density*
—plants per 5.4 f>—

Xtendflex (dicamba) 24 A

Enlist (2,4-D) 12B

Note: Means with like letters are not statistically different based on Tukey’s Honest
Significant Difference (a > 0.05).
*Waterhemp counts are a combined total of the two quadrats.

4, Table 3). The continual use of the same herbicide places
selection pressure on a weed population to evolve resistance
(Montgomery, 2020), so the continued use of dicamba at this
location with a population already segregating for resistance
may continue to diminish the utility of dicamba.

TABLE 5
varieties at Francesville, IN, in 2021 and 2022.

Treatment Application timing
1 NONTREATED

2 PRE-ONLY

3 PRE-ONLY

4 PRE-POST

5 PRE-POST

6 PRE-POST

7 PRE-POST

8 POST-ONLY

9 POST-ONLY

10 POST-ONLY

11 POST-POST

12 POST-POST

13 POST-POST

14 POST-POST

15 POST-POST

16 POST-POST
Contrasts

1 ONE PASS VS TWO PASS

2 PRE-ONLY VS POST-ONLY

3 PRE-POST VS POST-POST

4 GLYPHOSATE VS GLUFOSINATE
5 PYROXASULFONE PRE VS POST

BLAND ET AL.

3.4 | Waterhemp density

At 7 DASP, there was no interaction between year and other
variables. When data were pooled across all herbicide treat-
ments, waterhemp density was higher in the dicamba based
system (24 per 5.4 ft?) than 2,4-D based system (12 per
5.4 ft?) (Table 4), likely due to the presence of dicamba
and glyphosate resistance in this population (Bland, 2024).
Density data for the Enlist and Xtendflex soybean sys-
tems were combined due to a non-significant interaction
between them (data not shown). Contrast analysis revealed
that two-pass programs resulted in 4X reduction waterhemp
density than one-pass programs at 7 DASP (Contrast 1,
Table 5), similar to observations of greater reduction in
density from PRE-POST programs compared to one-pass pro-
grams (Soltani et al., 2009). In addition, PRE-POST programs
had fewer waterhemp plants than POST-POST programs

Waterhemp density at 7 days after second postemergence application as influenced by herbicide treatment across both soybean

Waterhemp density
plants per 5.4 ft>

39 ab
29 ab
4b
1b
1b
1b
0.3b
41 ab
24 ab
72a
28 ab
12 ab
8b
14 ab
9b
6b

35 VS 8%

4 VS 46 NS'
1 VS 13*

23 VS 11 NS
1 VS 6*

Note: Means with like letters are not statistically different based on Tukey’s Honest Significant Difference (a > 0.05).

Abbreviations: PRE, preemergence; POST, postemergence.
¥Waterhemp counts are a combined total of the two quadrats.
*Significance at P < 0.05.

NS, non-significant difference.
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TABLE 6 Waterhemp density at 21 days after second postemergence application as influenced by the interaction of herbicide treatment and

soybean herbicide system at Francesville, IN, in 2021 and 20227,

Treatment Application timing Enlist Xtendflex
plants per 5.4 ft?

1 NONTREATED 31 ab 26 abc

2 PRE-ONLY 31 ab 11 cdefg

3 PRE-ONLY 2 efg 2 efg

4 PRE-POST 1 fg 0.125 g

5 PRE-POST 1fg 1fg

6 PRE-POST 1fg 0.125 g

7 PRE-POST 040 ¢g 025¢

8 POST-ONLY 18 bedefg 44 a

9 POST-ONLY 17 bedefg 19 bedef

10 POST-ONLY 21 bede 20 bede

11 POST-POST 2 efg 19 bedef

12 POST-POST 025¢g 10 cdefg

13 POST-POST 0.125 g 4 defg

14 POST-POST 1.6 fg 15 bedefg

15 POST-POST 040 ¢g 7 defg

16 POST-POST Og 3 defg

Contrasts

1 ONE PASS VS TWO PASS 18 VS 3%

2 PRE-ONLY VS POST-ONLY 2 VS 23 NS’

3 PRE-POST VS POST-POST 1 VS 5%

4 GLYPHOSATE VS GLUFOSINATE 14 VS 7*

5 PYROXASULFONE PRE VS POST 1 VS 2%

6 2,4-D VS DICAMBA 5 VS 10*

Note: Means with like letters are not statistically different based on Tukey’s Honest Significant Difference (a > 0.05).

*Significance at P < 0.05.
fNon-significant difference.

(Contrast 3, Table 5), similar to visual control estimates
(Table 3). At 7 DASP, the addition of pyroxasulfone in the
PRE application reduced waterhemp density more than its
inclusion in a POST application (Contrast 5, Table 5).

At 21 DASP, there was no interaction with year, but there
was an interaction between herbicide program and soybean
system (Table 6). However, the conclusions drawn from con-
trast statements were similar to those made for 7 DASP
data. Two-pass herbicide programs reduced waterhemp den-
sity compared to one-pass programs, 3 and 18 plants per 5.4
ft2, respectively (Contrast 1, Table 6). PRE-POST herbicide
programs had fewer waterhemp plants (1 per 5.4 ft?) than two-
pass POST programs (5 per 5.4 ft*) (Contrast 3, Table 6), and
this observation has been previously documented (Schryver
et al., 2017). POST applications that included pyroxasulfone
did not reduce waterhemp density as much as the addition of a
PRE application (Contrast 5, Table 6). The addition of glufosi-
nate instead of glyphosate in tank-mixture across all herbicide

programs in both systems reduced waterhemp density by 50%
and the use of 2,4-D reduced waterhemp density by 50% in
comparison to treatments that used dicamba (Contrasts 4 and
6, Table 6).

3.5 | Soybean yield

In 2021, soybean yield, pooled across all herbicide treatments,
was higher with the 2,4-D based system (4500 1b acre™')
than the dicamba based system (4020 Ib acre™!) (Table 7).
POST-only treatments had a higher yield than the PRE-only
treatments (Table 8). Also in 2021, an average yield reduc-
tion of roughly 240 Ib per acre™! was observed in one-pass
compared to two-pass programs (Contrast 1, Table 8). How-
ever, there were no yield differences between PRE-POST and
POST-POST systems (Contrast 3, Table 8). Yields were lower
in 2022, likely due to 4.7 inches less precipitation through the
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TABLE 7
at Francesville, IN, in 2021. Data for all herbicide treatments were

Soybean yield as affected by soybean herbicide system

pooled for this average.

Variety Yield

1b acre™!
Xtendflex 4020 b
Enlist 4500 a

Note: Means with like letters are not statistically different based on Tukey’s Honest
Significant Difference (a > 0.05).

summer months compared to 2021, and many herbicide treat-
ments were not different from the nontreated check (Table 8).
However, two pass POST treatments that included glufosi-
nate in the second application (treatments 13, 15, and 16)
had yields 2376-2472 1b acre™! higher than the nontreated
check (Table 8). Higher yields have been documented where

TABLE 8
Treatment Application timing
1 NONTREATED
2 PRE-ONLY
3 PRE-ONLY
4 PRE-POST
5 PRE-POST
6 PRE-POST
7 PRE-POST
8 POST-ONLY
9 POST-ONLY
10 POST-ONLY
11 POST-POST
12 POST-POST
13 POST-POST
14 POST-POST
15 POST-POST
16 POST-POST
Contrasts
1 ONE PASS VS TWO PASS

2 PRE-ONLY VS POST-ONLY

3 PRE-POST VS POST-POST

4 GLYPHOSATE VS GLUFOSINATE
5 PYROXASULFONE PRE VS POST

BLAND ET AL.

a two-pass herbicide program was used, either PRE followed
by POST or two timely POST applications, in comparison to
one-pass herbicide programs (Duenk et al., 2023; Legleiter
et al., 2009).

3.6 | Practical implications

Waterhemp is a challenging weed to control in the Mid-
western United States because of its propensity to develop
resistance to multiple herbicide mode of action groups
due to its dioecious nature and high genetic diversity (Liu
et al., 2012; Steckel, 2007). Acceptable control of multiple-
resistant waterhemp in the Enlist or Xtendflex soybean system
is not consistently achievable with a one-pass herbicide
program, even if it includes multiple effective modes of
action. PRE-POST and POST-POST programs can both be

Soybean yield pooled across both soybean varieties affected by herbicide treatment at Francesville, IN, in 2021 and 2022.

Yield
2021 2022

1b acre™!
3378 ¢ 1380 ¢
3192 ¢ 1644 be
3792 be 3048 abc
4512 a 4938 a
4314 ab 3588 abc
4494 ab 2520 abc
4326 ab 2472 be
4548 a 3078 abc
4206 ab 3288 abc
4326 ab 2850 abc
4470 ab 3120 abc
4476 ab 3624 ab
4500 ab 3852 ab
4578 a 2628 abc
4596 a 3804 ab
4314 ab 3756 ab

4218 VS 4458* 3066 VS 3430 NS

3792 VS 4360* 3048 VS 3071 NS
4412 VS 4489 NST 3380 VS 3463 NS
4510 VS 4313 NS 3711 VS 3576 NS
4412 VS 4314 NS 3380 VS 3756 NS

Note: Means with like letters are not statistically different based on Tukey’s Honest Significant Difference (@ > 0.05).

Abbreviations: PRE, preemergence; POST, postemergence.
*Significance at P < 0.05.
NS, non-significant difference.
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effective, dependent upon weather conditions and the inclu-
sion of multiple effective modes of action. However, PRE-
POST programs were more consistent at reducing waterhemp
density than POST-POST programs. Understanding the resis-
tance profile of waterhemp in a field will aid in making
effective soybean trait package and herbicide choices to con-
trol waterhemp and slow the evolution of herbicide resistance.
For example, at the Francesville location where this research
was conducted, the repeated use of dicamba in a population
segregating for dicamba resistance may have diminished its
utility in the second year. With this population being five-way
resistant, the use of effective modes of action, like glufos-
inate, as well as PRE herbicides is critical for control of
waterhemp and protection of potential soybean yield at this
location.
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