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Abstract

Enlist E3® soybean is resistant to 2,4-D, glyphosate, and glufosinate, allowing postemergence
applications of these herbicides sequentially or as tankmixes. The objectives of this experiment were
to evaluate the effect of postemergence herbicide application timing and sequence with or without a
preemergence application of micro-encapsulated acetochlor on waterhemp and common
lambsquarters control, soybean yield, and economic returns. Field experiments were conducted
in Rosemount and Franklin, Minnesota, in 2021 and 2022. Site, herbicide application timing, and
sequence influencedweed control, yield, and profitability. In Rosemount, preemergence followed by
(fb) two-pass postemergence programs, including 2,4-D þ glyphosate applied at mid-
postemergence with or without S-metolachlor, resulted in ≥95% waterhemp control at 28 d
after late postemergence application. In Franklin, where weed density was lower, two-pass
postemergence programs, regardless of preemergence application that included at least one
application of 2,4-D þ glyphosate (with or without S-metolachlor), provided ≥97% control of
waterhemp and common lambsquarters at 28 d after late postemergence. The level of control was
comparable to that of a preemergence herbicide fb a mid-postemergence application of 2,4-D þ
glyphosate þ S-metolachlor at that site. In Rosemount, including acetochlor as the preemergence
herbicide in the preemergence fb postemergence programs improved soybean yield by 32% and
partial returns by US$384.50 ha−1 compared to postemergence herbicides–only programs. In
contrast, the preemergence application did not affect yield or profitability in Franklin. The highest
soybean yield (2,925.7 kg ha−1) in Rosemount resulted after glufosinate was applied early
postemergence fb 2,4-D þ glyphosate applied mid-postemergence. This yield was comparable to
that of glufosinate applied early postemergence fb 2,4-D þ glyphosate þ S-metolachlor applied
mid-postemergence and the two-pass glufosinate (early postemergence fb mid-postemergence)
program, highlighting the importance of early seasonweed control. In Franklin, 2,4-Dþ glyphosate
þ S-metolachlor (applied mid-postemergence) fb glufosinate (applied late postemergence)
provided a yield that was similar to the aforementioned programs at that site.

Introduction

Waterhemp and common lambsquarters are the two most problematic broadleaf weeds in
soybean fields in Minnesota (Van Wychen 2019). Waterhemp that competes with soybean
throughout the growing season at a density of 8 plants m−1 row length could reduce crop yield
by 56% (Bensch et al. 2003). Similarly, common lambsquarters interference at a density of
64 plants m−2 could reduce soybean yield by 61% (Conley et al. 2003). Moreover, in an
experiment conducted in Minnesota, Uscanga-Mortera et al. (2007) reported that waterhemp
emerging with soybean could produce more than 180,000 seeds plant−1. Although a majority of
waterhemp seeds lose their viability after 4 yr of burial in the soil, a field seedbank experiment in
Nebraska reported that 1% to 3% of waterhemp seeds were viable after 17 yr (Burnside et al.
1996).Waterhemp is a late-emerging species compared to other common summer annual weeds
in the Midwest, and continues to emerge over an extended period, whereas common
lambsquarters emerges early in the season (Leon and Owen 2006; Werle et al. 2014).
Management of these species is further complicated by the prevalence of herbicide-resistant
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accessions. A recent study in Minnesota identified waterhemp
accessions that were resistant to six herbicide sites of action, leaving
glufosinate as the only effective postemergence herbicide option
for controlling these accessions (Singh et al. 2024).

Soybeans with traits of multiple herbicide resistance allow
growers to spray effective postemergence herbicides for controlling
glyphosate-resistant weeds. One such soybean, Enlist E3® (Corteva
Agriscience, Indianapolis, IN, and M.S. Technologies, West Point,
IA), is resistant to 2,4-D, glyphosate, and glufosinate, and allows
over-the-top application of these herbicides along with other
soybean herbicides. Field experiments conducted in Indiana
reported that 2,4-D applied at 0.56 kg ae ha−1 tank-mixed with
glyphosate provided >97% and 100% control of waterhemp and
common lambsquarters, respectively (Robinson et al. 2012). A
greenhouse experiment also reported that glufosinate applied at
0.74 kg ai ha−1 reduced the aboveground biomass of multiple
herbicide–resistant waterhemp by 92% (Sarangi et al. 2019).

To avoid substantial yield reduction, researchers recommend
minimizing weed interference when soybean is between the V2 and
R1 growth stages (Mulugeta and Boerboom 2000; Soltani et al.
2019). Therefore, preemergence herbicides are considered the
cornerstone of early-season weed management in soybean because
they can delay the critical time for weed removal up to the V4 to
R1 growth stages (Knezevic et al. 2019). A study conducted in
Nebraska reported that preemergence followed by postemergence
herbicide applications resulted in 84% waterhemp control at
harvest, whereas control was 42% when a postemergence-only
herbicide was applied (Sarangi et al. 2017). Although research
indicates that applying both preemergence and postemergence
herbicides consistently provides better weed control than a
postemergence-only application, Midwest farmers often face
challenges in applying preemergence herbicides due to environ-
mental constraints, time limitations, higher costs, and labor
shortages during the spring (ACES News 2021). Weeds that
emerge later in the season may not affect crop yield, but they
should be managed using a postemergence herbicide to reduce the
weed seedbank. For example, Hartzler et al. (2004) reported that
waterhemp that emerges at the V4 soybean growth stage was
unlikely to affect soybean yield but the weed still produced 17,000
seeds plant−1.

The efficacy of postemergence herbicides depends on multiple
factors, including the presence of herbicide-resistant weeds, the
selection of herbicides, herbicide coverage, the weed and crop
growth stages, and the sequence of herbicides applied (Bhaskar
et al. 2021; Chauhan and Abugho 2012; Inman et al. 2020; Knoche
1994). Delays in postemergence herbicide application can result
in reduced herbicide efficacy, severe weed competition, and a
decrease in soybean yield. Field experiments conducted in
Wisconsin reported that the glyphosate dose required to reduce
common lambsquarters shoot biomass by 50% was 1.9 to 3.0 times
higher for 20-cm-tall plants than for 10-cm-tall plants (Sivesind
et al. 2011). Similarly, 2,4-D applied at 0.84 kg ae ha−1 to 10- to 15-
cm-tall waterhemp plants resulted in 95% control at 3 wk after
treatment, while control dropped to 67% when applied to plants
that were 30 to 35 cm tall (Craigmyle et al. 2013a).

Several studies conducted in the United States and Canada
(Craigmyle et al. 2013b; Sarangi et al. 2017; Striegel and Jhala 2022)
have compared the efficacy of preemergence followed by (fb)
postemergence herbicide applications with single-pass preemergence-
only or postemergence-only approaches for weed management in
soybean. Research on herbicide application timing has largely focused

on the effectiveness of a single postemergence application at various
crop and weed growth stages. In Enlist E3 soybean, postemergence
applications of 2,4-D, glufosinate, and glyphosate can occur
sequentially or as tank mixes up to the R1 or R2 soybean growth
stages, depending on the herbicide used (Anonymous 2021, 2023,
2024). However, limited information exists on the optimal timing,
sequence, and intervals of postemergence herbicide applications to
Enlist E3 soybean. Thus the objectives of this researchwere to evaluate
the effect of the timing and sequence of postemergence herbicide
applications, with or without preemergence treatment, on control of
waterhemp and common lambsquarters, biomass reduction, crop
yield, and economic returns in Enlist E3 soybean crops.

Materials and Methods

Sites and Crop Description

Field experiments were conducted in 2021 and 2022 at the
University of Minnesota’s Research and Outreach Center near
Rosemount (44.712°N, 93.086°W), and in a farmer’s field in
Franklin, MN (44.579°N, 94.875°W). The soil in Rosemount was a
Waukegan silt loam (20% sand, 45% silt, 35% clay, and 4.8%
organic matter; pH 7.7). At the Franklin location the soil was a
Clarion-Swanlake (12.6% sand, 47.5% silt, 40% clay, and 4.5%
organic matter; pH 6.6). The selected fields were dominated by
naturally occurring waterhemp and common lambsquarters,
though the field in Rosemount had higher weed density than
the field in Franklin. Waterhemp at both sites was resistant to
herbicides that inhibit acetolactate synthase, and additionally,
waterhemp at the Rosemount site showed reduced sensitivity to
glyphosate in recent years. At both sites, a conventional tillage
system was used for field preparation, consisting of chisel plowing
(20 cm deep) in the fall followed by disking and field cultivation in
the spring 2 to 3 d before planting. Enlist E3 soybean was seeded at
a rate of 345,800 seeds ha−1 with row spacings of 76 cm in
Rosemount and 56 cm in Franklin. Soybean variety information,
specific planting, and other field operation dates are provided in
Table 1. In the previous season, all the sites were planted with corn
(Zea mays L.). Based on soil testing and University of Minnesota
Extension recommendations (Kaiser et al. 2023), no fertilizer was
applied. Additionally, due to the absence of significant insect or
pathogen infestations, no insecticides or fungicides were used.

Herbicide Treatments

Treatments were arranged in a two-factor randomized complete
block design with four replications, with treatment factors
including the application of a preemergence herbicide (preemer-
gence and no-preemergence) and postemergence herbicide treat-
ments. Details of herbicide treatments, application rates, timing,
and sequence are included in Tables 2 and 3. Experimental plots
were 3mwide and 9m long in Rosemount, and 2.2 mwide and 9m
long in Franklin. While preemergence herbicides were applied
within 3 d after soybean planting, postemergence herbicides were
sprayed early postemergence at the first-trifoliate (V1) stage, as
mid-postemergence at the third-trifoliate (V3) stage, and as late
postemergence at the initiation of soybean flowering (R1 stage).
Two subsequent herbicide applications occurred at least 7 d apart.
Herbicides were applied using a CO2-pressurized backpack sprayer
equipped with a 2-m boom fitted with four AIXR110015 flat-fan
nozzles (TeeJet Technologies, Glendale Heights, IL) calibrated to
deliver 140 L ha−1 at 276 kPa.
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Data Collection

Waterhemp and common lambsquarters control was visually
assessed at 21 d after preemergence, 28 d after late postemergence,
and at soybean harvest on a scale of 0% to 100%, with 0%
representing no control and 100% representing complete control
of the weeds. Weed density was recorded at 21 d after
preemergence and 28 d after late postemergence by counting
weeds in two 0.25-m2 quadrats placed randomly between two
center soybean rows in each plot, and density data were later
adjusted to plants per square meter. Soybean plant stand was
estimated by counting the number of plants in a 1-m row length

from two center soybean rows at 21 d after preemergence.
Soybean injury from preemergence and postemergence herbi-
cide applications was recorded on a scale of 0% to 100% at 21 d
after preemergence and 7 to 10 d after each postemergence
application, with 0% representing no soybean injury and 100%
representing plant death. Aboveground biomass was collected
for waterhemp at 40 d after late postemergence by cutting the
plants at the soil surface from one 0.25-m2 quadrat per plot, and
the samples were oven-dried at 60 C for 4 d and weighed.
Aboveground biomass for each plot was converted to percent
biomass reduction for comparison with the nontreated control
using Equation 1:

Table 1. Soybean planting, harvesting, and herbicide application dates.a,b

Site Year

Soybean Herbicide application dates

Varietyc Planting date Harvesting date PRE Early POST (V1) Mid-POST (V3) Late POST (R1)

Franklin 2021 S17-E3 May 10 October 8 May 10 June 12 June 23 July 1
Franklin 2022 17EE32 May 27 October 18 May 30 June 21 July 1 July 8
Rosemount 2021 S17-E3 May 17 October 6 May 18 June 15 June 23 June 30
Rosemount 2022 5PQNK08 May 24 October 11 May 25 June 17 June 27 July 5

aAbbreviations: POST, postemergence; PRE, preemergence; V1, V3, and R1 refer to soybean growth stages.
bField experiments were conducted in Rosemount and Frankin, Minnesota, in 2021 and 2022.
cSoybean suppliers: S17-E3, NK Seeds, Syngenta Seeds Inc, Downers Grove, IL; 17EE32, Stine Seed Company, Adel, IA; 5PQNK08, Pioneer Seeds, Johnston, IA.

Table 2. Herbicide active ingredient, trade name, application rate, manufacturer, and adjuvant information.

Common name Trade name Rate Manufacturera Costb

g ai or ae ha–1 US$ ha–1

2,4-D Enlist One® 1,060 Corteva 76.53
Acetochlorc Warrant® 1,260 Bayer 80.34
Glufosinated Liberty® 280 SL 656 BASF 101.16
Glyphosate (isopropylamine salt)d Durango® DMA® 1,420 Corteva 54.09
S-metolachlor Dual II Magnum® 1,420 Syngenta 83.31

aManufacturer locations: BASF Corporation, Research Triangle Park, NC; Bayer CropScience, St. Louis, MO; Corteva Agriscience LLC, Indianapolis, IN; Syngenta Crop Protection, Greensboro, NC.
bHerbicide and adjuvant retail prices in 2022 were averaged from three different sources: Farmward Cooperative, Danube, MN; Crop Protection Price list by WinField United, Arden Hills, MN; and
North Dakota State University’s Weed Control Guide (Ikley et al. 2022). A retail price of US$13.38 ha−1 for ammonium sulfate was used for herbicide applications containing glufosinate and
glyphosate.
cA micro-encapsulated formulation of acetochlor was used in this experiment.
dAmmonium sulfate (N-Pak® AMS Liquid, Winfield United, LLC., St. Paul, MN) at 25 mL L−1 was added to glufosinate and glyphosate treatments.

Table 3. Herbicide program and application timing for control of waterhemp and common lambsquarters.a,b,c

Preemergenced Postemergence Application timing

Acetochlor – PRE
Glufosinate PRE fb EPOST
Glufosinate fb glufosinate PRE fb EPOST fb MPOST
Glufosinate fb 2,4-D þ glyphosate PRE fb EPOST fb MPOST
Glufosinate fb 2,4-D þ glyphosate þ S-metolachlor PRE fb EPOST fb MPOST
2,4-D þ glyphosate fb 2,4-D þ glyphosate PRE fb MPOST fb LPOST
2,4-D þ glyphosate þ S-metolachlor PRE fb MPOST
2,4-D þ glyphosate þ S-metolachlor fb glufosinate PRE fb MPOST fb LPOST

– Nontreated control –
Glufosinate EPOST
Glufosinate fb glufosinate EPOST fb MPOST
Glufosinate fb 2,4-D þ glyphosate EPOST fb MPOST
Glufosinate fb 2,4-D þ glyphosate þ S-metolachlor EPOST fb MPOST
2,4-D þ glyphosate fb 2,4-D þ glyphosate MPOST fb LPOST
2,4-D þ glyphosate þ S-metolachlor MPOST
2,4-D þ glyphosate þ S-metolachlor fb glufosinate MPOST fb LPOST

aAbbreviations: EPOST, early postemergence; fb, followed by; LPOST, late postemergence; MPOST, mid-postemergence.
bField experiments were conducted in Rosemount and Frankin, Minnesota, in 2021 and 2022 in fields of Enlist E3 soybean.
cEPOST, MPOST, and LPOST applications were completed at the V1, V3, and R1 soybean growth stages, respectively.
dA microencapsulated formulation of acetochlor was used in the preemergence experiment.
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Aboveground biomass reduction ð%Þ ¼ C � B
C

� �
� 100 [1]

where C is the aboveground biomass of nontreated control and
B is the biomass of a treated plot.

Soybean height was measured by averaging the plant height
from the ground to the top of the main stem for five random
soybean plants in a plot at 28 d after late postemergence. Soybean
yield was estimated by harvesting the middle two soybean rows of
each plot at the Rosemount site and the middle three rows at the
Franklin site using a small-plot harvester (Wintersteiger Inc., Salt
Lake City, UT) in early to mid-October, and final yield data were
adjusted to 13% moisture content.

Partial Economic Returns

Herbicide and adjuvant retail prices for 2022 were obtained from
three different sources (Farmward Cooperative, Danube, MN;
Crop Protection Price list by WinField United, St. Paul, MN; and
the North Dakota Weed Control Guide, Fargo; Ikley et al. 2022)
and averaged to estimate the cost of herbicide programs. A custom
application fee of US$19.20 per hectare was added for each
herbicide application based on the average cost of the ground-
based broadcast application with a self-propelled sprayer (Plastina
and Johanns 2022). The costs of herbicide programs and
applications were summed up to estimate weed management
costs. No efforts were made to account for any rebates, long-term
costs, or the price of biotech traits. Gross revenue was calculated by
multiplying soybean yield (kg ha−1) with the average grain price
received in December 2022 [US$0.63 kg−1 (USDA-AMS 2022)].
The partial return was calculated using Equation 2:

Partial return ðUS$Þ ¼ GR�WMC [2]

Where GR denotes gross revenue and WMC is the weed
management cost. Because other production costs such as soil
cultivation and seed costs remained constant across treatments,
these costs were ignored when the partial returns were calculated.

Statistical Analysis

Replications nested within years were considered random effects,
while preemergence and postemergence herbicide treatment
factors and their interactions were considered fixed effects.
Statistical analyses were performed using R statistical software
(R Core Team 2022). At 21 d after preemergence, densities of
waterhemp and common lambsquarters in preemergence and no-
preemergence treatments were compared using a two-tailed, two-
sample Student’s t-test. Generalized linearmixedmodels were fit to
the weed control and aboveground biomass reduction data using
“beta” distribution and the logit link function (GLMMTMB package
1.1.5; Brooks et al. 2017). Similarly, generalized linear mixed
models were fit to the weed density data using “Poisson”
distribution and the log link function and evaluated for over-
dispersion using nonparametric dispersion tests with the
DHARMA package 0.4.6 (Hartig 2022). If an overdispersion was
detected, a generalized linear mixed model was fit using the
“negative binomial” distribution and the log link function. Model
assumptions were verified by plotting simulated residuals and
estimating goodness-of-fit using DHARMA package 0.4.6 (Hartig
2022). Linear mixed models were fit to crop height, yield, and
partial return data using the LME4 package 1.1-31 (Bates et al.
2021). Assumptions of normality and homogeneity of variance

were evaluated using Shapiro-Wilk and Bartlett tests, respectively.
For linear mixed models, Type III ANOVAs were conducted using
Satterthwaite’s method (LMERTEST package 3.1-3; Kuznetsova et al.
2017), and for generalized linear mixed models, Type III Wald chi-
square tests were performed. Mean separation was obtained using
Fisher’s protected LSD at P< 0.05 (EMMEANS package 1.8.2;
Lenth 2021).

Results and Discussion

Year-by-treatment interactions were nonsignificant (P ≥ 0.05)
within experimental sites; therefore, years within sites were
combined, but data from both sites were analyzed separately
due to differences in the environment and weed density between
the sites. Cumulative precipitation in May was close to normal, but
a drought persisted in 2021 and 2022, resulting in cumulative
precipitation in both season being lower than the 30-yr average
(Figure 1). The daily average temperature was near normal (30-yr
average) at the beginning of the season, but in June and July in both
years, the daily average temperature was slightly higher than the
30-yr average.

Waterhemp Control, Density, and Biomass Reduction

Application of micro-encapsulated acetochlor as a preemergence
herbicide resulted in 2% to 5% crop injury at both sites, whereas
crop injury from the rest of the herbicides was <3% (data not
shown). At Rosemount when early-postemergence herbicides were
applied, waterhemp plants measured 4 and 7 cm in height in
preemergence fb postemergence and postemergence-only treat-
ments, respectively, and 7 and 12 cm at Franklin for the
corresponding treatments (data not shown). At both sites, when
mid-postemergence herbicides were applied, waterhemp height
was <8 cm in the plots that received an early postemergence
treatment, regardless of the preemergence herbicide application.
However, for treatments without an early-postemergence appli-
cation, waterhemp was 17 and 24 cm high in Franklin and 9 and 14
cm in Rosemount for the preemergence fb postemergence and
postemergence-only treatments, respectively (data not shown).

Micro-encapsulated acetochlor applied preemergence at 1,260 g
ai ha−1 provided≥85%waterhemp control at both sites at 21 d after
preemergence (data not shown). In Rosemount, waterhemp
density was reduced from 715 plants m−2 in the no-preemergence
plots to 115 plants m−2. In Franklin waterhemp density was
reduced from 14 plants m−2 to 6 plants m−2 (Figure 2). Similarly, in
an experiment conducted in Illinois on a down south silt loam soil,
the preemergence application of micro-encapsulated acetochlor at
1,300 g ai ha−1 resulted in 87% control of waterhemp and a 77%
reduction in density compared with the nontreated control at 28 d
after preemergence (Strom et al. 2022).

A herbicide program that consists of a preemergence-only
treatment provided ≤77% waterhemp control at both sites
(Table 4). A study conducted in Nebraska on silty clay loam soil
reported 80% and 30% waterhemp control at 60 d and 100 d,
respectively, after micro-encapsulated acetochlor was applied at a
rate of 1,680 g ai ha−1 (Jhala et al. 2015). In Rosemount, following a
preemergence herbicide application, glufosinate fb 2,4-D þ
glyphosate (with or without S-metolachlor at mid-postemergence
a tank mix) and two-pass 2,4-D þ glyphosate resulted in the
greatest waterhemp control (97% at 28 d after late postemergence
and 96% at harvest) (Table 4). The control from these treatments at
harvest was similar to the control (92% to 94%) obtained from
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preemergence fb 2,4-D þ glyphosate þ S-metolachlor (mid-
postemergence) fb glufosinate (late postemergence), and post-
emergence-only treatments of glufosinate (early postemergence) fb
2,4-D þ glyphosate þ S-metolachlor (mid-postemergence), and
2,4-D þ glyphosate (mid-postemergence) fb 2,4-D þ glyphosate
(late postemergence) at that time. In Franklin, at 28 d after late
postemergence regardless of the preemergence treatment, two-pass
postemergence programs that included 2,4-Dþ glyphosate with or
without S-metolachlor applied at mid-postemergence resulted in
≥97%waterhemp control, which was similar to that achieved when
acetochlor was applied preemergence fb 2,4-D þ glyphosate þ S-
metolachlor applied mid-postemergence (Table 4). It is believed
that the systemic nature of 2,4-D and glyphosate improved
waterhemp control than that of glufosinate at both sites, and
waterhemp at the Franklin site was sensitive to glyphosate.
Similarly, a study conducted in Ontario, Canada, reported that a
postemergence application of 2,4-D and glyphosate resulted in
39% greater waterhemp control than that from glufosinate (Duenk
et al. 2023).

At 28 d after late postemergence, one-pass (early postemer-
gence) or two-pass (early postemergence fb mid-postemergence)
glufosinate postemergence-only programs provided ≤75% and
≤90% waterhemp control in Rosemount and Franklin, respec-
tively. However, when preceded by preemergence herbicides, the
aforementioned programs provided 86% to 92% and 94% to 96%
waterhemp control in Rosemount and Franklin, respectively
(Table 4). Lower waterhemp control with glufosinate applications
in the absence of a preemergence application is likely due to an
increase in waterhemp height at Franklin (7 cm and 12 cm at
preemergence fb postemergence and postemergence-only, respec-
tively) and Rosemount (4 cm and 7 cm at preemergence fb
postemergence and postemergence-only, respectively, data not
shown). Previous research also documented <85% waterhemp
control with sequential glufosinate applications (Aulakh and Jhala
2015; Jhala et al. 2017).

At both research sites, the preemergence-only herbicide
treatment reduced waterhemp density to ≤6 plants m−2 at 28 d
after late postemergence compared with 87 and 13 plants m−2 in

Figure 1. Weather data for Rosemount and Franklin, MN. A) Daily precipitation (mm) for 2021 and 2022. B) Cumulative precipitation (mm). C) Average daily air temperature in
Celsius in 2021, 2022, and the 30-yr average. Weather data for the Rosemount Research and Outreach Center station and Franklin (Redwood Falls station) were obtained from the
National Weather Service.
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Figure 2. Box-and-whiskers plots showing (A) waterhemp and (B) common lambsquarters density at 21 d after preemergence (PRE) in Enlist E3 soybean in field experiments
conducted in Rosemount and Franklin, MN, in 2021 and 2022. Within the site and species, no common letters indicates a significant difference in mean based on a two-sample
Student’s t-test. The solid black line within each box represents the median.

Table 4. Waterhemp control as influenced by herbicide application timing and sequence at 28 d after late postemergence and at harvest.a,b

Herbicide program 28 DALPd At harvestd

Preemergencec Postemergence Application timing Rosemount Franklin Rosemount Franklin

———————————%———————————

Acetochlor — PRE 76 h 77 e 70 gh 74 c
Glufosinate PRE fb EPOST 86 fg 94 c 82 fg 91 b
Glufosinate fb glufosinate PRE fb EPOST fb MPOST 92 def 96 bc 91 bcde 96 a
Glufosinate fb 2,4-D þ glyphosate PRE fb EPOST fb MPOST 97 a 97 ab 96 a 97 a
Glufosinate fb 2,4-D þ glyphosate þ S-metolachlor PRE fb EPOST fb MPOST 97 a 98 a 96 a 98 a
2,4-D þ glyphosate fb 2,4-D þ glyphosate PRE fb MPOST fb LPOST 97 a 97 ab 96 a 97 a
2,4-D þ glyphosate þ S-metolachlor PRE fb MPOST 83 gh 97 ab 86 def 96 a
2,4-D þ glyphosate þ S-metolachlor fb glufosinate PRE fb MPOST fb LPOST 95 abcd 98 a 94 abc 98 a

– Nontreated control — 0 k 0 f 0 j 0 d
Glufosinate EPOST 55 j 83 e 37 i 72 c
Glufosinate fb glufosinate EPOST fb MPOST 75 hi 90 d 62 h 87 b
Glufosinate fb 2,4-D þ glyphosate EPOST fb MPOST 89 efg 97 ab 88 cdef 97 a
Glufosinate fb 2,4-D þ glyphosate þ S-metolachlor EPOST fb MPOST 94 bcde 98 a 94 abc 97 a
2,4-D þ glyphosate fb 2,4-D þ glyphosate MPOST fb LPOST 93 cde 98 a 92 abcd 98 a
2,4-D þ glyphosate þ S-metolachlor MPOST 66 ij 96 bc 66 h 96 a
2,4-D þ glyphosate þ S-metolachlor fb glufosinate MPOST fb LPOST 85 gh 98 a 83 ef 98 a

aAbbreviations: DALP, days after postemergence; EPOST, early postemergence; fb, followed by; LPOST, late postemergence; MPOST, mid-postemergence.
bField experiments were conducted in Rosemount and Frankin, Minnesota, in 2021 and 2022 in fields of Enlist E3 soybean.
cA micro-encapsulated formulation of acetochlor was used as the preemergence herbicide.
dData assessed at 28 DALP and at harvest were analyzed using a generalized linear mixed model with “beta” distribution and logit link function; interpretations are based on the logit scale;
however, back-transformed estimatedmean values are presented. Meanswithin the same columnwith no common letter(s) are significantly different based on Fisher’s protected LSD (P< 0.05).
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the nontreated control in Rosemount and Franklin, respectively
(Table 5). In Rosemount, waterhemp density was reduced to ≤4
plants m−2 after the preemergence fb two-pass postemergence
treatment, which is similar to the density reduction that occurred
with postemergence-only programs of glufosinate (early post-
emergence) fb 2,4-D þ glyphosate þ S-metolachlor (mid-
postemergence) and 2,4-D þ glyphosate (mid-postemergence)
fb 2,4-D þ glyphosate (late postemergence). An experiment
conducted in Arkansas reported that preemergence fb sequential
dicamba (another auxin mimic herbicide) applications reduced
Palmer amaranth (Amaranthus palmeri S.Watson) density by 94%
in soybean at 14 d after a late postemergence application (Houston
et al. 2020). In Franklin, regardless of preemergence treatment, all
two-pass postemergence programs with the exception of early
postemergence fb mid-postemergence applications of glufosinate,
reduced waterhemp density to 0 plantsm−2, which was comparable
to the drop in density achieved with preemergence
fb mid-postemergence applications of 2,4-D þ glyphosate þ
S-metolachlor as measured at 28 d after late postemergence
(Table 5). The slight discrepancy between waterhemp control and
density in Rosemount was likely due to density being assessed from
only two 0.25-m2 quadrats, representing only a portion of the
entire plot.

When assessed at 40 d after late postemergence, compared with
the nontreated control, waterhemp biomass was reduced by 77% in
Rosemount and by 89% in Franklin after acetochlor had been
applied preemergence (Table 5). In Rosemount, all two-pass
postemergence programs resulted in a reduction in waterhemp

aboveground biomass of ≥85%, regardless of preemergence
application or the timing or sequence of herbicide treatments,
with the exception of postemergence-only two-pass glufosinate,
and was similar to that of the preemergence fb 2,4-Dþ glyphosate
þ S-metolachlor (mid-postemergence) application. In Franklin, all
treatments except acetochlor alone as a preemergence application
or glufosinate-only as an early postemergence, resulted in a ≥96
reduction in waterhemp biomass% (Table 5).

Common Lambsquarters Control and Density

When assessed at 21 d after preemergence, acetochlor applied
preemergence provided 52% and 76% control of common
lambsquarters in Rosemount and Franklin, respectively (data not
shown). The preemergence application reduced the density of
common lambsquarters from 687 plants m−2 when no preemergence
herbicide was applied to 330 plants m−2 in preemergence in
Rosemount, and from 12 to 5 plants m−2 in Franklin (Figure 2). A
study conducted on Fort Collins clay loam inMontana reported<66%
common lambsquarters control with acetochlor applied preemergence
(Jha et al. 2015). Similarly, another study with acetochlor applied
preemergence reported a variable control of common lambsquarters
that ranged between 50% and 100% (Chomas and Kells 2004). The
results of our studymay have differed if a preemergence herbicide with
greater efficacy against common lambsquarters had been used.

At 28 d after late postemergence, the preemergence-only
program resulted in ≤47% control of common lambsquarters and
36% density reduction compared with the nontreated controls at

Table 5. Waterhemp density and biomass reduction as influenced by herbicide application timing and sequence.a,b

Herbicide program Densityd,f Biomass reductione,f

Preemergencec Postemergence Application timing Rosemount Franklin Rosemount Franklin

——— plants m−2
——— ————— % —————

Acetochlor — PRE 6 efg 5 b 77 bc 89 c
Glufosinate PRE fb EPOST 6 efg 1 d 78 bc 96 a
Glufosinate fb glufosinate PRE fb EPOST fb MPOST 2 hi 0 e 91 ab 97 a
Glufosinate fb 2,4-D þ glyphosate PRE fb EPOST fb MPOST 1 i 0 e 92 a 97 a
Glufosinate fb 2,4-D þ glyphosate

þ 8
PRE fb EPOST fb MPOST 1 i 0 e 92 a 97 a

2,4-D þ glyphosate fb 2,4-D þ
glyphosate

PRE fb MPOST fb LPOST 1 i 0 e 92 a 96 a

2,4-D þ glyphosate þ S-
metolachlor

PRE fb MPOST 15 de 0 e 84 abc 97 a

2,4-D þ glyphosate þ S-
metolachlor fb glufosinate

PRE fb MPOST fb LPOST 4 ghi 0 e 91 ab 97 a

– Nontreated control — 87 a 13 a 0 e 0 d
Glufosinate EPOST 38 bc 5 b 38 d 92 bc
Glufosinate fb glufosinate EPOST fb MPOST 12 ef 3 c 74 c 97 a
Glufosinate fb 2,4-D þ glyphosate EPOST fb MPOST 9 efg 0 e 87 abc 98 a
Glufosinate fb 2,4-D þ glyphosate

þ S-metolachlor
EPOST fb MPOST 4 ghi 0 e 92 a 97 a

2,4-D þ glyphosate fb 2,4-D þ
glyphosate

MPOST fb LPOST 3 ghi 0 e 92 a 97 a

2,4-D þ glyphosate þ
S-metolachlor

MPOST 52 b 1 d 72 c 97 a

2,4-D þ glyphosate þ
S-metolachlor fb glufosinate

MPOST fb LPOST 28 cd 0 e 85 abc 97 a

aAbbreviations: DALP, days after postemergence; EPOST, early postemergence; fb, followed by; LPOST, late postemergence; MPOST, mid-postemergence.
bField experiments were conducted in Rosemount and Frankin, Minnesota, in 2021 and 2022 in fields of Enlist E3 soybean.
cA micro-encapsulated formulation of acetochlor was used as the preemergence herbicide.
dDensity data were assessed at 28 DALP and were analyzed using a generalized linear mixed model with “negative binomial: quadratic parameterization” or “poisson” distribution and log link
function; interpretations are based on the log scale; however, back-transformed estimated mean values are presented.
eBiomass reduction data were assessed at 40 DALP and analyzed using a generalized linear mixed model with “beta” distribution and logit link function; interpretations are based on the logit
scale; however, back-transformed estimated mean values are presented.
fMeans within the same column with no common letter(s) are significantly different based on Fisher’s protected LSD (a= 0.05).
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both sites (Table 6). In Rosemount, regardless of preemergence
application, the treatments that included a mid-postemergence
application of 2,4-D þ glyphosate with or without S-metolachlor,
with the exception of the postemergence-only treatment of
glufosinate (early postemergence) fb 2,4-D þ glyphosate (mid-
postemergence), resulted in ≥95% control of common lambsquar-
ters and reduced the density of common lambsquarters to ≤6
plants m−2 compared with 165 plants m−2 in the nontreated
control. In Franklin, irrespective of preemergence application, all
herbicide programs that included a postemergence application of
2,4-D þ glyphosate with or without S-metolachlor provided 97%
control of common lambsquarters and density was reduced to 0
plantsm−2. This result is comparable to that of the preemergence fb
two-pass glufosinate (early postemergence fb mid-postemergence)
treatment when assessed at 28 d after the late postemergence
application (Table 6). A greenhouse experiment conducted in
Indiana reported 45% greater control of common lambsquarters
with glyphosateþ 2,4-D compared with a glufosinate-only treat-
ment (Chahal and Johnson 2012). In Rosemount, the applications
of acetochlor (preemergence) fb two-pass glufosinate (early
postemergence and mid-postemergence) resulted in 66% control
of common lambsquarters, which was better than the control
obtained with acetochlor fb one-pass glufosinate (44% control) but
similar to that (56%) obtained with the postemergence-only two-
pass glufosinate (early postemergence fb mid-postemergence)
program. The lower control of common lambsquarters by

glufosinate was possibly due to greater common lambsquarters
density at the Rosemount site, resulting in moderate herbicide
coverage. In a multiyear experiment, Tharp and Kells (2002)
reported 76% to 93% control of common lambsquarters with
glufosinate-only treatments and attributed the lower control to
higher weed density in one of the years. Furthermore, in our
experiment, the addition of S-metolachlor as a part of a layered
residual program at mid-postemergence in the preemergence fb
glufosinate (early postemergence) fb 2,4-D þ glyphosate (mid-
postemergence) program did not improve control of common
lambsquarters at either site (Table 6). Past studies have reported
lower and variable control of common lambsquarters with
preemergence applications of S-metolachlor (Chomas and Kells
2004; Myers and Harvey 1993; Oliveira et al. 2017).

Soybean Height and Yield

The interactions of preemergence and postemergence treatments
were nonsignificant (P≥ 0.05) for soybean height and yield;
therefore, the main effects are presented. Results showed that
soybean height was greater after the preemergence fb postemer-
gence treatments (measuring 69 and 86 cm tall in Rosemount and
Franklin, respectively), compared with soybean height after the
postemergence-only treatments (59 cm in Rosemount and 81 cm
in Franklin) at 28 d after late postemergence (Table 7). In
Rosemount, including an early postemergence application of

Table 6. Common lambsquarters control and density as influenced by herbicide application timing and sequence at 28 d after late postemergence.a,b

Herbicide program Controld,f Densitye,f

Preemergencec Postemergence Application timing Rosemount Franklin Rosemount Franklin

———— %————— ——— plants m−2
———

Acetochlor — PRE 42 d 47 e 105 b 9 b
Glufosinate PRE fb EPOST 44 d 90 c 42 cd 3 d
Glufosinate fb glufosinate PRE fb EPOST fb

MPOST
66 c 96 ab 25 de 0 e

Glufosinate fb 2,4-D þ glyphosate PRE fb EPOST fb
MPOST

96 ab 97 a 3 g 0 e

Glufosinate fb 2,4-D þ glyphosate
þ S-metolachlor

PRE fb EPOST fb
MPOST

97 a 97 a 2 g 0 e

2,4-D þ glyphosate fb 2,4-D þ
glyphosate

PRE fb MPOST fb
LPOST

97 a 97 a 1 g 0 e

2,4-D þ glyphosate þ S-
metolachlor

PRE fb MPOST 96 ab 97 a 4 fg 0 e

2,4-D þ glyphosate þ S-
metolachlor fb glufosinate

PRE fb MPOST fb
LPOST

97 a 97 a 2 g 0 e

– Nontreated control — 0 e 0 f 165 a 14 a
Glufosinate EPOST 41 d 81 d 135 ab 6 c
Glufosinate fb glufosinate EPOST fb MPOST 56 c 94 bc 65 c 1 d
Glufosinate fb 2,4-D þ glyphosate EPOST fb MPOST 93 b 97 a 12 ef 0 e
Glufosinate fb 2,4-D þ glyphosate

þ S-metolachlor
EPOST fb MPOST 96 ab 97 a 3 g 0 e

2,4-D þ glyphosate fb 2,4-D þ
glyphosate

MPOST fb LPOST 95 ab 97 a 4 fg 0 e

2,4-D þ glyphosate þ
S-metolachlor

MPOST 95 ab 97 a 6 fg 0 e

2,4-D þ glyphosate þ
S-metolachlor fb glufosinate

MPOST fb LPOST 96 ab 97 a 6 fg 0 e

aAbbreviations: EPOST, early postemergence; fb, followed by; LPOST, late postemergence; MPOST, mid-postemergence.
bField experiments were conducted in Rosemount and Frankin, Minnesota, in 2021 and 2022, in fields of Enlist E3 soybean.
cA micro-encapsulated formulation of acetochlor was used as the preemergence herbicide.
dControl data were analyzed using a generalized linear mixed model with “beta” distribution and logit link function; interpretations are based on the logit scale; however, back-transformed
estimated mean values are presented.
eDensity data were analyzed using a generalized linear mixed model with “negative binomial: quadratic parameterization” or “poisson” distribution and log link function; interpretations are
based on the log scale; however, back-transformed estimated mean values are presented.
fMeans within the same column with no common letter(s) are significantly different based on Fisher’s protected LSD (P< 0.05).
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Table 7. Enlist E3 soybean height, yield, and economic returns as influenced by herbicide application timing and sequence.a–e

Herbicide program Soybean heightf,g Yieldf Partial returnf,h

Postemergence
Application

timing Rosemount Franklin Rosemount Franklin Rosemount Franklin

———— cm ————— —————— kg ha−1 —————— ——————— US$ ha−1 ——————

– – 61 bc 87 a 1,121.0 e 2,293.5 c 680.30 d 1,419.00 c
Glufosinate EPOST 66 ab 84 a 2,082.6 d 3,268.4 b 1,220.50 c 1,967.50 ab
Glufosinate fb glufosinate EPOST fb MPOST 71 a 84 a 2,794.7 ab 3,573.2 ab 1,603.40 a 2,093.90 ab
Glufosinate fb 2,4-D þ glyphosate EPOST fb MPOST 69 a 85 a 2,925.7 a 3,705.6 a 1,674.00 a 2,165.30 a
Glufosinate fb 2,4-D þ glyphosate þ S-metolachlor EPOST fb MPOST 67 a 85 a 2,779.2 ab 3,547.1 ab 1,548.00 ab 2,031.80 ab
2,4-D þ glyphosate fb 2,4-D þ glyphosate MPOST fb LPOST 58 c 81 a 2,354.2 cd 3,281.1 b 1,302.00 c 1,886.00 b
2,4-D þ glyphosate þ S-metolachlor MPOST 58 c 81 a 2,164.7 cd 3,308.4 b 1,226.50 c 1,947.10 ab
2,4-D þ glyphosate þ S-metolachlor fb glufosinate MPOST fb LPOST 59 c 85 a 2,453.5 bc 3,564.0 ab 1,342.80 bc 2,042.40 ab
Herbicide program comparisonsi

PRE fb POST vs. POST only 69 vs. 59 *** 86 vs. 81 *** 2,854.1 vs. 2,162.6 *** 3,510.4 vs. 3,417.5 NS 1,609.00 vs. 1,224.50 *** 2,022.50 vs. 2,015.80 NS

aAbbreviations: DALP, days after late postemergence; EPOST, early postemergence; fb, followed by; LPOST, late postemergence; MPOST, mid-postemergence; POST, postemergence; PRE, preemergence.
bField experiments were conducted in Rosemount and Frankin, Minnesota, in 2021 and 2022,
cData were analyzed using a linear mixed model without adopting any transformation.
dMeans within the same column with no common letter(s) are significantly different based on Fisher’s protected LSD (P< 0.05).
eAsterisks indicate P-value significance: * = P< 0.05; ** = P< 0.01; *** = P< 0.001; NS, nonsignificant (P≥ 0.05).
fThe interaction between PRE and POST program was not significant at α= 0.05; therefore, POST program data were averaged across the PRE treatments.
gSoybean height was measured at 28 DALP.
hPartial return was calculated by subtracting the weedmanagement cost from gross revenue, where gross revenue was calculated by multiplying soybean yield (kg ha−1) with the grain price (US$ 0.63 kg−1) and weedmanagement cost was calculated based
on herbicide and adjuvant price and custom application cost per herbicide application.
iThere was no POST herbicide application, thus values are averaged over PRE-only and nontreated treatments.

W
eed

Technology
9

https://doi.org/10.1017/w
et.2025.38 Published online by Cam

bridge U
niversity Press

https://doi.org/10.1017/wet.2025.38


glufosinate in two-pass postemergence programs improved
soybean height over the two-pass postemergence programs
without an early postemergence treatment. Early-season crop-
weed competition in the absence of an early postemergence
treatment resulted in ≥10.6% soybean height reduction in the high
weed density conditions in Rosemount. Similarly, another study
reported that soybean height was reduced by 5.5% and 14% when
weed interference was extended by 14 d and 28 d, respectively
(Daramola 2020). Similarly, in the sequential glufosinate þ
dicamba fb a postemergence directed-spray program, delaying
the initial glufosinate application by 7 d resulted in a 7% height
reduction in cotton (Gossypium hirsutum L.) (Vann et al. 2017).
Soybean height was not affected (P ≥ 0.05) by the postemergence
applications in Franklin (Table 7).

Soybean yield in Rosemount improved by 691.5 kg ha−1

following the preemergence fb postemergence program over the
postemergence-only treatment; however, yield was not affected by
preemergence application at the Franklin location (Table 7). An
experiment conducted in Nebraska for glyphosate-resistant
waterhemp control in soybean reported 613.0 kg ha−1 higher
soybean yield after preemergence fb postemergence treatments
compared with postemergence-only treatments (Jhala et al. 2017).
Another study conducted in Nebraska also reported an increase of
>32% in soybean yield by including a preemergence fb
postemergence treatment over a postemergence-only treatment
(Sarangi et al. 2017). In this research, glufosinate applied early
postemergence fb 2,4-Dþ glyphosate applied mid-postemergence
resulted in the greatest soybean yield (2,925.7 and 3,705.6 kg ha−1

in Rosemount and Franklin, respectively), which was similar to
yield after early postemergence fbmid-postemergence applications
of glufosinate fb glufosinate, and glufosinate fb 2,4-Dþ glyphosate
þ S-metolachlor at both sites. Additionally, 2,4-D þ glyphosateþ
S-metolachlor applied mid-postemergence fb glufosinate applied
late postemergence resulted in a similar yield (3,564.0 kg ha−1) as
the aforementioned treatments in Franklin (Table 7). In
Rosemount, where weed density was higher than in Franklin,
applying glufosinate as an early postemergence fb a mid-
postemergence treatment improved soybean yield; however,
including glufosinate as the late postemergence herbicide in a
mid-postemergence fb late postemergence treatment did not
prevent yield loss. Past research on the critical period of weed
removal reported that soybean must stay weed-free from planting
through the V2 growth stage to prevent substantial yield loss
(Soltani et al. 2019; Van Acker et al. 1993). Field experiments in
Ontario, Canada, reported that a delay in an initial postemergence
herbicide application to the V1 growth stage could lead to a
reduction in soybean yield of 10%when weed density is high (>143
plants m−2) (Soltani et al. 2022).

Economics

The interactions of preemergence and postemergence treatments
were nonsignificant (P ≥ 0.05) for partial returns; therefore, the
main effects are presented. In Rosemount, the preemergence
application of acetochlor in preemergence fb postemergence
treatments improved partial returns by 31% over postemergence-
only treatments; however, the partial returns were similar in
Franklin irrespective of preemergence application (Table 7). In this
scenario, partial returns followed a similar trend as soybean yield.
In Rosemount, glufosinate applied early postemergence fb 2,4-Dþ
glyphosate applied mid-postemergence produced the highest
partial return (US$1,674.00), which was similar to other early

postemergence fb mid-postemergence programs (≥US$1,548.00).
In Franklin, all of the treatments except no-postemergence resulted
in similar (≥US$1,886.00 ha−1) partial returns (Table 7).
Therefore, the application of a preemergence herbicide is
recommended for better economic returns, especially in a field
infested with a high density of weeds. Another study also observed
that the inclusion of a preemergence herbicide improved partial
returns more than postemergence-only herbicides (Sarangi and
Jhala 2019).

Practical Implications

Weed management in fields planted with Enlist E3 soybean can
vary depending on the weed density, herbicide selection, and
herbicide application timing and sequence. This research
concluded that preemergence fb two-pass postemergence herbi-
cide applications were critical for season-long waterhemp control
when weed density is high. In Rosemount, where waterhemp was
present at a higher density, waterhemp control was greater when
glufosinate was replaced with 2,4-Dþ glyphosate in the acetochlor
(preemergence) fb two-pass glufosinate (applied early postemer-
gence and mid-postemergence) program. Additionally, imple-
menting a preemergence fb glufosinate fb 2,4-D þ glyphosate
treatment would enhance herbicide sites of action, thereby
diversifying the program. The early postemergence application
of glufosinate in two-pass postemergence programs improved
Enlist E3® soybean yield. Glufosinate applied late postemergence
(as a rescue treatment) in a mid-postemergence fb late
postemergence program led to lower yield compared with the
early postemergence application of glufosinate in Rosemount, but
in Franklin (a site with relatively lower weed density), these
treatments produced similar yields. Some studies have reported
improved control of pigweed species with tank-mix applications of
glufosinate and 2,4-D (Craigmyle et al. 2013a; Joseph et al. 2018),
but that combination was not evaluated in this study. The results
also showed that in Franklin, where weed density was lower and
glyphosate-resistant weeds were absent, avoiding a preemergence
herbicide application did not reduce Enlist E3 soybean yield.
However, omitting preemergence treatments is not recommended,
because the variability in weed control may increase and
potentially promote resistance evolution in weed species
(Landau et al. 2023). This research focused on the “integrated
herbicide management” approach in growing Enlist E3 soybean;
however, integrated weedmanagement that includes combinations
of at least two methods from the chemical, cultural, physical, and
biological weed control strategies should be incorporated for
herbicide-resistant weed management.
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