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Abstract

Timely herbicide applications for no-till soybean can be challenging given the diverse
communities of both winter and summer annual weeds that are often present. Research was
conducted to compare various approaches for nonselective and preplant weed control for no-
till soybean. Nonselective herbicide application timings of fall (with and without a residual
herbicide) followed by early-spring (4 wk before planting), late-spring (1 to 2 wk before
planting), or sequential-spring applications (4 wk before planting and at planting) were
compared. Spring applications also included a residual herbicide. For consistent control of
winter annual weeds, two herbicide applications were needed, either a fall application
followed by a spring application or sequential-spring applications. When a fall herbicide
application did not include a residual herbicide, greater winter annual weed control resulted
from early- or sequential-spring treatments. However, application timings that effectively
controlled winter annual weeds did not effectively control summer annual weeds that have a
prolonged emergence period. Palmer amaranth and large crabgrass control at 4 wk after
planting was better when the spring residual treatment (chlorimuron plus metribuzin) was
applied 1 to 2 wk before planting or at planting, compared with 4 wk before planting. Results
indicate that in order to optimize control, herbicide application programs in soybean should
coincide with seasonal growth cycles of winter and summer annual weeds.

Introduction

No-till crop production has become a standard practice for many soybean growers in the
Mid-Atlantic region of the United States (Delaware, Maryland, New Jersey, Pennsylvania, and
Virginia). In 2012, approximately 70% of planted soybean hectares in the Mid-Atlantic region
and southern coastal plains (North Carolina, South Carolina, and Georgia) were planted
no-till, compared with the U.S. average of approximately 40% (USDA 2014; Wade et al. 2015).
No-till production offers many economic and soil benefits. For example, no-till results in
lower labor and machinery costs and improved soil health through reduced soil erosion,
reduced runoff, and retained soil moisture (Uri 2000). However, no-till production relies on
herbicide applications for control of both winter and summer annual weeds.

Winter annual weeds can emerge in the fall or early spring and interfere with planting,
compete with the emerging crop, and serve as alternate hosts for crop pests (Monnig and
Bradley 2007; Venkaresh et al. 2000). Emergence of summer annual weeds can occur before
soybean planting and may continue for weeks after planting. If not controlled, weed com-
petition can result in significant yield loss (Fickett et al. 2013; Gharde et al. 2014). Weed
competition studies in soybean demonstrate the need for control several weeks after planting
(Agostinetto et al. 2014; Hager et al. 2002; Halford et al. 2001; Van Acker et al. 1993).
However, weed competition can be more severe if weeds are present at planting (VanGessel
et al. 2001).

Fall herbicide applications can benefit growers by targeting winter annual weeds when they
are small and actively growing (Hasty et al. 2004; Monnig and Bradley 2007). The use of
residual herbicides in the fall can be effective in controlling several winter annual weed species,
but control of weeds that can emerge in both fall and early spring, such as horseweed (Erigeron
canadensis L.) (Buhler and Owen 1997), has been inconsistent (Hasty et al. 2004; Monnig and
Bradley 2007). Herbicide applications made early in the spring can be effective in controlling
these late-emerging winter annual weeds (Davis et al. 2010; Hasty et al. 2004; Monnig and
Bradley 2007). However, soybean is planted in late spring, and if a herbicide application is
made within 1 to 2 wk before planting, control of horseweed and other winter annual weeds may
not be adequate due to weed size and growth stage (Monnig and Bradley 2007). Likewise, earlier
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application timings may not control a large percentage of summer
annual weeds, because they have not yet emerged (Jha and Nors-
worthy 2009; Myers et al. 2004). In an attempt to reduce the number
of herbicide applications, most no-till soybean growers include
residual herbicides when they apply their nonselective herbicides,
whether the application is made in the early spring or just before
planting. For species with a prolonged germination period, such as
Palmer amaranth or large crabgrass, a POST application is often
needed for full-season weed control.

Preplant applications of glyphosate and 2,4-D have been a
standard for no-till soybean growers in the Mid-Atlantic region.
However, glyphosate plus 2,4-D does not provide residual weed
control. The inclusion of herbicides that provide residual control
with preplant glyphosate applications has been shown to provide
a longer period of weed control in soybean (Byker et al. 2013;
Monnig and Bradley 2007). Some of the residual herbicides can
also provide some control of emerged weeds. Likewise, POST
applications of glyphosate and a residual herbicide can provide
extended weed control into the cropping season (Whitaker et al.
2010).

Further complicating weed management is the presence of
herbicide-resistant weeds that limit herbicide options. Glyphosate-
resistant horseweed has been a significant problem since the early
2000s (Scott and VanGessel 2007; VanGessel 2001), and more
recently glyphosate-resistant Palmer amaranth has been increasing
in this region (Bravo et al. 2017; Webster and Nichols 2012). Weed
biotypes resistant to multiple herbicide mechanisms of action
reduce herbicide options. Multiple resistance to glyphosate and
acetolactate synthase–inhibiting herbicides has also been reported
in Palmer amaranth (Kupper et al. 2017; Sosnoskie et al. 2011) and
horseweed (Kruger et al. 2009), as well as protoporphyrinogen
oxidase–inhibitor resistance in Palmer amaranth (Salas et al. 2016;
Schwartz-Lazaro et al. 2017). Therefore, fields infested with these
biotypes need additional herbicide applications to control resistant
biotypes, and in some cases, application of herbicides such as 2,4-D
can alter application timings due to required interval between
application and soybean planting.

Several studies have evaluated the effects of either fall or spring
residual herbicide applications on winter and summer annual weeds
(Davis et al. 2010; Hasty et al. 2004; Monnig and Bradley 2007;
Owen et al. 2009). However, few published studies have evaluated
fall followed by spring applications as part of a full-season program
to manage both winter and summer annual weeds. The objective of

this study was to compare various preplant herbicide application
timings for full-season weed control in no-till soybean. These
included fall, fall followed by spring, and spring-only application
timings. The benefit of residual herbicides with fall and spring
application timings was investigated. This study was not designed to
test all potential herbicides, but rather to evaluate different approa-
ches for weed control.

Materials and Methods

Trials were conducted over three growing seasons and were initiated
in the fall of 2013, 2014, and 2015 at the University of Delaware
Carvel Research and Education Center in Georgetown, DE (38.64° N,
75.46° W). The soil type was a Rosedale loamy sand (loamy, siliceous,
semiactive, mesic Arenic Hapludults), 81% sand, 12% silt, and 7%
clay, with pH values of 6.1, 5.4, and 5.6 and organic matter of 1.8%,
1.4%, and 1.1% in 2014, 2015, and 2016, respectively.

The study was a randomized complete block design with a
factorial arrangement of fall treatments and spring herbicide
application timing as the main effects, with three replications per
treatment. Fall treatments included glyphosate plus 2,4-D applied
alone (referred to as fall with no residual), applied with a pre-
packaged mixture of chlorimuron plus tribenuron (referred to as
fall chlorimuron plus tribenuron), or applied with flumioxazin
(referred to as fall flumioxazin), and no fall treatment (Table 1).
The residual herbicide treatments of chlorimuron plus tribenuron
and flumioxazin were chosen because they represent two different
herbicide mechanisms of action, have different soil half-lives, and
have provided satisfactory weed control in trials conducted at the
University of Delaware (Curran et al. 2018; Shaner 2014).

Spring herbicide application timings included applications 4
wk before planting (referred to as early-spring), 1 to 2 wk before
planting (referred to as late-spring), or as sequential applications
made 4 wk before planting and at planting (referred to as
sequential-spring), and a no spring treatment (Table 1). Early-
and late-spring herbicide treatments included glyphosate plus 2,4-
D plus a prepackaged mixture of chlorimuron plus metribuzin.
The sequential-spring treatment included glyphosate plus 2,4-D
at 4 wk before planting followed by paraquat plus chlorimuron
plus metribuzin applied at planting. The premix of chlorimuron
plus metribuzin was selected based on its consistent weed control
in University of Delaware trials and widespread use in the region.

Table 1. Herbicide treatments and rates applied as commercial formulations used in field studies in Delaware in 2013, 2014, 2015, and 2016.

Herbicide treatment Rate Commercial mixture(s) Manufacturer

g ha− 1

2,4-D ester 533, 799, or
1,065a

Low Vol 4 Ester Loveland Products, Inc., 3005 Rocky Mountain Avenue, Loveland, CO 80538

Chlorimuron +metribuzin 34 + 202 Canopy® DuPont Crop Protection, P.O. Box 80705, Wilmington, DE 19880

Chlorimuron + tribenuron 35 + 11 Canopy® EX DuPont Crop Protection, P.O. Box 80705, Wilmington, DE 19880

Flumioxazin 108 Valor® SX Valent USA Corporation, P.O. Box 8025, Walnut Creek, CA 94596

Fomesafen 420 Reflex® Syngenta Crop Protection, LLC, P.O. Box 18300, Greensboro, NC 27419

Glyphosate 863 Roundup PowerMax® Monsanto Company, 800 N. Lindberg Boulevard, St Louis, MO 63167

Paraquatb 841 Gramoxone® SL 2.0 Syngenta Crop Protection, LLC, P.O. Box 18300 Greensboro, NC 27419

a2,4-D rates were 1,065 g ae ha − 1 when applied 4 wk before planting, 799 g ae ha − 1 when applied in the fall, and 533 g ae ha − 1 when applied 1 to 2 wk before planting.
bTreatment included crop oil concentrate and urea ammonium nitrate at 1.25% and 2.5% v/v, respectively.
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Fall applications were made on December 2, 2013, December
15, 2014, and November 16, 2015. Early-spring applications were
made on May 2, 2014, April 13, 2015, and April 21, 2016. Late-
spring applications were made 2 to 3 wk later (May 20, 2014,
April 24, 2015, and May 9, 2016). Soybeans were planted May 29,
2014, May 7, 2015, and May 19, 2016, and PRE applications were
made within 24 h of planting. Soybean cultivar ‘39RY43’ (Dyna-
Gro, 2775 Giant Road, Richmond, CA 94806), ‘P94Y23’ (Pioneer
Hi-Bred International, P.O. Box 1000, Johnston, IA 50131), and
‘S43YR95’ (Dyna-Gro) were planted in 2014, 2015, and 2016,
respectively, and seeded at a rate of 444,600 seeds ha−1.

The entire study was treated with glyphosate plus fomesafen as
a broadcast application at 6 wk after planting (WAP) (Table 1).
Preplant treatments that did not provide adequate early-season
weed control would result in larger plants that would not be
adequately controlled with glyphosate plus fomesafen. This pro-
vided an opportunity to evaluate how the preplant treatments
responded to a full-season approach to weed management. Gly-
phosate plus fomesafen was used because it is the most common
POST herbicide combination for Palmer amaranth control in the
Mid-Atlantic region.

Individual plots were 7.6-m long and 3-m wide with seven
rows, 38 cm apart. Herbicides were applied using a tractor-
mounted sprayer with a spray volume of 187 L ha−1 at 4.8 kPa and
11002 Greenleaf AirMix® spray nozzles (Greenleaf Technologies,
P.O. Box 1767, Covington, LA 70434) with a pressure of 276 kPa.

Weed control was visually evaluated on a 0 to 100 scale, with 0
being no control and 100 being complete control, at 0, 4, and 9
WAP in 2014 and 1, 4, and 9 WAP in 2015 and 2016. Soybean
was harvested at physiological maturity, and yields were adjusted
to 13% moisture.

Data were subjected to ANOVA with the Fit Mixed procedure
in JMP Pro v. 14 (SAS Institute, SAS Campus Drive, Building T,
Cary, NC 27513), with year, fall treatment, and spring treatment
as fixed effects. Replications and replications nested within year
were treated as random effects. Fixed effects and interactions were
tested using Fisher’s LSD test at P= 0.05. If no interactions were
observed, data were combined over fixed effects or years.

Results and Discussion

Winter Annual Weeds

Each year of the study, adequate fall precipitation occurred to
incorporate fall-applied residual herbicides. Winter annual weed
density and distribution was not consistent across study sites. In 2
out of 3 yr, field pansy (Viola bicolor Pursh), knawel (Scleranthus
annuus L.), and horseweed were rated by species. The remaining
winter annual weeds were grouped together and evaluated as
other winter annual weeds. These included cutleaf evening-
primrose (Oenothera laciniata Hill), henbit (Lamium amplex-
icaule L.), mouseear chickweed [Crastium fontanum ssp. vulgare
(Hart) Greuter & Burdet], and redstem filaree [Erodium cicu-
tarium (L.) L’her. ex Ait.].

Effectiveness of fall residual treatments alone varied by weed
species and year and did not provide consistent, acceptable weed
control when rated at 0 or 1 WAP (Table 2). For instance, knawel
control was at least 92% with fall chlorimuron plus tribenuron
alone in 2014 and 2016, but the same treatment provided 83%
and 55% field pansy control in 2014 and 2016, respectively. Also,
this treatment ranged from 0% to 99% control of other winter
annual weeds over a 3-yr period. Furthermore, a single

application in the spring (early or late) did not always provide
greater than 70% control of the winter annual weeds present.

In 2014, field pansy control ranged from 81% to 100% with fall
chlorimuron plus tribenuron or fall flumioxazin alone or when a
fall treatment was followed by a spring application (Table 2).
However, in 2016, fall chlorimuron plus tribenuron and fall flu-
mioxazin alone provided 55% and 25% control, respectively.
Therefore, two herbicide applications were needed to provide the
greatest control in 2016. The greatest control was achieved with
fall chlorimuron plus tribenuron followed by a spring application
or fall flumioxazin followed by an early- or sequential-spring
treatment. In addition, fall with no residual or no fall treatment
required a sequential-spring treatment. It should be noted that
field pansy ratings in 2014 were made before the second appli-
cation of the sequential-spring treatment. Therefore, only the
glyphosate plus 2,4-D portion of the treatment had been applied.

In 2014, all herbicide treatments, except fall flumioxazin alone
or fall with no residual alone, provided 91% or greater knawel
control (Table 2). In 2016, the only single-application treatment
to provide the greatest knawel control was fall chlorimuron plus
tribenuron alone. Fall flumioxazin followed by early- or
sequential-spring treatments and no fall treatment followed by
sequential-spring treatments also provided the greatest level of
control. In addition, the sequential-spring treatment alone and
fall with no residual followed by an early-spring treatment pro-
vided 91% and 89% control, respectively. In 2014, the high knawel
density (160 plants m−2) led to intraspecific competition that
resulted in many shorter, smaller plants (≤6 cm) that were more
susceptible to glyphosate plus 2,4-D applications. In contrast, a
lower weed density in 2016 (50 plants m− 2), reduced plant to
plant competition and allowed weeds to reach heights up to 13 cm
at time of spring application. This resulted in less effective control
with the single application of the early- and late-spring
treatments alone.

Due to lack of uniform distribution and low densities, all other
winter annual weeds were rated together. In 2014, the early-spring
treatment alone was the only single-herbicide application to
provide at least 94% control of other annual weeds (Table 2).
Similar levels of control were achieved with a fall-residual
application followed by a spring application or fall with no resi-
dual followed by either early- or sequential-spring treatments.
While there were significant differences, all treatments with a
spring application provided at least 85% control. In 2015, all
treatments, except for fall with no residual alone, provided 97% or
greater control, although there were significant differences. In
2016, fall treatments alone provided no control. Fall chlorimuron
plus tribenuron with a spring application provided 96% to 98%
control. Fall flumioxazin or fall with no residual needed either an
early-spring application or sequential-spring applications to
provide similar control.

Horseweed was present in the study area in 2014 and 2016. In
2014, horseweed control was 100% for all treatments that inclu-
ded a spring application, regardless of application timing when
rated at 0 or 1 WAP (Table 3). Fall flumioxazin with no spring
treatment also provided 100% control. In 2016, spring applica-
tions were needed to provide at least 92% control, while fall-
applied herbicides alone provided 57% to 74% control. Similarly,
Davis et al. (2010) reported better horseweed control with spring
applications compared with fall applications.

Horseweed control at 4 WAP followed the same trends, with
all fall treatments requiring a spring application to provide
excellent control or greater (Table 3). The other departure from
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the 0 or 1 WAP ratings was the early-spring treatment with no
fall application, which provided 87% control, while the other
treatments were ≥98%.

Fall followed by spring applications were needed to control
the majority of winter annual weeds, as fall-only treatments did
not provide consistent control of spring-emerging weeds.
However, fall-residual herbicide treatments seemed to have
more benefit when the applications were made in December
(2014 and 2015) rather than in mid-November (2016). The
fall-applied residual herbicides in this study often lack suffi-
cient residual activity to control spring-emerging weeds. Soil
half-lives for flumioxazin under field conditions can range
from 1 to 4 wk (Alister et al. 2008; Mueller et al. 2014); for
chlorimuron, 1 to 4 wk (Gaynor et al. 1997; Vencill and Banks
1994); and for tribenuron, up to 1 wk (Dong et al. 2015;
Mehdizadeh et al. 2017). In addition, the 2016 season had
warmer winter temperatures and more rainfall, which may
have contributed to better weed growth and ultimately lower
control ratings close to planting. The average maximum daily
temperature in late fall though early spring of 2014 and 2015
was 9 C, but 13 C in 2016, with temperatures reaching as high
as 16 C in December 2015 and April and March of 2016
(unpublished data). Furthermore, 60 cm of rain accumulated
from the time the fall application was made in 2016 to the time

the treatments were rated at 0 or 1 WAP, but less than 47 cm
accumulated during the same time in 2014 and 2015 (unpub-
lished data). This led to both increased herbicide dissipation
and greater weed growth in 2016, resulting in lower control of
other winter annual weeds.

Summer Annual Weeds

Palmer amaranth control was best when residual herbicide
applications were made within 1 to 2 wk of soybean planting as
late- or sequential-spring treatments. The main effect of spring
treatment was significant when Palmer amaranth control was
rated at 4 and 9 WAP; therefore, data were combined over fall
treatment and years. Because Palmer amaranth emerges in early
May (Jha and Norsworthy 2009), fall treatments were not
expected to provide residual control.

Dissipation of the residual herbicides chlorimuron and
metribuzin led to poorer control with early-spring compared
with late- and sequential-spring treatments when rated at 4
WAP (Table 4). Late- or sequential-spring treatments provided
at least 89% Palmer amaranth control at 4 WAP, whereas the
early-spring treatment provided 67% control (Table 4). As
previously stated, chlorimuron has a half-life of approximately 4
wk, and the half-life of metribuzin is approximately 4 to 9 wk

Table 2. Field pansy, knawel, and other winter annual weed control with fall and spring herbicide applications in Delaware when rated at 0 or 1 wk after planting.a

Field pansy control Knawel control Other winter annual weed control

Fall treatment Spring treatment 2014b 2016 2014 2016 2014 2015 2016

________________________________________________________________%_____________________________________________________________

No fall None 0 f 0 g 0 c 0 h 0 f 0 e 0 f

No fall Earlyf 75 bcd 65 g 99 a 70 f 94 abc 100 a 78 e

No fall Lateg 70 cde 68 de 93 a 80 e 89 cd 97 c 75 e

No fall Sequentialh 53 e 87 ab 91 a 91 bc 85 d 99 ab 87 d

Fall with no residualc None 57 de 10 g 13 c 33 g 36 e 87 d 0 f

Fall with no residual Early 100 a 84 bc 100 a 89 bcd 100 a 99 ab 93 c

Fall with no residual Late 81 abc 72 cd 92 a 81 de 90 bcd 100 a 84 d

Fall with no residual Sequential 100 a 90 ab 100 a 92 abc 100 a 100 a 95 abc

Fall chlorimuron + tribenurond None 83 abc 55 e 92 a 96 abc 85 d 99 ab 0 f

Fall chlorimuron + tribenuron Early 100 a 91 ab 100 a 100 a 100 a 100 a 96 abc

Fall chlorimuron + tribenuron Late 99 a 100 a 98 a 100 a 98 ab 99 ab 99 a

Fall chlorimuron + tribenuron Sequential 97 a 100 a 100 a 100 a 99 a 99 ab 98 ab

Fall flumioxazine None 93 ab 25 f 68 b 80 e 84 d 98 bc 0 f

Fall flumioxazin Early 100 a 87 ab 100 a 96 abc 100 a 100 a 94 bc

Fall flumioxazin Late 97 a 72 cd 97 a 88 cde 98 ab 99 ab 84 d

Fall flumioxazin Sequential 100 a 97 ab 100 a 98 ab 100 a 100 a 96 abc

aData in same column followed by the same letter are not significantly different from one another (P= 0.05, LSD).
bAt-planting portion of the sequential application not applied at time of rating.
cFall with no residual: glyphosate 863 g ae ha − 1 + 2,4-D 799 g ae ha− 1.
dFall chlorimuron + tribenuron: glyphosate 863 g ae ha − 1 + 2,4-D 799 g ae ha − 1 + chlorimuron 35 g ai ha − 1 + tribenuron 11 g ai ha − 1.
eFall flumioxazin: glyphosate 863 g ae ha − 1 + 2,4-D 799 g ae ha − 1 + flumioxazin 108 g ai ha − 1.
fEarly: glyphosate 863 g ae ha − 1 + 2,4-D 1,065 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin 202 g ai ha− 1 applied 4 wk before planting.
gLate: glyphosate 863 g ae ha − 1 + 2,4-D 533 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin 202 g ha− 1 applied 1 to 2 wk before planting.
hSequential: glyphosate 863 g ha − 1 + 2,4-D 1,065 g ha − 1 4 wk before planting followed by paraquat 841 g ha − 1 + chlorimuron 34 g ha − 1 +metribuzin 202 g ha − 1 + crop oil concentrate 1.25%
v/v + urea ammonium nitrate 2.5% v/v applied at planting.
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(Shaner 2014). The amount of time between the application of
chlorimuron plus metribuzin in the early-, late-, and sequential-
spring treatments was 9, 6, and 4 wk, respectively, before Palmer
amaranth was rated at 4 WAP. Therefore, control declined with the
early-spring treatment. Similarly, Whitaker et al. (2010) reported
that metribuzin plus chlorimuron controlled Palmer amaranth 87%
within 3 wk of application, but control declined to 77% within 7 wk
of application.

Following an application of glyphosate plus fomesafen at 6
WAP, late- and sequential-spring treatments controlled Palmer
amaranth 98%, whereas the no spring and early-spring treatments
provided 88% and 89% control at 9 WAP, respectively (Table 4).
This difference in control can be attributed to weed size at the
timing of the glyphosate plus fomesafen application. The popu-
lation of Palmer amaranth was glyphosate-resistant, thus fome-
safen provided the control. Effective control of Palmer amaranth
with fomesafen POST depends on effective herbicide coverage,
with optimum Palmer amaranth size for control being 10-cm tall
or less (Anonymous 2018). Palmer amaranth in plots receiving no
spring or the early-spring treatment ranged from 10 to 38 cm in
height and was not effectively controlled by the glyphosate plus
fomesafen application.

Control of large crabgrass was also greater when herbicide
applications were made within 2 wk of planting. The main effect of
spring treatment was significant when large crabgrass control was
rated at 4 and 9 WAP. Late- and sequential-spring treatments
controlled large crabgrass at least 80% at 4 WAP, but the early-
spring treatment provided 59% control (Table 4). These results are
similar to those with Palmer amaranth control, as residual control
with early-spring applications dissipated before evaluation at 4
WAP. At 9 WAP, large crabgrass control was 96% to 98% with all
treatments (Table 4). Glyphosate has been shown to be effective in
controlling large crabgrass, and the glyphosate plus fomesafen
application was able to improve control later in the season, even in
treatments without an effective PRE herbicide application.

Soybean Yield

There was a significant year by spring treatment interaction for
soybean yield. In 2014 and 2016, yields were greater when a spring
treatment was applied (Table 5). There were no treatment differences
in 2015. Yields were lower in 2015 compared with 2014 and 2016
(Table 5). Lower yields in 2015 were the result of moisture stress
during late vegetative growth. Rainfall totals for July of 2015 (8 cm)

Table 3. Horseweed control rated at 0 or 1 and 4 wk after planting (WAP) with fall and spring herbicide treatments.a

Horseweed control

1 WAP 4 WAP

Fall treatment Spring treatment 2014b 2016

___________________________________________________________%___________________________________________________________

No fall None 0 d 0 d 12 d

No fall Earlyf 100 a 100 a 87 ab

No fall Lateg 100 a 92 a 100 a

No fall Sequentialh 100 a 100 a 100 a

Fall with no residualc None 57 c 57 c 62 c

Fall with no residual Early 100 a 100 a 98 a

Fall with no residual Late 100 a 100 a 100 a

Fall with no residual Sequential 100 a 100 a 100 a

Fall chlorimuron + tribenurond None 80 b 74 b 75 bc

Fall chlorimuron + tribenuron Early 100 a 100 a 100 a

Fall chlorimuron + tribenuron Late 100 a 100 a 100 a

Fall chlorimuron + tribenuron Sequential 100 a 100 a 100 a

Fall flumioxazine None 100 a 72 b 82 b

Fall flumioxazin Early 100 a 100 a 100 a

Fall flumioxazin Late 100 a 96 a 100 a

Fall flumioxazin Sequential 100 a 100 a 100 a

aData in the same column followed by the same letter are not significantly different from one another (P= 0.05, LSD).
bHorseweed rated at planting in 2014. At-planting portion of the sequential application not applied at time of rating.
cFall with no residual: glyphosate 863 g ae ha − 1 + 2,4-D 799 g ae ha − 1.
dFall chlorimuron + tribenuron: glyphosate 863 g ae ha − 1 + 2,4-D 799 g ae ha − 1 + chlorimuron 35 g ha − 1 + tribenuron 11 g ha − 1.
eFall flumioxazin: glyphosate 863 g ae ha − 1 + 2,4-D 799 g ae ha − 1 + flumioxazin 108 g ha − 1.
fEarly: glyphosate 863 g ae ha − 1 + 2,4-D 1,065 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin 202 g ha− 1 applied 4 wk before planting.
gLate: glyphosate 863 g ae ha − 1 + 2,4-D 533 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin 202 g ha− 1 applied 1 to 2 wk before planting.
hSequential: glyphosate 863g ae ha−1 + 2,4-D 1,065 g ae ha− 1 4 wk before planting followed by paraquat 841 g ha−1 + chlorimuron 34g ha− 1 +metribuzin 202g ha− 1 + crop oil concentrate 1.25%
v/v +urea ammonium nitrate 2.5% v/v applied at planting.
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were approximately half the monthly total in 2014 (16 cm) and 2016
(15 cm). In addition, the site was watered using supplemental irri-
gation in 2016, but not in 2014 and 2015. In 2014 and 2015, soybean
stands were often poor in plots with no spring treatment due to
moisture stress and competition with winter annual weeds.

Previous studies examining the effect of application timing
have mostly evaluated herbicides applied in the fall or spring, but
not sequentially. Our results are consistent with Hasty et al.
(2004), in that fall residual herbicides were better at controlling
later-emerging winter annual weeds compared with a fall appli-
cation with no residual treatment. However, the inclusion of a
spring treatment provided better winter annual weed control than
fall treatments alone. When preceded by a fall herbicide treat-
ment, early- and sequential-spring applications were consistently
more effective than late applications in controlling winter annual

weeds. However, late- and sequential-spring treatments were
needed for greater Palmer amaranth and large crabgrass control.
Our results also demonstrated that a spring treatment was needed
for the highest level of horseweed control, as control with fall-only
residual treatments was variable at 0 or 1 WAP.

Current best management practices for control of Palmer
amaranth and other weeds known to be herbicide resistant
recommend planting into weed-free fields, keeping fields as weed-
free as possible, and applying herbicides at the recommended weed
size (Norsworthy et al. 2012). Our results are consistent with
previous studies in showing fall herbicides alone did not provide
adequate winter annual weed control at soybean planting (Davis
et al. 2010; Monnig and Bradley 2007). Also, a single spring
application of glyphosate plus 2,4-D plus chlorimuron plus
metribuzin did not provide consistent control of a diverse weed
population. Therefore, two herbicide applications, fall followed by
spring or sequential-spring applications were needed to provide a
weed-free seedbed each year. Growers often try to minimize the
number of herbicide applications by including a residual herbicide
with the nonselective preplant application. Residual herbicide
applications made 4 wk before planting were not as effective in
controlling Palmer amaranth and large crabgrass as those made
closer to planting. This corroborates results from others that have
shown better Palmer amaranth control is achieved with timely
applications of an effective PRE herbicide followed by effective
POST residual herbicides (Bell et al. 2015; Whitaker et al. 2010).
When designing a herbicide program, it is important to target both
winter and summer annual weeds at timings that produce optimal
control. Herbicide applications need to be made several weeks
before soybean planting to provide effective control of winter
annual weeds at planting; however, a second application that
includes a residual herbicide will need to be made for summer
annual weeds with a prolonged germination period.

Acknowledgments. The authors would like to thank the Delaware Soybean
Board for funding this research. No conflicts of interest have been declared.

References

Agostinetto D, Fontana LC, Vargas L, Perboni LT, Polidoro E, Silva BM
(2014) Competition periods of crabgrass with rice and soybean crops.
Planta Daninha 32:31–38

Alister C, Rojas S, Gomez P, Kogan M (2008) Dissipation and movement of
flumioxazin in soil at four field sites in Chile. Pest Manag Sci 64:579–583

Anonymous (2018) Reflex® herbicide product label. Syngenta Publication No.
4093437. Greensboro, NC: Syngenta. 50 p

Bell HD, Norsworthy JK, Scott RC, Popp M (2015) Effect of row spacing,
seeding rate, and herbicide program in glufosinate-resistant soybean on
Palmer amaranth emergence. Weed Technol 29:390–404

Bravo W, Leon RG, Ferrell JA, Mulvaney MJ (2017) Differentiation of life-
history traits among Palmer amaranth populations (Amaranthus palmeri)
and its relation to cropping systems and glyphosate sensitivity. Weed Sci
65:339–349

Buhler D, Owen M (1997) Emergence and survival of horseweed (Conyza
canadensis). Weed Sci 45:98–101

Byker HP, Soltani N, Robinson DE, Tardiff FJ, Lawton MB, Sikkema PH
(2013) Control of glyphosate-resistant Canada fleabean (Conyza canadensis
[L.] Cronq.) with preplant herbicide mixtures in soybean (Glycine max
[L.] Merr.) Can J Plant Sci 93:659–667

Curran W, Lingenfelter D, Johnson Q, VanGessel M, Vollmer K, Schultz B,
Cahoon C, Flessner M, Hines T, Chandran R, eds (2018) 2018 Mid Atlantic
Field Crop Weed Management Guide. University Park, PA: Pennsylvania
State University Extension. 250 p

Table 5. Soybean yields for 2014, 2015, and 2016 in Delaware averaged over
fall treatments.a

Soybean yield

Spring treatment 2014 2015 2016

_____________________kg ha − 1____________________

None 2,530 b 1,628 a 2,818 b

Earlyb 3,442 a 1,778 a 3,393 a

Latec 3,734 a 2,027 a 3,288 a

Sequentiald 3,430 a 1,827 a 3,241 a

aData in the same column followed by the same letter are not significantly different from
one another (P= 0.05, LSD).
bEarly: glyphosate 863 g ae ha − 1 + 2,4-D 1,065 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin
202 g ha− 1 applied 4 wk before planting.
cLate: glyphosate 863 g ae ha − 1 + 2,4-D 533 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin
202 g ha − 1 applied 1 to 2 wk before planting.
dSequential: glyphosate 863 g ae ha − 1 + 2,4-D 1,065 g ae ha − 1 4 wk before planting followed
by paraquat 841 g ha − 1 + chlorimuron 34 g ha − 1 +metribuzin 202 g ha − 1 + crop oil con-
centrate 1.25% v/v + urea ammonium nitrate 2.5% v/v applied at planting.

Table 4. Palmer amaranth and large crabgrass control at 4 and 9 wk after
planting (WAP).a

Palmer amaranth control Large crabgrass control

Spring
treatment 4 WAP 9 WAPb 4 WAP 9 WAP

_______________________________%_______________________________

None 6 c 88 b 4 c 96 b

Earlyc 67 b 89 b 59 b 97 a

Lated 89 a 98 a 80 a 98 a

Sequentiale 96 a 98 a 83 a 98 a

aData averaged over fall treatments and year. Data in the same column followed by the
same letter are not significantly different from one another (P= 0.05, LSD).
bRatings at 9 WAP reflect POST application of glyphosate 863 g ae ha − 1 + fomesafen 420 g
ha − 1 6 WAP.
cEarly: glyphosate 863 g ae ha − 1 + 2,4-D 1,065 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin
202 g ha− 1 applied 4 wk before planting.
dLate: glyphosate 863 g ae ha − 1 + 2,4-D 533 g ae ha − 1 + chlorimuron 34 g ha − 1 +metribuzin
202 g ha− 1 applied 1 to 2 wk before planting.
eSequential: glyphosate 863 g ae ha − 1 + 2,4-D 1,065 g ae ha − 1 4 wk before planting followed
by paraquat 841 g ha − 1 + chlorimuron 34 g ha − 1 +metribuzin 202 g ha − 1 + crop oil con-
centrate 1.25% v/v + urea ammonium nitrate 2.5% v/v applied at planting.

Weed Technology 171

https://doi.org/10.1017/wet.2018.105 Published online by Cambridge University Press

https://doi.org/10.1017/wet.2018.105


Davis VM, Kruger GR, Young BG, Johnson WG (2010) Fall and spring
preplant herbicide applications influence spring emergence of glyphosate-
resistant horseweed (Conyza canadensis). Weed Technol 24:11–19

Dong B, Qian W, Hu J (2015) Dissipation kinetics and residues of florasulam
and tribenuron-methyl in wheat ecosystem. Chemosphere 120:486–491

Fickett ND, Boerboom CM, Stoltenberg DE (2013) Soybean yield loss
potential associated with early-season weed competition across 64
site years. Weed Sci 61:500–507

Gaynor JD, MacTavish DC, Edwards R, Rhodes BC, Huston F (1997)
Chlorimuron dissipation in water and soil at 5 and 25°C. J Agric Food
Chem 45:3308–3314

Gharde Y, Singh PK, Dubey RP, Gupta PK (2014) Assessment of yield and
economic losses in agriculture due to weeds in India. Crop Prot 107:12–18

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

Halford C, Hamill AS, Zhang J, Doucet C (2001) Critical period of weed
control in no-till soybean (Glycine max) and corn (Zea mays). Weed
Technol 15:737–744

Hasty RF, Sprague CL, Hager AG (2004) Weed control with fall and early-
preplant herbicide applications in no-till soybean. Weed Technol 18:887–892

Jha P, Norsworthy JK (2009) Soybean canopy and tillage effects on emergence
of Palmer amaranth (Amaranthus palmeri) from a natural seedbank. Weed
Sci 57:644–651

Kruger GR, Davis VM, Weller SC, Stachler JM (2009) Frequency, distribution,
and characterization of horseweed (Conyza canadensis) biotypes with
resistance to glyphosate and ALS-inhibiting herbicides. Weed Sci 57:652–659

Kupper A, Borgato EA, Patterson EL, Netto AG (2017) Multiple resistance to
glyphosate and acetolactate synthase inhibitors in Palmer amaranth
(Amaranthus palmeri) identified in Brazil. Weed Sci 65:317–326

Mehdizadeh M, Alebrahim MT, Roushani M (2017) Determination of two
sulfonylurea herbicides residues in soil environment using HPLC and
phytotoxicity of these herbicides in a lentil bioassay. Bull Environ Contam
Toxicol 99:93–99

Monnig N, Bradley K (2007) Influence of fall and early spring herbicide
applications on winter and summer annual weed populations in no-till
soybean. Weed Technol 21:724–731

Mueller TC, Boswell BW, Mueller SS, Steckel LE (2014) Dissipation of
fomesafen, saflufenacil, sulfentrazone, and flumioxazin from a Tennessee
soil under field conditions. Weed Sci 62:664–671

Myers MW, Curran WS, VanGessel MJ, Calvin DD, Mortensen DA, Majek
BA, Karsten HD, Roth GW (2004) Predicting weed emergence for eight
annual species in the northeastern United States. Weed Sci 52:913–919

Norsworthy JK, Ward SM, Shaw DR, Llewellyn RS, Nichols RL, Webster TM,
Bradley KW, Frisvold G, Powles SB, Burgos NR, Witt WW, Barrett M
(2012) Reducing the risks of herbicide resistance: best management
practices and recommendations. Weed Sci 60(SP1):31–62

Owen LN, Steckel LE, Koger CH, Main CL, Mueller TC (2009) Evaluation of
fall burndown application timings on control of glyphosate-resistant
horseweed (Conyza canadensis) in no-till cotton. Weed Technol 23:
335–339

Salas RA, Burgos NR, Tranel PJ, Singh S, Glasgow L, Scott RC, Nichols RL
(2016) Resistance to PPO-inhibiting herbicide in Palmer amaranth from
Arkansas. Pest Manag Sci 72:864–869

Schwartz-Lazaro L, Norsworthy JK, Scott RC, Barber LT (2017) Resistance of
two Arkansas Palmer amaranth populations to multiple herbicide sites-of-
action. Crop Prot 96:158–163

Scott BA, VanGessel MJ (2007) Delaware soybean grower survey on
glyphosate-resistant horseweed (Conyza canadensis). Weed Technol
21:270–274

Shaner DL, ed (2014) Herbicide Handbook. 10th ed. Lawrence, KS: Weed
Science Society of America. 513 p

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

Uri ND (2000) Perceptions on the use of no-till farming in production
agriculture in the United States: an analysis of survey results. Ag Eco
Environ 77:263–266

[USDA] U.S. Department of Agriculture (2014) Agricultural Resource
Management Survey: U.S. Soybean Industry. https://www.nass.usda.gov/
Surveys/Guide_to_NASS_Surveys/Ag_Resource_Management/ARMS_
Soybeans_Factsheet/ARMS_2013_Soybeans.pdf. Accessed: May 31, 2018

Van Acker RC, Swanton CJ, and Weise SF (1993) The critical period for weed
control in soybean [Glycine max (L.) Merr.]. Weed Sci 41:194–200

VanGessel M (2001) Glyphosate-resistant horseweed from Delaware. Weed
Sci 49:703–705

VanGessel MJ, Ayeni AO, Majek B (2001) Glyphosate in full-season no-till
glyphosate-resistant soybean: role of preplant applications and residual
herbicides. Weed Technol 15:714–724

Vencill WK, Banks PA (1994) Dissipation of chlorimuron in southern soils.
Weed Sci 42:625–628

Venkaresh R, Harrison KS, Reidel RM (2000) Weed hosts of soybean cyst
nematode (Heterodera glycines) in Ohio. Weed Technol 14:156–160

Wade T, Claassem R, Wallander S (2015) Conservation Practice Adoption
Rates Vary Widely by Crop and Region. U.S. Department of
Agriculture–Economic Research Service Economic Information Bulletin
No. 147. 34 p

Webster TM, Nichols RL (2012) Changes in the prevalence of weed species in
the major agronomic crops of the southern United States: 1994/1995 to
2008/2009. Weed Sci 60:145–157

Whitaker JR, York AC, Jordan DL, Culpepper AS (2010) Palmer amaranth
(Amaranthus palmeri) control in soybean with glyphosate and conventional
herbicide systems. Weed Technol 24:403–410

172 Vollmer et al.: Herbicide timings for no-till soybean

https://doi.org/10.1017/wet.2018.105 Published online by Cambridge University Press

https://www.nass.usda.gov/Surveys/Guide_to_NASS_Surveys/Ag_Resource_Management/ARMS_Soybeans_Factsheet/ARMS_2013_Soybeans.pdf
https://www.nass.usda.gov/Surveys/Guide_to_NASS_Surveys/Ag_Resource_Management/ARMS_Soybeans_Factsheet/ARMS_2013_Soybeans.pdf
https://www.nass.usda.gov/Surveys/Guide_to_NASS_Surveys/Ag_Resource_Management/ARMS_Soybeans_Factsheet/ARMS_2013_Soybeans.pdf
https://doi.org/10.1017/wet.2018.105

	Preplant and Residual Herbicide Application Timings for Weed Control in No-Till Soybean
	Introduction
	Materials and Methods
	Table 1Herbicide treatments and rates applied as commercial formulations used in field studies in Delaware in 2013, 2014, 2015, and�2016.
	Results and Discussion
	Winter Annual Weeds
	Summer Annual Weeds

	Table 2Field pansy, knawel, and other winter annual weed control with fall and spring herbicide applications in Delaware when rated at 0 or 1 wk after planting.a
	Soybean Yield

	Table 3Horseweed control rated at 0 or 1 and 4 wk after planting (WAP) with fall and spring herbicide treatments.a
	Acknowledgments
	ACKNOWLEDGEMENTS
	References
	Table 5Soybean yields for 2014, 2015, and 2016 in Delaware averaged over fall treatments.a
	Table 4Palmer amaranth and large crabgrass control at 4 and 9 wk after planting (WAP).a


