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Abstract

Successful pigweed management requires an integrated strategy to delay the development of
resistance to any single control tactic. Field trials were implemented during 2017 and 2018
in three counties in Kansas on dryland (limited rainfall, nonirrigated), glufosinate-resistant
soybean. The objective was to assess pigweed control with combinations of a winter wheat cover
crop (CC), three soybean row widths (76, 38, and 19 cm), row-crop cultivation 2.5 weeks after
planting (WAP), and an herbicide program to develop integrated pigweed management
recommendations. All combinations of the four components were assessed by 16 treatments.
All treatments with the herbicide program resulted in excellent (>97%) pigweed control and
were analyzed separately from the other components. Treatments containing row-crop culti-
vation reduced pigweed density and biomass 3 and 8 WAP in all locations compared with the
76-cm row width plus no CC treatment. CC impacts were mixed. In Riley County, Palmer
amaranth density and biomass were reduced; in Reno County, no additional Palmer amaranth
control was observed; in Franklin County, the CC had greater waterhemp density and biomass
compared with the treatments containing no CC. Narrow row widths achieved the most con-
sistent results of all cultural components when data were pooled across locations: Decreasing
row widths from 76 to 38 cm resulted in a 23% reduction in pigweed biomass 8 WAP and
decreasing row width from 38 to 19 cm achieved a 15% reduction. Row-crop cultivation should
be incorporated where possible as a mechanical option to manage pigweed, and narrow row
widths should be used to suppress late-season pigweed growth when feasible. Inconsistent
pigweed control from CC was achieved and should be given special consideration before
implementation. The integral use of these components with an herbicide program as a system
should be recommended to achieve the best pigweed control and reduce the risk of developing
herbicide resistance.

Introduction

Palmer amaranth and waterhemp are, respectively, the number one and four most troublesome
weeds in production agriculture in the United States (Van Wychen 2016). Herbicide resistance
is widespread within these species, with many confirmed cases of multiple herbicide resistance
(Heap 2019; Shergill et al. 2018). A host of morphological and physiological adaptations have
given pigweed increased competitiveness over crops (Ward et al. 2013). Densities of eight
Palmer amaranth plants m−2 caused a 78% yield reduction in soybean, and 11 waterhemp plants
m−2 reduced soybean yield by 56% (Bensch et al. 2003); these examples emphasize the impor-
tance of controlling pigweed. In addition, the timing of pigweed emergence is even more critical
than density in the prediction of yield loss in soybean (Dieleman et al. 1995, 1996).

An integrated approach encompassing more than just herbicides must be implemented to
effectively manage these difficult-to-control weeds (Owen et al. 2014). Aspects involving eco-
logical considerations must be made for non-herbicide weed management options in soybean
(Buhler et al. 1992) in addition to understanding the biology of each weed species (Walsh and
Powles 2007). Although producers have little to no control over weed biology or biotypes
present in a field, management practices (e.g., planting date, tillage, the use of residual herbi-
cides) can be based around the emergence pattern of the driver weed species (Norsworthy et al.
2012). Furthermore, the density and timing of pigweed emergence can be influenced by the pres-
ence of crop residues, canopy, or tillage, as well as seasonal variation, which can make the pre-
diction of pigweed emergence difficult (Jha and Norsworthy 2009; Refsell and Hartzler 2009).

Narrow row width (NRW; i.e., <76 cm) increases soybean tolerance of early-season weeds
when compared with wide row spacing (Knezevic et al. 2003). Using NRW increases light inter-
ception (LI), enhances canopy development by the crop (Elmore 1998; Shibbles and Weber
1966; Yelverton and Coble 1991), and is recognized as a means of weed suppression (Buhler
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and Hartzler 2004). NRWs have been reported to decrease late-
season waterhemp density in soybean (Schultz et al. 2015).
Conversely, several studies have reported mixed results in terms
of pigweed suppression with the use of NRW, compared with wide
row widths, with only reductions in late-season pigweed biomass
and little to no early-season benefits being reported (Bell et al.
2015; Butts et al. 2016). Productive LI by the crop has been
described as cumulative intercepted photosynthetically available
radiation (CIPAR). Optimal soybean yield has been achieved as
CIPAR levels reach 450 MJ m−2 (De Bruin and Pedersen 2009).
Therefore, factors that could increase CIPAR (e.g., NRW, plant
density) could influence grain yield through LI. In contrast,
Butts et al. (2016) found that CIPAR was not correlated to
end-of-season pigweed growth or fecundity.

Cover crops (CCs) can suppress Palmer amaranth and water-
hemp emergence and growth in soybean (Cornelius and Bradley
2017; DeVore et al. 2013; Loux et al. 2017). When implemented
as part of a system, CCs should be combined into a planned
PRE followed by POST residual herbicide program (Cornelius
and Bradley 2017; Loux et al. 2017). When selecting a CC to
manage summer annual weeds such as Palmer amaranth and
waterhemp, preference should be given to CC species producing
ample biomass to generate adequate ground cover (e.g., cereal
grasses) to reduce subsequent weed germination and emergence
(Cornelius and Bradley 2017; Smith et al. 2011).

Row-crop cultivation in soybean is commonly recognized as an
integrated weed management practice (Buhler and Hartzler 2004)
and when implemented during the critical weed-free period,
reduces the impact of weeds on crop yields (Mohler et al. 2016;
Peters et al. 1965). Although capable of providing excellent weed
control between rows, row-crop cultivation does not control weeds
in the crop row (Jordan et al. 1987; VanGessel et al. 1998) and is
better suited to fields with sparse weed densities (Buhler et al. 1992;
Dieleman et al. 1999). Historically, row-crop cultivation has been
linked with conventional tillage systems and could result in sub-
stantial soil erosion concerns (Buhler et al. 1995; Teasdale and
Rosecrance 2003). The use of row-crop cultivation has decreased
because of herbicide-resistant crops (e.g., glyphosate), personal

preference, and adoption of no-tillage with an increased emphasis
on soil and water conservation (Peterson 1999; Price et al. 2011).
Widespread herbicide resistance and improved equipment have
prompted the combination of row-crop cultivation and CC
residues with no-till systems as a weed management option and
provide a way to mitigate soil conservation concerns (Buhler
1995; Keene and Curran 2016).

Herbicide applications to manage difficult-to-control weeds
should be implemented as part of a diverse integrated weed man-
agement program (Shaner 2014) and should contain multiple
components, such as sequential applications of residual herbicides
(Chahal et al. 2018; Sarangi and Jhala 2018; Sosnoskie and
Culpepper 2014; Steckel et al. 2002). In addition, treatments should
be planned that contain multiple effective sites of action for those
species that are most likely to develop herbicide resistance (e.g.,
Palmer amaranth and waterhemp) as a best management practice
(Norsworthy et al. 2012).

Integrated systems should be used to manage pigweed; how-
ever, for the system to be effective at reducing the risk of resistance
to any one component, the efficacy of each component of the sys-
temmust be understood. The objectives of this research were to (1)
understand the emergence profiles of various indigenous pigweed
populations in a dryland (limited rainfall, nonirrigated) setting in
the presence of a winter wheat CC, and (2) evaluate four compo-
nents of an integrated pigweed management system—a winter
wheat CC, row-crop cultivation, NRW, and an herbicide pro-
gram—on pigweed height, density, and biomass in dryland,
glufosinate-resistant soybean in Kansas.

Materials and Methods

Field Locations and Winter Wheat CC Management

Field experiments were conducted in Kansas during 2017 and 2018
in Riley County near Manhattan, at the Ashland Bottoms
Experiment Field (39.12567°N, 96.613488°W); in Franklin
County near Ottawa at the East Central Experiment Field
(38.539265°N, 95.244301°W); and, during 2018, in Reno County

Table 1. Winter wheat cover crop planting and termination dates, soybean planting, herbicide application, and row-crop cultivation dates, and site characteristics at
experiment locations.

2017 2018

Site characteristica,b Riley County Franklin County Riley County Reno County Franklin County

Cover crop planting date Early October, 2016 Late September, 2017
Termination date April 20 May 10
Pre-plant application June 7 June 8 May 12 May 12 May 21
Soybean planting date and PRE June 21 June 22 May 22 May 22 June 4
Row-crop cultivation date July 9 July 10 June 9 June 9 June 22
POST application July 12 July 13 June 12 June 12 June 25
Indigenous weed population Palmer amaranth Waterhemp Palmer amaranth Waterhemp
Soil series Readingc Woodsond Wymoree Ostf Woodsond

Soil texture Silt loam Silt loam Silty clay loam Loam Silt loam
Soil organic matter, %g 3.5 3.5 2.9 2.5 3.3
Soil pH 6.0 6.6 6.5 5.7 6.4
Soil CEC, mEq/100 gh 21.1 17.9 15.8 18.6 18.4

aAbbreviation: meq, milliequivalents.
bAll soil characteristics were assessed from a 0- to 7.6-cm soil sampling depth.
cFine-silty, mixed superactive, mesic Pachic Argiudolls.
dFine, smectic, thermic Abruptic Argiaquolls.
eFine, smectitic, mesic Aquertic Argiudolls.
fFine-loamy, mixed, superactive, mesic Udic Argiustolls.
gLoss-on-ignition (Ball 1964).
hAdjusted to 7 pH (Rich 1969).
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near Hutchinson at the South Central Experiment Field
(37.931114°N, 98.029392°W), for a total of five site-years of
research. The Riley and Reno County sites had an indigenous pop-
ulation of Palmer amaranth, whereas the Franklin County site had
an indigenous population of waterhemp—both species are collec-
tively referred to in this article as pigweed. ‘Gallagher’winter wheat
was no-till drilled at 134 kg ha−1 in 19-cm row widths at all loca-
tions in the fall of each previous year (Table 1). ‘Gallagher’ was
selected because it is adapted to all locations used in this research,
and for its dual-purpose (i.e., forage and grain) pedigree (Edwards
et al. 2014). At spring green-up, the winter wheat CC received a
topdress application of 56 kg ha−1 of nitrogen in the form of urea.
Termination of CC with 1,065 g ae ha−1 glyphosate (Roundup
PowerMAX®; Monsanto Co., St. Louis, MO) occurred at Feekes
stage 10.5.1 “anthesis” (Table 1). Aboveground biomass of the
CC was harvested from a representative 0.25-m2 area at soybean
planting. Samples were dried for 10 d to constant mass and
weighed (Table 2).

Pigweed Emergence Study

At all experimental locations in 2018, a non-crop pigweed emer-
gence study was conducted on the indigenous population. The
two treatments consisted of a winter wheat CC (as previously
described) and no cover crop (NCC) and were arranged in a ran-
domized complete block design with four replications per site.
Squares (50 by 50 cm)were placed in each plot during March.
Pigweed emergence counts were taken weekly from April through
September, with pigweed seedlings terminated with glufosinate
(Liberty® 280 SL; Bayer Crop Science, Research Triangle Park,
NC) upon counting. When the adjacent soybean experiment
was planted (Table 1), the drill was operated without soybean seed
through the emergence study area to simulate the soil disturbance
that would occur with soybean planting.

Pigweed emergence for each treatment was modeled with a
three-parameter sigmoid regression (Equation 1):

y ¼ a

1þ expð� x�x0ð Þ
b Þ

[1]

where y is the proportion of the total emerged pigweed plants, x is
the day of year, a is the maximum proportion of total pigweed
emergence converged on 100%, b is the slope at the inflection
point, and x0 is the day of year for 50% emergence. Differences
in the regressions for CC andNCCwere compared using a pairwise
F-test (α= 0.05); when no differences were detected within a
location, the data were pooled across CC and NCC treatments.

Soybean Establishment

Sixteen treatments consisted of all possible combinations of a CC,
three soybean rowwidths (76, 38, and 19 cm), row-crop cultivation

(76-cm row width only), and an herbicide program. Treatments
were arranged in a randomized complete block design with four
replications per site. Plots at all sites were 3 m wide by 9 m long.
Glufosinate-resistant soybean (Credenz® ‘3841’; Bayer Crop
Science) was planted with a no-till drill (Model 1590; Deere and
Co., Moline, IL) at all locations at 395,000 seeds ha−1 across all
row widths with drill slots being closed to accommodate the vari-
ous row widths. Dates for key field operations and site character-
istics are listed in Table 1. Before planting, the entire experimental
area received an application of 841 g ha−1 paraquat (Gramoxone®
SL 2.0; Syngenta Crop Protection, LLC, Greensboro, NC) to con-
trol any emerged pigweed. The experimental area also received an
application of 135 g ha−1 clethodim (Select Max®; Valent U.S.A.,
LLC., Walnut Creek, CA) to control grass weeds and 75 g ha−1

chlorantraniliprole (Prevathon®; E.I. du Pont e Nemours and
Co., Wilmington, DE) to control insects as needed. Daily precipi-
tation (Table 3) and available solar radiation measurements were
recorded with weather stations located less than 2.5 km from
each site.

Herbicide Program and Row-Crop Cultivation Components

The herbicide program component consisted of 2-week preplant
applications, PRE applications, and 3 wk after planting (WAP)
POST applications. Pyroxasulfone (Zidua®; BASF Corp.,
Research Triangle Park, NC) at 150 g ha−1 plus 252 g ha−1 sulfen-
trazone and 378 g ha−1 metribuzin (Authority® MTZ DF; FMC
Corp., Philadelphia, PA) were applied for the pre-plant and PRE
applications, with two-thirds of the total herbicide applied 2 weeks
before planting and the remainder applied PRE. The POST
application consisted of 738 g ha−1 glufosinate, 1,216 g ha−1

S-metolachlor, and 266 g ha−1 fomesafen (Prefix®; Syngenta
Crop Protection, LLC), plus 3,364 g ha−1 ammonium sulfate.
Herbicides were applied using a four-nozzle CO2-pressurized
backpack sprayer calibrated to deliver 144 L ha−1 at 241 kPa.
Turbo TeeJet Induction 110015 nozzles (TeeJet Technologies,
Wheaton, IL) were used for the pre-plant and PRE applications
and Air Induction Extended Range 110015 nozzles (TeeJet
Technologies) were used for the POST application. For the row-
crop cultivation component, a tractor-mounted, three-shank
row-crop cultivator (Model 6200; Bison Industries Inc., Norfolk,
NE) with a 46-cm–wide sweep per shank was operated 5-cm deep
at 6.4 km h−1 approximately 2.5 WAP.

Pigweed Data Collection and Analyses

Pigweed height, density, and biomass were recorded at 3 and
8 WAP from representative 0.25-m2 areas within each plot.
Biomass was dried at 65 C for 10 d to constant mass and weighed.
Pigweed data were analyzed using theMixed Procedure in JMP Pro
14 (SAS Institute, Cary, NC) and means were separated using
Fisher protected LSD at α= 0.05. Treatment was considered as a
fixed effect and replication as the random effect. Pigweed height,
density, and biomass data were assessed for basic assumptions of
ANOVA; waterhemp density data at both observation timings
were log transformed to better meet assumptions of ANOVA
with all means back transformed for discussion. When no
site-year-by-treatment interactions were detected within a weed
species, site-year was considered a random effect with replication
nested within site-year. Contrasts of a single degree of freedom
were applied to compare groups of treatments, which excluded
the row-crop cultivation component, to assess the effects of
NRW (i.e., 38- and 19-cm rowwidths) and CCwithin each data set.

Table 2. Winter wheat cover crop aboveground dry biomass at soybean
planting.

Year Site Biomass (SE)

kg ha−1

2017 Riley County 5,420 (777)
Franklin County 4,468 (580)

2018 Riley County 3,520 (702)
Reno County 3,144 (105)

Franklin County 2,580 (360)
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In a separate analysis, pigweed biomass data collected 8 WAP
from CC and NCC treatments were expressed as a percentage of
average pigweed biomass within each site-year, pooled across
site-years, and subjected to linear regression across row widths.
The slope of the linear regression was compared with a slope of
zero with a pairwise F-test (α= 0.05) in GraphPad Prism 5.0
(GraphPad Software, San Diego, CA).

Soybean LI and CIPAR Assessments and Analyses

Soybean LI was assessed weekly from emergence through 91 d after
emergence (DAE) to understand the influence of soybean manage-
ment factors (e.g., NRW, CC) on canopy development. Digital
images were taken from the same area within each plot with a cam-
era mounted on a 1.8-m pole and oriented 65° from the ground
(Butts et al. 2016). LI was only measured in plots containing the
herbicide-program component within each row width and CC
or NCC combination. Other treatments contained pigweed plants
that would interfere with soybean LI and CIPAR calculations.

Each digital image was processed with TurfAnalyzer software
(Green Research Services, LLC, Fayetteville, AR) to calculate the
percentage of LI in each image. LI from this method produces
equivalent results to those obtained from a line quantum sensor
(De Bruin and Pedersen 2009; Purcell 2000). A three-parameter
exponential model (Equation 2) was fit to the LI data:

LI ¼ LI0 þ LIplateau � LI0
� �� ð1� e �Kxð ÞÞ [2]

where LI is expressed as a percentage, x is DAE, LI0 is the LI at x0,
LIplateau is the LI at xinfinite, and K is the rate constant expressed in

the reciprocal DAE. Seasonal LI patterns were compared among
row widths and CC versus NCC using a pairwise F-test
(α= 0.05) in GraphPad Prism 5.0.

The ability of the soybean canopy to capture available solar radi-
ation for photosynthesis was calculated as shown in Equation 3:

CIPARt ¼
X

t
daily total solar radiation� 0:5� daily LI½ � [3]

where the unit of measure for CIPAR is megajoules (MJs) m−2, t is
DAE, daily total solar radiation is MJ m−2 of incoming radiation for
each location, and daily LI is the LI for the soybean canopy each day
(De Bruin and Petersen 2009; Edwards et al. 2005; Purcell et al. 2002).
To estimate LI on days when images were not taken, daily solar radi-
ation was calculated from quadratic models from each plot. The
CIPAR was summed for each treatment from soybean emergence
through 91 DAE. These CIPAR data were analyzed as a two-way
factorial with the fixed effects of row width and with or without CC.

Results and Discussion

Pigweed Emergence Study

In the absence of soybean, a season total emergence of 1,056 and
2,820 Palmer amaranth plants m−2 were observed with CC and
NCC, respectively, at the Riley County site in 2018, indicating that
CC resulted in a 62% reduction in density (Table 4). When the
emergence patterns of Palmer amaranth were compared between
CC and NCC treatments, no differences were detected
(P= 0.1885). At the Reno County site during 2018, CC resulted
in a 46% reduction in Palmer amaranth emergence with 844

Table 3. Precipitation for each site-year during cover crop and soybean growth and development.a

Precipitation from January
through Aprila Precipitation during soybean growth and development

Site Year Accumulated 30-yr normalb

Weeks after soybean planting

Total 30-yr normalc1 2 3 4 5 6 7 8

—————————————————————————— mm ——————————————————————————

Riley County 2017 270 157 4 63 0 0 10 24 95 24 220 182
2018 81 0 38 16 3 18 5 2 43 125 231

Reno County 2018 94 179 0 9 37 0 84 50 0 67 247 218
Franklin County 2017 246 179 4 103 0 26 2 22 19 69 245 172

2018 163 0 18 7 17 0 0 1 30 73 200

aPrecipitation values reflect moisture that occurred during the growth and development of winter wheat cover crop.
bThe 30-yr normals from 1980 to 2010 for each location were recorded by the National Oceanic and Atmospheric Administration (Arguez et al. 2010).
cValues calculated from 30-yr normal precipitation from the planting date for each site-year through 8 weeks after planting.

Table 4. Total pigweed emergence, parameter estimates, and model fit values using Equation 1 and predicted calendar dates for 20% and 80% pigweed emergence
with (CC) or without (NCC) a winter wheat CC in the absence of soybean at experiment sites during 2018.

Location Treatmenta Total emergence

Parameter estimatesb Model fit values
Calendar date for
emergence 2018

b (SE) x0 (SE) P valuec R2 20% 80%

plants m−2 DOY
Riley County CC 1,056 (587) 4.52 (0.55) 136 (1.2) 0.1885 0.95 May 2 May 30

NCC 2,820 (64)
Reno County CC 844 (207) 19.95 (0.29) 169 (0.3) < 0.0001 0.99 June 15 June 20

NCC 1,568 (504) 4.50(0.59) 181 (1.4) 0.98 June 16 July 14
Franklin County CC 4,376 (644) 2.67 (0.36) 142 (2.4) < 0.0001 0.96 April 29 June 14

NCC 664 (328) 5.04 (0.71) 118 (1.3) 0.97 April 16 May 17

aAbbreviations: CC, winter wheat cover crop; df, degrees of freedom; DOY, day of year; NCC, no cover crop.
bParameter estimates: a is the maximum proportion of total pigweed emergence set to 100%; b is the slope at the inflection point; x0 is the DOY for 50% pigweed emergence.
cSignificance of pairwise F-test comparing the emergence patterns between the two treatments. If the regression curves were nonsignificant, the data were pooled within the location.

Weed Technology 713

https://doi.org/10.1017/wet.2019.62 Published online by Cambridge University Press

https://doi.org/10.1017/wet.2019.62


and 1,568 Palmer amaranth plants m−2 emerged throughout the
season in the CC and NCC treatments, respectively. The emer-
gence patterns between CC and NCC were different (P <
0.0001) (Figure 1). The CC treatment at the Reno County site
achieved 80% emergence on June 20, whereas the NCC treatment
achieved 80% emergence on July 14, which greatly extended the
emergence period in the absence of the winter wheat CC residue.
Palmer amaranth emergence at the Reno County site was extended
compared with emergence at the Riley County site, which could be
due to differences in rainfall (Table 3), changes in temperature at
the soil surface, or other environmental conditions, as well as
differences in biotypes present at each location.

The CC treatment at the Franklin County site during 2018
resulted in nearly a six-fold increase (4,376 vs. 664 plants m−2)
in seasonal waterhemp emergence compared with NCC (Table 4).
The presence of CC biomass also extended the waterhemp emer-
gence pattern comparedwith theNCC treatment, with 80% seasonal
emergence observed by May 17 for NCC and June 14 for CC. The
greater density of total waterhemp in CC is contradictory to that
reported in previous research in which cereal CCs have been docu-
mented to decrease waterhemp density (Cornelius and Bradley
2017; Loux et al. 2017). Late-season observations of CC residues
compared with early-season measurements have been documented
to have greater weed densities compared with those taken in early

season or when nitrogen was released from leguminous CCs, which
may have stimulatedmore emergences (Cornelius and Bradley 2017;
Webster et al. 2013). The Franklin County site produced more
CC biomass (3,155 kg ha−1) than did the Reno County site
(2,580 kg ha−1) (Table 2). The Reno County site had enough CC
biomass to reduce total Palmer amaranth emergence, whereas CC
at the Franklin County site could not reduce waterhemp emergence.
The Riley County site produced a similar amount of CC biomass
(3,520 kg ha−1) as the Franklin County site; therefore, the greater sea-
sonal density was not related to the amount of CC biomass produced.
This contrasts with research that attributed enhanced pigweed con-
trol when more CC biomass was produced (Webster et al. 2013).
Other environmental factors such as thermal amplitude interacting
with the CC biomass, as well as soil surface moisture retention
beneath the CC, could be linked to the increased emergence in the
CC treatment. The soil texture at the Franklin County site contained
substantially less sand than the other locations (Table 1), which could
have retainedmoremoisture in the CC comparedwith theNCCafter
a rain event and encouraged more waterhemp emergence.

The paraquat application at soybean planting controlled
approximately 65% of the seasonal Palmer amaranth emergence
at the Riley County site, but less than 2% of the seasonal Palmer
amaranth emergence at the Reno County site, simply due to emer-
gence patterns relative to paraquat application date (Table 4). At
the Franklin County site, 70% and 98% of seasonal waterhemp
emergence in the CC and NCC, respectively, was controlled with
the paraquat application. At the Riley and Franklin County sites,
this herbicide application at planting controlled the emerged weeds
and substantially reduced the total number of pigweed plants that
would emerge to compete with the soybean. Controlling emerged
weeds before the emergence of the cash crop is recognized as a
strategy to reduce early-season competition and reduce the risk
of herbicide resistance (Norsworthy et al. 2012).

Pigweed Height, Density, and Biomass

Treatments that included the herbicide program provided excel-
lent pigweed control at both observation times (>97%; data not
shown). Therefore, these treatments were removed, and the
remaining eight treatments were analyzed for effects of CC, row
width, and row-crop cultivation on pigweed height, density, and
biomass. No year-by-treatment interactions were detected
(α= 0.05) for Palmer amaranth height, density, or biomass at
3 and 8 WAP at the Riley County site. At 3 WAP, row-crop culti-
vation or NRW plus CC resulted in the greatest reductions in
Palmer amaranth density compared with the 76-cm NCC treat-
ment (Table 5), whereas NRW in the absence of CC did not reduce
Palmer amaranth density or biomass compared with the 76-cm
NCC treatment. Contrasts at 3 WAP revealed that NRW did
not reduce Palmer amaranth density or biomass, whereas CC
reduced density by 53% and reduced Palmer amaranth biomass
by 76%. These data suggest a CC could reduce the selection pres-
sure for herbicide-resistant biotypes by reducing the total number
of individual plants exposed to the POST herbicide application.

At 8 WAP at the Riley County site, treatments with multiple
components reduced Palmer amaranth density compared with
the 76-cm NCC treatment. When individual components such
as row-crop cultivation alone, NRW alone, or CC in the absence
of NRW were compared with the 76-cm NCC treatment, similar
densities were observed (Table 5). Contrasts for density and
biomass 8 WAP indicated the use of NRW did not improve
control. CC resulted in a 49% reduction in density and 24%

Figure 1. Pattern of indigenous pigweed emergence study in the absence of soybean
for winter wheat cover crop (CC) and no cover crop (NCC) treatments at (A) Riley County
site with Palmer amaranth (B) Reno County site with Palmer amaranth, and (C) Franklin
County site with waterhemp. Regression parameters are described in Table 4.
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reduction in biomass compared with NCC across all row widths.
The reduction in late-season pigweed density has been reported
as a benefit of CCs in soybean (Cornelius and Bradley 2017;
Loux et al. 2017).

At the Reno County site, Palmer amaranth data could not be
combined with either of the Riley County site-years; therefore,
the site-year was analyzed alone. No Palmer amaranth was present
at 3 WAP (data not shown), likely due to the lack of moisture to
trigger emergence (Table 3). Even though no Palmer amaranth was
present, row-crop cultivation was still implemented 2.5 WAP. By
8 WAP, no differences in Palmer amaranth density were found,
which indicated that row-crop cultivation did not affect the
Palmer amaranth emergence, compared with other treatments at
the Reno County site (Table 6). This finding demonstrates that
the soil disturbance caused by row-crop cultivation did not stimu-
late additional emergence compared with treatments that did not
receive row-crop cultivation, which contrasts with prior research
that indicated row-crop cultivation could increase weed emergence
because of soil disturbance (Forcella and Lindstrom 1988). The
lack of additional emergence after row-crop cultivation in this
site-year may have been due to the lack of moisture and to the drier
climate, which is common across Kansas. Additional suppression
in height was expected from the physical interference with CC bio-
mass; however, the suppression at 8 WAP from row-crop cultiva-
tion was not anticipated, because no Palmer amaranth plants
emerged at 3 WAP, indicating that consequences of row-crop cul-
tivation at 2.5WAP delayed Palmer amaranth emergence and sub-
sequent growth when emergence occurred between 3 and 8 WAP.
It is possible that the soil disturbance from row-crop cultivation
altered the emergence pattern, decreased available moisture, or
facilitated other environmental interactions reducing Palmer ama-
ranth height compared with the treatment including both 76-cm
row width and no row-crop cultivation. Contrasts reveal that
NRWdid not reduce Palmer amaranth height, but a 42% reduction
in biomass was observed when the row width was decreased from
76 to 19 cm (Table 6).

Year-by-treatment interactions (P > 0.05) for waterhemp
height, density, or biomass at 3 and 8 WAP were not observed
at the Franklin County site, so data for the 2 years were combined
(Table 7). By 3WAP, greater waterhemp densities were observed in
CC than NCC treatments, which was opposite to what was
expected. No differences were detected between the 76- and
38-cm row widths within CC and NCC; however, the 19-cm
row width plus CC resulted in greater densities than the 19-cm
NCC treatment, also completely opposite to what was expected.
Even though the presence of CC increased waterhemp density,
similar low waterhemp densities were observed in the row-crop
cultivation alone (24 plants m−2) or when combined with CC
(30 plants m−2). Contrasts revealed that decreasing row widths
did not change waterhemp density, but CC actually increased
waterhemp density by 67% compared with NCC. Similarly, water-
hemp biomass increased by 101% at 3 WAP with CC compared
with NCC treatments (Table 7).

By 8WAP, treatments containing row-crop cultivation resulted
in the lowest waterhemp densities (15 or 16 plants m−2) but did not
differ from the 76-cmNCC treatment with 30 plants m−2 (Table 7).
When CC was added to the 76-cm row width but no row-crop cul-
tivation, waterhemp density was greater, at 97 plants m−2. The use
of NRW or NRW plus CC resulted in intermediate waterhemp
densities (56 to 71 plants m−2) as compared with 76-cm row width
with or without CC. Contrasts indicated that NRW did not influ-
ence waterhemp density at 8 WAP, and CC actually increased
waterhemp density by 50% across all row widths. Within the
76-cm row-width treatments, it was clear that CC facilitated addi-
tional waterhemp emergence. CCs conserve soil moisture at the
surface (Wells et al. 2014). Throughout the growing season, it
was noted that treatments with a CC had more moisture at the soil
surface compared withNCC treatments at the Franklin County site
(personal observation). Therefore, it is possible that this created a
microenvironment favoring the emergence or survival of addi-
tional waterhemp plants. Although no differences were found
across treatments for waterhemp biomass 8 WAP, the contrast

Table 5. Influence of soybean row width, winter wheat CC, and RC on Palmer amaranth height, density, and biomass at Riley County site averaged across 2017 and
2018.

Treatmentsa 3 WAPb,c 8 WAP

Row width Component(s) Density Biomass Height Density Biomass

cm plants m−2 g m−2 cm plants m−2 g m−2

76 CC þ RC 57 e 2.8 c 8 230 c 145
CC 563 b–d 12.0 bc 24 540 bc 186
RC 105 de 5.3 c 17 490 bc 283
– 1080 a 39.0 a 43 850 ab 364

38 CC 380 c–e 6.7 c 31 380 c 196
– 918 ab 28.0 ab 51 840 ab 302

19 CC 359 c–e 6.8 c 25 430 c 196
– 764 a–c 38.0 a 41 950 a 312

P value 0.0001 < 0.0001 0.1534 0. 0018 0.3450
Contrasts (P value)d

76-cm vs. 38-cm row widths 822 vs. 649 (NS) 26 vs. 17 (NS) 33 vs. 41 (NS) 695 vs. 610 (NS) 275 vs. 498 (NS)
76-cm vs. 19-cm row widths 822 vs. 562 (NS) 26 vs. 22 (NS) 33 vs. 33 (NS) 695 vs. 690 (NS) 275 vs. 508 (NS)
38-cm vs. 19-cm row widths 649 vs. 562 (NS) 17 vs. 22 (NS) 41 vs. 33 (NS) 610 vs. 690 (NS) 498 vs. 508 (NS)
CC vs. NCC 434 vs. 920g 8.5 vs. 35h 27 vs. 45e 450 vs. 880g 248 vs. 326f

aAbbreviations: –, no CC or RC was present in the treatment; CC, winter wheat cover crop; NS, not significant; RC, row-crop cultivation; WAP, weeks after planting.
bMeans followed by the same letter within a column are not statistically different according to Fisher protected LSD (α= 0.05).
cThe 3 WAP height data for means and contrasts were NS and so are not shown.
dAll contrasts were conducted in the absence of RC-containing treatments.
eP= 0.1 to 0.05
fP= 0.05 to 0.01
gP= 0.01 to 0.0001
hP< 0.0001
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comparing the 76- and 19-cm row widths showed that NRW
resulted in a 66% reduction in biomass, indicating that although
the use of CC as an integrated management strategy failed at this
location, NRW could be used as an additional integrated strategy to
provide some pigweed growth suppression.

Soybean LI and CIPAR

Pairwise F-tests revealed that the LI patterns for soybean in CC and
NCCwithin each rowwidth were different (P< 0.0001, 0.0023, and
0.0007 for the 76-, 38-, and 19-cm row widths, respectively). The

regression curves for 38- and 19-cm row widths with CC or with
NCC were similar (P > 0.05), so data were pooled across NRW
with CC or NCC (Table 8). The regression curves for the 76-cm
row width versus NRW with CC and NCC were different
(P= 0.0003 and 0.0055, respectively). The combination of CC
and NRW influenced soybean LI (Figure 2) such that NRW and
NCC achieved 80% LI at 57 DAE compared with the 76-cm row
width and NCC, which achieved 80% LI 1 wk later. Within the
CC-containing treatments, NRW achieved 80% LI 12 d ahead of
the 76-cm row width plus CC treatment (Table 8).

Table 6. Influence of soybean row width, winter wheat CC, and RC on Palmer amaranth height and biomass at 8 WAP in Reno
County during 2018.

Treatmentsa 8 WAPb

Row width Component(s) Heightc Biomass

cm cm g m−2

76 CC þ RC 24 c 350
CC 27 c 330
RC 27 c 220
– 41 a 520

38 CC 29 bc 310
– 33 a–c 330

19 CC 27 c 250
– 39 ab 240

P value 0.0336 0.1171
Contrasts (P value)d

76-cm vs. 38-cm row widths 34 vs. 31 (NS) 425 vs. 320 (NS)
76-cm vs. 19-cm row widths 34 vs. 33 (NS) 425 vs. 245e

38-cm vs. 19-cm row widths 31 vs. 33 (NS) 320 vs. 245 (NS)
CC vs. NCC 28 vs. 38f 300 vs. 363 (NS)

aAbbreviations: –, no CC or RC was present in the treatment; CC, winter wheat cover crop; NS, not significant; WAP, weeks after planting.
bThe 3WAP data are not included because Palmer amaranth had not emerged. The 8WAP density data formeans and contrasts were NS and are not
shown.
cMeans followed by the same letter within a column are not statistically different according to Fisher protected LSD (α= 0.05).
dAll contrasts were conducted in the absence of RC-containing treatments.
eP= 0.05 to 0.01
fP= 0.01 to 0.0001

Table 7. Influence of soybean row width, winter wheat CC, and RC on waterhemp density and biomass at 3 and 8 WAP in Franklin County averaged across 2017 and
2018.a

Treatmentsb 3 WAPc 8 WAP

Row width Component(s) Density Biomass Density Biomass

cm plants m−2 g m−2 plants m−2 g m−2

76 CC þ RC 29 c 3.3 16 c 62
CC 161 ab 16.0 97 a 64
RC 24 bc 7.1 15 c 80
– 79 bc 10.0 30 bc 64

38 CC 139 a–c 11.0 71 ab 10
– 134 a–c 12.0 58 ab 57

19 CC 215 a 20.1 56 ab 24
– 95 bc 1.5 61 ab 21

P value 0.0378 0.1206 0.0015 0.4590
Contrasts (P value)d

76-cm row widths vs. 38-cm row
widths

120 vs. 137 (NS) 13 vs. 11.5 (NS) 64 vs. 65(NS) 64 vs. 34(NS)

76-cm row widths vs. 19-cm row
widths

120 vs. 155 (NS) 13 vs. 10.8 (NS) 64 vs. 59(NS) 64 vs. 22e

38-cm row widths vs. 19-cm row
widths

137 vs. 155 (NS) 11.5 vs. 10.8 (NS) 65 vs. 59(NS) 34 vs 22 (NS)

CC vs. non-CC 172 vs. 103f 15.7 vs. 7.8e 75 vs. 50e 33 vs. 47(NS)

aHeight data for means and contrasts were found to be NS and are not shown.
bAbbreviations: –, no CC or RC was present in the treatment; CC, winter wheat cover crop; NS, not significant; RC, row-crop cultivation; WAP, weeks after planting.
cMeans followed by the same letter within a column are not statistically different according to Fisher protected LSD (α= 0.05).
dAll contrasts were conducted in the absence of RC-containing treatments.
eP= 00.1 to 0.05
fP= 0.05 to 0.01
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No site-year-by-treatment interactionswere detected for soybean
CIPAR data; therefore, CIPAR data were pooled. No interaction
among row widths and use of CC was detected; subsequently, main
effect of row width was not significant, whereas the use of a CC was.
Lower CIPAR values (533 MJ m−2) were achieved in CC compared
with NCC treatments (640 MJ m−2). There would likely be no
differences in grain yield, because CIPAR values were greater than
450 MJ m−2 (De Bruin and Pedersen 2009). The use of a CC did
influence soybean phenology and, subsequently, LI. Delays in soy-
bean canopy development because of the presence of a CC could
enable late-season pigweed emergence or growth. In these data, soy-
bean grown in the absence of a CC had enhanced LI, and pigweed
emergence and growth was suppressed (Yelverton and Coble 1991).

Greater LI was observed consistently with NRW and sooner
than with the 76-cm row width in both CC and NCC treatments.
When the early-seasonmeasurements were considered, all soybean

canopies achieved 20% LI within a range of 6 d (14 to 20 DAE)
(Table 8). The findings of Butts et al. (2016) corroborate these
results; they also reported no benefit from NRW in terms of reduc-
tions in pigweed density or biomass by the time of POST applica-
tion. It is likely that because of the similar level of LI for all row
widths at 3 WAP, there was little to no appreciable contribution
from NRW in terms of reducing pigweed height, density, or bio-
mass across locations (Tables 5–7). In contrast, by 8WAP, decreas-
ing row widths resulted in reduced pigweed biomass for both CC
and NCC (Figure 3). Pairwise F-test revealed that the slope was
different from zero (P < 0.0001). Based on the regression, a 23%
reduction in pigweed biomass was observed by decreasing the
row width from 76 to 38 cm and a 15% reduction in biomass by
decreasing the row width from 38 to 19 cm and was likely due
to the difference in soybean LI with NRW 64 DAE (5% to 10%
for 38 and 19 cm) compared with the 76-cm row width (Figure 2).

Practical Implications for Management

An integrated weed management system requires multiple tactics
working in combination. Therefore, when developing these sys-
tems, it is imperative to understand the contribution of each com-
ponent and how it integrates as a part of the system. The herbicide
program in this study provided excellent pigweed control and was

Table 8. Parameter estimates and model fit values for Equation 2 describing LI by soybean canopy growing in different treatments of soybean row widths and winter
wheat CC or NCC pooled across all site-years.

Data setsa P valueb

Parameter estimatesc Model fit values DAE for LI

LI0
(SE)

LIplateau
(SE)

K
(SE) R2 df 20% 80%

38 and
19-cm CC

0.0003 −17.900
(4.979)

118.6
(11.45)

0.0183
(0.0034)

0.7806 203 17 69

76-cm CC −9.486
(5.471)

153.4
(47.2)

0.0098
(0.0045)

0.7749 112 20 81

38 and
19-cm NCC

0.0055 −20.70
(4.090)

106.8
(4.159)

0.0274
(0.0027)

0.8522 251 14 57

76-cm NCC −22.46
(6.451)

106.1
(8.204)

0.0246
(0.0043)

0.8575 89 16 64

aAbbreviations: DAE, days after emergence; df, degrees of freedom; CC, winter wheat cover crop; LI, light interception; NCC, no cover crop.
bSignificance of pairwise F-test comparing the emergence patterns between the two treatments. If the regression curves were nonsignificant, the data were pooled.
cParameter estimates: LI0 is light interception at x0; LIplateau is light interception at xinfinite; K is the rate constant expressed in reciprocal of DAE.

Figure 2. Percentage light interception by soybean days after emergence (DAE) for
76-, 38-, and 19-cm row widths and 76 cm within the (A) winter wheat cover crop
and (B) no cover crop plots. Regression parameters are described in Table 8.

Figure 3. Pigweed biomass at 8 weeks after planting (WAP) as a proportion of the
average for each site-year across three row widths. Data were described by linear
regression pooled across site-years.
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the most effective of the four components tested. The herbicide
program included multiple facets (i.e., sequential applications,
overlapping residuals, multiple effective sites of action). These
aspects are proven components of any successful herbicide pro-
gram (Norsworthy et al. 2012; Owen et al. 2014). Unfortunately,
in the absence of cultural or mechanical control tactics, even a
robust herbicide program, albeit more sustainable than had a single
site of action been used repeatedly, will inevitably result in the
selection of herbicide-resistant biotypes (Evans et al. 2016; Neve
et al. 2011; Shaner 2014).

Row-crop cultivation as a mechanical control tactic tended to
result in better pigweed control when compared with cultural prac-
tices. The timing of row-crop cultivation when the pigweed plants
were small as well as before POST herbicide application likely facili-
tated the success of this component. Although the integration of CC
with row-crop cultivation did not improve pigweed control as com-
pared with row-crop cultivation alone, using a CC could alleviate
some soil conservation concerns that have historically discouraged
the use of row-crop cultivation (Buhler et al. 1995). The use of CC as
a cultural control practice achieved mixed results across mul-
tiple site-years. In 3 of the 5 site-years, CC successfully reduced
late-season pigweed biomass and density, thereby serving as an inte-
grated strategy. At one location during both years, CC increased pig-
weed biomass and density compared with NCC, which suggests that
unnecessary selection pressure would have been placed on herbi-
cides, in addition to increasing pigweed seed production at this loca-
tion. This example of inconsistent performance indicates the need
for caution when using CC on a large scale, and the economic
feasibility of implementing CC should be considered.

The use of NRW did not improve pigweed control 3 WAP and
subsequently would not have reduced selection pressure on pig-
weeds with POST herbicide applications. By 8 WAP, reductions
in pigweed biomass were observed with NRW, indicating that
NRW should be combined as an integral strategy with other tactics
as a component of an overall pigweed management system.
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