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Abstract

Preemergence herbicides associated with cereal rye (Secale cereale L.) cover crop (hereafter
“cereal rye”) can be an effective waterhemp [Amaranthus tuberculatus (Moq.) Sauer.] and
Palmer amaranth (Amaranthus palmeri S. Watson) management strategy in soybean [Glycine
max (L.) Merr.] production. Delaying cereal rye termination until soybean planting (planting
green) optimizes biomass production andweed suppression butmight further impact the fate of
preemergence herbicides. Limited research is available on the fate of preemergence herbicides
applied over living cereal rye in the planting green system. Field experiments were conducted in
Illinois, Kansas, Pennsylvania, and Wisconsin to evaluate the fate of flumioxazin and
pyroxasulfone and Amaranthus spp. residual control under different cover crop management
practices in soybean in 2021 and 2022 (8 site-years). A flumioxazin + pyroxasulfone herbicide
premix was applied preemergence at soybean planting under no-till without cereal rye, cereal
rye early terminated before soybean planting, and cereal rye terminated at soybean planting.
Flumioxazin and pyroxasulfone concentrations in the soil were quantified at 0, 7, and 21 d after
treatment (DAT), and Amaranthus spp. density was determined at postemergence herbicide
application. The presence of cereal rye biomass intercepted flumioxazin and pyroxasulfone at
preemergence application and reduced concentration in the soil when compared with no-till,
mainly at 0 DAT. Main differences in herbicide concentration were observed between no-till
and cereal rye treatments rather than cereal rye termination times. Despite reducing herbicide
concentration in the soil, the presence of the cereal rye biomass did not affect early-season
residual Amaranthus spp. control. The adoption of effective preemergence herbicides
associated with a properly managed cereal rye cover crop is an effective option for integrated
Amaranthus spp. management programs in soybean production systems.

Introduction

The use of preemergence herbicides in combination with cereal rye (Secale cereale L.) cover crop
(hereafter referred to as “cereal rye”) can be an effective weed management strategy in soybean
[Glycine max (L.) Merr.] production systems (Bish et al. 2021; Cornelius and Bradley 2017;
Perkins et al. 2021). Delaying cereal rye termination until soybean planting (i.e., planting green)
is a practice that aims to increase cereal rye biomass production for weed suppression and
ecosystem services in temperate regions where low growing degree-day accumulation is a
limiting factor for cereal rye growth in the fall and spring (Fisher and Sprague 2022; Reed et al.
2019; Schramski et al. 2021). Applying preemergence herbicides over living cereal rye biomass in
the planting green system is a new practice for which limited information is available regarding
the fate of preemergence herbicides, whereas the most relevant research has been conducted
using dead crop residue (Crutchfield et al. 1985; Erbach and Lovely 1975; Schmitz et al. 2001;
Selim et al. 2003). While delaying cereal rye termination until soybean planting can increase
biomass accumulation and improve weed suppression (Bish et al. 2021), greater biomass
accumulation can also increase the interception of preemergence herbicides (Nunes et al. 2023)
and potentially reduce preemergence weed control levels (Sperry et al. 2022).
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Waterhemp [Amaranthus tuberculatus (Moq.) Sauer.] and
Palmer amaranth (Amaranthus palmeri S. Watson), hereafter
referred to as Amaranthus spp., are two of the most troublesome
weed species in row-crop production systems in the U.S. Midwest
(Steckel 2007; Van Wychen 2022). These diecious Amaranthus
species are highly competitive weeds (Steckel 2007) and prolific
seed producers (Schwartz et al. 2016) and have rapidly evolved
resistance to the main postemergence herbicides (i.e., glyphosate
and imazethapyr) adopted for their management in soybean
(Faleco et al. 2022; Heap 2023; Peterson et al. 2018). After the
release of glyphosate-resistant crops in the late 1990s, farmers
reduced the use of preemergence herbicides due to the excellent
postemergence efficacy of glyphosate for controlling weeds such as
Amaranthus spp. (Duke and Powles 2008; Green 2014). However,
after years of reliance on glyphosate, herbicide-resistance cases
have increased dramatically (Faleco et al. 2022; Heap 2023;
Peterson et al. 2018), and the use of preemergence herbicides has
again become an important tool for weed management programs
in soybean (Beckie et al. 2019; Perkins et al. 2021).

Flumioxazin and pyroxasulfone are commonly used preemer-
gence herbicides for weed control in soybean due to their efficacy
in controlling Amaranthus spp. (Ferrier et al. 2022; Johnson et al.
2012;Mahoney et al. 2014; Perkins et al. 2021). Flumioxazin (Valor
SX® herbicide, Valent U.S.A., Walnut Creek, CA) (Anonymous
2016) is a protoporphyrinogen oxidase (PPO)-inhibiting herbicide
(WSSA Group 14) that was first registered in the United States in
2002 for preemergence control of broadleaf weed species in
soybean and peanut (Arachis hypogaea L.) (Shaner 2014; USEPA
2023). Flumioxazin is considered a low environmental risk
herbicide due to its short half-life and reduced soil persistence
after application (Alister et al. 2008; Eason et al. 2022).
Pyroxasulfone (i.e., Zidua® herbicide, BASF, Research Triangle
Park, NC) (Anonymous 2022) is a very-long-chain fatty-acid
(VLCFA)-inhibiting herbicide (WSSA Group 15) that was first
registered in the United States in 2012 for preemergence control of
grasses and small-seeded broadleaves in corn (Zea mays L.), wheat
(Triticum aestivum L.), and soybeans (Shaner 2014; USEPA 2023).
Pyroxasulfone can be used at lower field rates than other VLCFA-
inhibiting herbicides, giving it a lower risk of environmental
contamination due to its physicochemical properties (Nakatani
et al. 2016; Westra et al. 2014; Yamaji et al. 2016).
A premix of flumioxazin and pyroxasulfone (Fierce EZ® herbicide,
Valent U.S.A.) (Anonymous 2019) is registered for residual weed
control in soybean when applied early preplant or preemergence
(within 3 d of soybean planting) at rates of 70.4 to 88.0 g ha−1

of flumioxazin and 88.0 to 111.7 g ha−1 of pyroxasulfone
(Anonymous 2019).

The combination of cereal rye and preemergence herbicides is
recommended for more diversified cropping and weed manage-
ment systems (Bunchek et al. 2020; Perkins et al. 2021; Whalen
et al. 2020). However, the main concern when applying
preemergence herbicides to cereal rye is the interception of the
spray solution, which can reduce herbicide concentration in the
soil. Nunes et al. (2023) observed that the increase in cereal rye
biomass at the time of preemergence application reduced
S-metolachlor and sulfentrazone concentrations in the soil 28 d
after application compared with tillage in the planting green
system. Whalen et al. (2020) reported that delaying cover crop
termination (21 vs. 7 d before soybean planting) increased cover
crop biomass accumulation, which further reduced sulfentrazone
concentration in the soil over time (0 to 84 d after application)
compared with tillage. Despite investigating the impacts of cover

crops on the fate of preemergence herbicides, Nunes et al. (2023)
did not quantify S-metolachlor and sulfentrazone concentrations
in the soil over time, Whalen et al. (2020) terminated the cover
crops and applied sulfentrazone before soybean planting, and
neither Nunes et al. (2023) nor Whalen et al. (2020) compared
early cereal rye termination versus termination at soybean planting
(planting green) on preemergence herbicide fate. Hence, research
is still needed to investigate whether spraying preemergence
herbicides during cereal rye termination in the planting green
system can have further impacts on herbicide fate compared with
cereal rye early terminated. The objectives of this study were to
investigate the impacts of cover crop management on the fate of
flumioxazin and pyroxasulfone by quantifying their concentra-
tions in the soil over time and to determine whether the potential
impacts of cover crop management on herbicide concentration in
the soil can affect early-season Amaranthus spp. control.

Materials and Methods

Field studies were conducted near Brooklyn, WI (hereafter
“Wisconsin”; 42.87°N, 89.39°W), Carbondale, IL (hereafter “Illinois”;
37.70°N, 89.24°W), Rock Springs, PA (hereafter “Pennsylvania”;
40.72°N, 77.94°W), and Rossville, KS (hereafter “Kansas”; 39.12°N,
95.92°W) during the 2021 and 2022 growing seasons (8 site-years).
The study was conducted following a randomized complete block
design with a treatment arrangement adapted from a split-plot. The
main plots were cover crop management (no-till without cover crop,
hereafter “no-till”; no-till with cereal rye early-terminated, hereafter
“cereal rye early-term”; and no-till with cereal rye planting green,
hereafter “cereal rye plant-green”) applied as strips (two 37.6 by 3 m
strips for each cover cropmanagement) in the experimental area. The
split-plot was the use of a preemergence herbicide treatment (yes and
no preemergence) that was randomly applied to one of the two plots
of each cover crop management within each block (Supplementary
Figure S1). The cover crop management was applied as strips to
facilitate cereal rye establishment in the fall. Instead of attributing
cover crop management to adjacent strips, they were randomized
within the experimental area to improve the distribution of treatments
across the field. Thus, the reason for this design being adapted from a
split-plot treatment arrangement (e.g., instead of having the two split-
plots side by side within each block, they were randomized in the
experimental area). Unlike a split-plot arrangement, where the split-
plot is nested within the main plot, it was not assumed that the
preemergence plots (split-plot) had any degree of dependence from
each cover crop management (main plot). Experimental units
consisted of 3 by 9.1 m plots (four soybean rows with 76-cm row
spacing) replicated four times. Soil properties from each experimental
site and year are described in Table 1.

Study Establishment and Herbicide Applications

The study was initiated in the previous fall of each experimental
year by no-till drilling the cereal rye after corn harvest at a seeding
rate of 67 kg ha−1, 19-cm row spacing, and a seeding depth of
3.2 cm. The cover crop was chemically terminated in the following
spring with glyphosate at 1,262 g ae ha−1 (Roundup PowerMax®,
Bayer CropScience, St Louis, MO) and ammonium sulfate at
2,200 g ha−1 applied 5 to 15 d before soybean planting for the early
termination and within 1 d of soybean planting for the planting
green treatment (Table 2). To eliminate established glyphosate-
resistant weeds present at the time of planting in the experimental
area, glyphosate was tank mixed with glufosinate at 655 g ai ha−1
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(Liberty®, BASF) as part of a standard burndown treatment applied
to all treatments (no-till, cereal rye early-term, and cereal rye plant-
green) at the planting green termination. For the preemergence
treatments, flumioxazin at 70.4 g ai ha−1 + pyroxasulfone at
89.3 g ai ha−1 (Fierce EZ®, Valent U.S.A.) was included in the spray
mix containing glyphosate and glufosinate and sprayed at the
planting green termination time (Table 2).

Postemergence herbicide application within a treatment was
triggered when 20% of Amaranthus spp. plants reached 10 cm in
height, similar to the Perkins et al. (2021) study, which evaluated
the number of days until Amaranthus spp. reached 10 cm in height
as the plant height limit for postemergence control with most
herbicides available for soybean. Because postemergence applica-
tions were triggered by Amaranthus spp. height, applications
varied across treatments within each site-year with a minimum
of 27 andmaximum of 57 d after soybean planting (Supplementary
Table S1). The postemergence herbicide treatment was
composed of glufosinate at 655 g ai ha−1 (Liberty®, BASF),
2,4-D at 1,095 g ae ha−1 (Enlist One®, Corteva Agriscience,
Indianapolis, IN), clethodim at 102 g ai ha−1 (Select Max®, Valent
U.S.A.), acetochlor at 1,261 g ai−1 (Warrant®, Bayer CropScience,
St Louis, MO), and ammonium sulfate at 1% v/v. All herbicide
applications (cereal rye termination, preemergence application,
and postemergence) were delivered with a CO2-pressurized
backpack sprayer equipped with a 3-m handheld boom fit with
six nozzles (TTI 110015 for cereal rye termination and
preemergence application, and AIXR 110015 for postemergence
application [TeeJet® Technologies, Wheaton, IL]) on 50-cm
spacing calibrated to deliver 140 L ha−1 of spray solution.
Soybean was planted using a four-row no-till planter adjusted to

place seeds at 2.5-cm depth on 76-cm row spacing. The soybean
variety and seeding rate varied across site-years (Table 2).

Soil Sampling and Herbicide Analyses

Soil samples were collected from the treatments no-till without
preemergence (standard check) and the treatments no-till, cereal
rye early-term, and cereal rye plant-green with preemergence at 0,
7, and 21 d after treatment (DAT) to quantify flumioxazin and
pyroxasulfone concentrations in the soil. Soil sampling, processing,
and analysis practices were executed as recommended by Mueller
and Senseman (2015). Three subsamples (soil cores 0- to 7.6-cm
depth by 10-cm diameter) were collected from each plot with a golf
cup cutter (Par Aide Products, St Paul, MN), placed in plastic bags
that were then sealed, and immediately placed in a cooler before
being stored in a freezer (−10 C). The samples collected in Illinois,
Kansas, and Pennsylvania were frozen and shipped overnight to
Wisconsin, where they were stored frozen until the beginning of
the soil extraction process.

Soil samples were thawed at room temperature for 60 min and
thoroughly homogenized manually while still inside each bag.
A 15 ± 0.5 g subsample of homogenized soil from each sample was
placed into a 50-ml conical polypropylene tube (Fisher Scientific,
Pittsburgh, PA), and 30 ml of methanol (RPI Research Products,
Mt Prospect, IL) was added to the soil. Tubes were sealed and
shaken in a horizontal reciprocating shaker for 14 h. After shaking,
the tubes were allowed to equilibrate statically for 30 min to
separate the methanol solution from soil particles. Five milliliters
of the solution were extracted from the tubes with a 10-ml syringe,
and 2 ml were transferred to a liquid chromatography/mass

Table 1. Soil properties and texture for all sites in 2021 and 2022.

Site Year

Soil properties

Soil textureOMa Sand Silt Clay pH

—————————%——————————— H2O
Illinois 2021 2.5 8.0 77.0 15.0 6.5 Silt loam

2022 1.9 3.0 78.0 19.0 6.1 Silt loam
Kansas 2021 1.2 76.0 16.0 8.0 6.4 Sandy loam

2022 1.7 40.0 50.0 10.0 5.5 Silt loam
Pennsylvania 2021 2.0 9.2 56.7 34.1 7.0 Silty clay loam

2022 2.0 23.2 44.5 32.3 7.0 Clay loam
Wisconsin 2021 1.7 40.0 42.0 18.0 7.0 Loam

2022 1.6 48.0 37.0 15.0 7.1 Loam

aOM, organic matter.

Table 2. Cereal rye and soybean planting and cereal rye termination dates for all sites in 2021 and 2022.

Site Year

Planting date Cereal rye termination

Cereal ryea Soybeanb Early termination Planting green

Illinois 2021 October 2, 2020 May 17, 2021 May 7, 2021 May 17, 2021
2022 October 7, 2021 May 13, 2022 April 28, 2022 May 12, 2022

Kansas 2021 September 24, 2020 May 25, 2021 May 10, 2021 May 25, 2022
2022 October 18, 2021 May 20, 2022 May 10, 2022 May 20, 2022

Pennsylvania 2021 October 1, 2020 May 18, 2021 May 4, 2021 May 19, 2021
2022 October 20, 2021 May 24, 2022 May 12, 2022 May 25, 2022

Wisconsin 2021 September 25, 2020 May 18, 2021 May 7, 2021 May 17, 2021
2022 September 23, 2021 May 24, 2022 May 12, 2022 May 25, 2022

aCereal rye: ‘VNS’ (Illinois, 2021), ‘Guardian’ (Illinois, 2022), ‘Rymin’ (Kansas, 2021 and 2022), and ‘Aroostook’ (Pennsylvania andWisconsin, 2021 and 2022), all seeded
at 67.3 kg ha−1.
bSoybean: ‘NKS39-E3’ (Illinois, 2021), ‘XO3861E’ (Illinois, 2022), ‘P39T61SE’ (Kansas, 2021), ‘B392EE’ (Kansas, 2022), ‘IS234E3’ (Pennsylvania, 2021), ‘7280E’
(Pennsylvania, 2022), and ‘S20-E3’ (Wisconsin, 2021 and 2022), all seeded at 346,020 seeds ha−1, except for Illinois, seeded at 370,736 seeds ha−1 in 2022, and
Pennsylvania, seeded at 444,883 seeds ha−1 in both years.
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spectrometry vial passing through a 0.45-μm filter (Fisher Scientific).
Vials were kept in the freezer until overnight shipment in an
insulated container with dry ice to the Department of Plant Sciences
at the University of Tennessee in Knoxville, TN, for analysis. Tubes
with soil and remaining solution were dried to constant weight at
65 C to determine the dry soil weight of each tube for herbicide
quantification. Samples were analyzed using an Agilent 1260 Liquid
Chromatograph coupled with a 6470 Mass Spectrometry detector.
Analysis details included the use of a phenyl-hexyl analytical column
and a gradient mobile phase of acetonitrile and water, both fortified
with 0.1% formic acid. Parent and confirmatory ions for pyrox-
asulfone were 392.1 and 229/179.1 and for flumioxazin were
355.1 and 327.1/299.1, respectively. The limit of detection for both
herbicides was 1.0 ng g−1 dry weight soil, and recoveries were >85%
for all soils and were not corrected for recovery.

Cereal Rye Biomass, Amaranthus spp., and Weather Data
Collection

Aboveground cereal rye biomass was determined at each
termination time by clipping the plants at the soil surface in three
0.1-m−2 quadrats randomly placed in each plot. Biomass samples
were placed in paper bags and dried at 65 C for 7 d to determine
cereal rye biomass in Mg ha−1. Amaranthus spp. density (plants
m−2) data were collected at the time of postemergence herbicide
application by counting the number of emerged Amaranthus
spp. plants in two 0.25-m−2 quadrats randomly placed in each plot.
Amaranthus tuberculatus was evaluated in both years in Illinois,
Pennsylvania, and Wisconsin, and A. palmeri in both years in
Kansas.Amaranthus tuberculatus andA. palmeri density data were
combined for analysis due to the intrinsic similarities between the
two species as well as their similar response to preemergence
herbicides and the adoption of cereal rye for weed suppression
(Palhano et al. 2018; Perkins et al. 2021; Steckel 2007; Webster
et al. 2016).

Daily precipitation (mm) and minimum, maximum, and
average air temperatures C from cereal rye planting to soybean
harvest of each experimental year were collected from weather
stations adjacent to the experimental areas. The temperature data
were used to estimate daily growing degree days (temperature base
10 C) from preemergence application until the last soil sampling at
21 DAT using the following equation (Mirsky et al. 2011):

GDD ¼ Tmax þ Tmin

2
� Tbase [1]

where Tmax and Tmin are the maximum and minimum daily
temperatures, respectively, and Tbase is the base temperature at
which physiological activity and growth occur (set at 10 C). For
mean temperatures less than Tbase, the GDD value was assumed to
be zero.

Statistical Analyses

All statistical analyses were performed in R statistical software v.
4.2.1 (R Core Team 2022). Data processing, manipulation, and
visualization were performed with the TIDYVERSE collection of
packages (Wickham et al. 2019); specific details about other
packages are provided in each of the following sections.

Herbicide Concentration in the Soil
Flumioxazin and pyroxasulfone concentrations in the soil were
analyzed independently by fitting separate generalized least-squares

models for each site and year using the gls function in R software
(NLME package; Pinheiro et al. 2022). Generalized least-squares
models are an alternative to deal with heteroscedasticity and/or
correlation between errors in the data (Pinheiro and Bates 2000).
In this study, because each plot was sampled three times, a
continuous correlation structure was adopted to account for the
serial correlation between sampling times. The continuous
correlation structure is adapted from the first-order autoregressive
model to accommodate unequal time points during events (Piepho
and Edmondson 2018; Pinheiro and Bates 2000). Each model
was composed of herbicide concentration in the soil as the
dependent variable and cover crop management, sampling time,
their interaction, and block as fixed effects. Model assumptions of
normality and homoscedasticity were assessed by a visual inspection
of residuals. To meet and improve such assumptions, herbicide
concentration in soil was square-root transformed for all models.
Fitted models were used to obtain estimated back-transformed
marginal means using the emmeans function in R (EMMEANS

package; Lenth 2022). When a significant interaction or main effect
was observed (P-value≤ 0.05), marginal means were separated
using Fisher’s LSD test at α = 0.05 (EMMEANS package; Lenth 2022).

Random forest models were performed to determine which
variables and factors had the greatest influence on flumioxazin
and pyroxasulfone concentrations in the soil at 0 and 21 DAT.
Random forest is a machine learning algorithm that combines
multiple decision trees using a subsample of bootstrapped
observations from randomly selected explanatory variables to
improve prediction accuracy and reduce overfitting. In random
forest, multiple decision trees are trained on different subsets of the
training data, with each tree making a prediction independently.
The predictions of all the trees are then combined to produce the
final prediction (Biau and Scornet 2016; Breiman 2001). Random
forest is a powerful algorithm for the classification of feature
importance in complex data sets. In weed science, Hartway et al.
(2022) used random forest to determine which plant traits are
associated with herbicide resistance, Striegel et al. (2021) classified
which factors affected dicamba spray solution pH when mixed
with other herbicides, and Baraibar et al. (2018) identified the most
important variables explaining weed biomass in cover crops.

Separate models were fit to the flumioxazin and pyroxasulfone
data using the herbicide concentration in the soil (ng g−1 soil) at
0 DAT as the continuous dependent variable and site (Illinois,
Kansas, Pennsylvania, and Wisconsin), year (2021 and 2022),
cover crop management (no-till, cereal rye early-term, and cereal
rye plant-green), and percent of soil organic matter, clay, and silt of
each site as explanatory variables. As for the flumioxazin and
pyroxasulfone models using the 21 DAT data as the continuous
dependent variable, besides the aforementioned explanatory
variables, accumulated precipitation (mm) and GDD (Tbase 10 C)
from preemergence application until the last soil sampling time
(21 DAT) were included as additional explanatory variables. For all
models, tress (the number of decision trees) was set to 1,000, and
mtry (the number of different predictors sampled at each split)
and min_n (the minimum number of data points in a node
required for additional splits) were tuned during model training
and set according to the model with lowest root-mean-square
error. Variable importance (VI) scores were determined by the
permutation measure, which provides an estimate of the change in
prediction accuracy should the variable be excluded from the
model (Wright 2023). Higher VI values indicate the explanatory
variable is important in the model and in explaining the variability
of the dependent variable, whereas values near zero indicate the
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explanatory variable is not important (Bourgoin et al. 2018;
Louppe et al. 2013). All models were fit using the R meta package
TIDYMODELS following the framework and workflow presented in
Kuhn and Silge (2022). A scatter plot with the relationship between
cereal rye biomass (Mg ha−1) at termination and flumioxazin and
pyroxasulfone concentrations in the soil (ng g−1 soil) at 0 DAT was
also created to illustrate the effect of cereal rye biomass on herbicide
in the soil at preemergence application. The data were plotted with
the ggplot function, and a linear regression line was added using the
geom_smooth function in R (GGPLOT2 package; Wickham 2016).

Flumioxazin and pyroxasulfone concentrations in the soil
(ng g−1 soil) at 21 DAT were used to estimate the percent of
herbicide dissipation based on the initial concentration in the
no-till treatment at 0 DAT using the following equation:

Dissipation %ð Þ ¼ 100� HC21 � 100
NTavg0

� �
[2]

where dissipation (%) is the percent of herbicide loss or reduction
within 21 d,HC21 is the herbicide concentration (ng g−1 soil) of an
individual plot at 21 DAT, and NTavg0 is the average of the four
no-till observations at 0 DAT. Because no-till without cereal rye
was treated as a check in this study, its herbicide concentration at
0 DAT was utilized as the standard to estimate herbicide
dissipation based on the assumption that it had the least herbicide
interception during preemergence application. Individual gener-
alized linear mixed models (glmmTMB function) with a beta
distribution were fit to the herbicide dissipation data of each site,
treating cover crop management as a fixed effect and block nested
within year as random effects in the model (GLMMTMB package;
Brooks et al. 2017). Fitted models were used to obtain estimated
marginal means using the emmeans function in R (EMMEANS

package; Lenth 2022). When a significant main effect was observed
(P-value ≤ 0.05), marginal means were separated using Fisher’s
LSD test at α = 0.05 (EMMEANS package; Lenth 2022).

Amaranthus spp. Density
To analyzeAmaranthus spp. density, the data set was first split into
two groups based on the pressure in each site-year. A “low”

Amaranthus spp. pressure group was composed of Illinois 2022,
Kansas 2021 and 2022, and Pennsylvania 2021 and 2022. These
5 site-years presented the lowest mean of Amaranthus spp. density
(≤10 plants m−2) in the no-till without preemergence treatment
across sites and years. Conversely, Illinois 2021 and Wisconsin
2021 and 2022 presented the highest Amaranthus spp. density
(≥56 plants m−2) and were grouped as having “high” Amaranthus
spp. pressure. The no-till without preemergence was selected as the
treatment to evaluate Amaranthus spp. pressure, because it best
represented the natural Amaranthus spp. infestation of each site-
year, as it did not have the presence of a preemergence herbicide or
cover crop weed control or suppression. Generalized linear mixed
models (glmmTMB function) with a negative binomial distribution
were fit to the Amaranthus spp. density data of each group treating
cover cropmanagement and preemergence and their interaction as
fixed effects and block nested within site-year as a random effect in
the model (GLMMTMB package; Brooks et al. 2017). The negative
binomial distribution was adopted as recommended by Stroup
(2015) to deal with count data that often do not meet the normality
and equal variance assumptions of ANOVA. Fitted models were
used to obtain estimated marginal means using the emmeans
function in R (EMMEANS package; Lenth 2022). When a significant
interaction or main effect was observed (P-value ≤ 0.05), marginal
means were separated using Fisher’s LSD test at α = 0.05 (EMMEANS

package; Lenth 2022).

Results and Discussion

Delaying cereal rye termination until soybean planting led to
greater cereal rye biomass accumulation compared with the early
termination across all site-years. Overall, Wisconsin was the site
with the greatest cereal rye biomass levels in both years, while
Illinois 2021 and Pennsylvania 2022 were the 2 site-years with the
least biomass production (Figure 1). Accumulated precipitation
from preemergence application to the last soil sampling time at
21 DAT also varied across site-years. Wisconsin 2021 had the least
total precipitation within the 21-d period (30 mm), whereas
Kansas 2022 had the greatest (158 mm; Figure 2). Given such
differences in cereal rye biomass accumulation, precipitation, and

Figure 1. Cereal rye cover crop dry biomass (Mg ha−1) at each termination time in all sites in 2021 and 2022. Error bars indicate the standard error ofmeans. IL, Illinois; KS, Kansas;
PA, Pennsylvania; and WI, Wisconsin. Cereal rye early terminated before soybean planting (early-term) and cereal rye terminated at soybean planting (plant-green).
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other site-specific factors that might have impacted herbicide
concentration in the soil, flumioxazin and pyroxasulfone data were
analyzed independently, and results are presented individually by
site-year.

Soil samples from the no-till without preemergence were
collected to ensure that the residual concentration of flumioxazin
and pyroxasulfone was negligible in all areas where the study was
conducted. The concentrations of flumioxazin and pyroxasulfone
was ≤ 1.1 and 2.7 ng g−1 soil, respectively, in all 8 site-years of data
(Supplementary Tables S2 and S3). Thus, this treatment was not
part of the statistical analyses of the study. Flumioxazin and
pyroxasulfone results are presented in Tables 3 and 4, respectively.
For visualization of trends across sites and years, refer to
Supplementary Figures S2 (flumioxazin) and S3 (pyroxasulfone)
for a graphical presentation of the data.

Illinois 2021 and 2022

Illinois presented the smallest concentration of flumioxazin and
pyroxasulfone in the soil across site-years (Tables 3 and 4). In 2021,
there was only an effect of sampling time (P-value< 0.001) for both
herbicides, given that their concentrations was highest at 0 DAT and
decreased over time at a similar rate in all treatments. In 2022, there
was an interaction between cover crop management and sampling
time (P-value = 0.017 [flumioxazin] and = 0.001 [pyroxasulfone])
for both herbicides. The cereal rye treatments reduced flumioxazin
and pyroxasulfone concentrations in the soil compared with no-till
at 0DAT.However, there were no differences between the two cereal
rye termination times. Additionally, there were also no differences in
the concentration of either herbicide in the soil at 7 and 21 DAT
across cover crop management, only a decrease over time in their
concentrations (Tables 3 and 4). The lack of difference between no-
till and the cereal rye treatments in 2021 was likely due to the
relatively low cereal rye biomass accumulated (≤4.4 Mg ha−1) in
both termination times in this year (Figure 1). Conversely, greater
levels of cereal rye biomass (≥7.7Mgha−1) were observed in 2022 for
both termination times (Figure 1) and likely intercepted sufficient
spray solution to reduce the concentration of both herbicides in both
cover crop management treatments at 0 DAT (Nunes et al. 2023;
Tables 3 and 4). In previous research, Nunes et al. (2023) and
Whalen et al. (2020) observed an inverse relationship between cover
crop biomass accumulation at termination and herbicide concen-
tration in the soil after preemergence application. Such findings
corroborate that cereal rye biomass accumulation at the time of
preemergence application can have a direct impact on herbicide
concentration in the soil over time.

Kansas 2021 and 2022

Kansas was the only site where there were no interactions between
cover crop management and sampling time for either flumioxazin
or pyroxasulfone in both years (P-value > 0.05; Tables 3 and 4).
The main effects of cover crop management and sampling time
were significant for both herbicides in 2021 and for flumioxazin in
2022, whereas only cover crop management (P-value < 0.001) was
significant for pyroxasulfone in 2022. Flumioxazin concentration
was greatest at 0 DAT and decreased over time at similar rates
in all cover crop management practices, with the smallest
concentration at 21 DAT in both years. No-till resulted in the
greatest flumioxazin concentration at all sampling times, and
except for cereal rye early-term in 2021, the cereal rye treatments
reduced flumioxazin concentration compared with no-till at all
sampling times (Tables 3 and 4).

Pyroxasulfone behavior was different within and between years
when compared with flumioxazin. In 2021, although the
concentration was smallest at 21 DAT, the greatest concentration
was observed at 7 DAT. As for 2022, pyroxasulfone concentration
in the soil was similar for all sampling times. Thus, unlike
flumioxazin, which showed a decreasing trend over time in both
years, pyroxasulfone concentration increased from 0 to 7 DAT in
2021 and did not change over time in 2022 (Tables 3 and 4). This
behavior suggests that pyroxasulfone was released from the crop
residue (no-till and cereal rye biomass) to the soil with rainfall in
2021 and was likely more stable in the environment than
flumioxazin when intercepted by crop residue. As for the effect
of cover crop management, both cereal rye treatments reduced
pyroxasulfone concentration compared with no-till at all sampling
times in both years. Yet differences between early termination and
planting green were only observed in 2021, when delaying cereal
rye termination until soybean planting likely resulted in greater
herbicide interception and, thus, lower pyroxasulfone concen-
tration in the soil (Tables 3 and 4). The differences between cereal
rye treatments in 2021 for pyroxasulfone are likely due to the
greater cereal rye biomass accumulated and lower overall
precipitation in 2021 compared with 2022 (Figures 1 and 2).
Such factors can contribute to higher herbicide interception during
application and lower herbicide wash-off from the cereal rye
biomass (Nunes et al. 2023).

Pennsylvania 2021 and 2022

Similar responses between flumioxazin and pyroxasulfone were
observed in both years that the study was conducted in

Figure 2. Daily (bars) and total (lines) precipitation from preemergence herbicide application to 21 d after treatment (last soil sampling time) for all sites in 2021 and 2022. Total
precipitation in 2021 and 2022 for each site, respectively: Illinois, 118 and 69 mm; Kansas, 57 and 158 mm; Pennsylvania, 73 and 55 mm; and Wisconsin, 30 and 95 mm. Refer to
Supplementary Figure S4 for air temperature data of each site-year.
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Pennsylvania. An interaction (P-value < 0.001) between cover
crop management and sampling time was detected for both
herbicides in 2021 (Tables 3 and 4). The large amount of cereal rye
biomass accumulated in 2021 (≥10.3 Mg ha−1) likely led to a
substantial interception of both herbicides during application and
a reduction in the concentration of flumioxazin and pyroxasulfone
at all sampling times compared with no-till in 2021. Moreover, the
concentration of both herbicides was greatest at 0 DAT and least at
21 DAT in the no-till. However, in the cereal rye early-term
treatment, the highest flumioxazin and pyroxasulfone concen-
trations were observed at 7 DAT, and no differences across

sampling times were observed for cereal rye plant-green in 2021
(Tables 3 and 4). This indicates that despite being intercepted by
the cereal rye biomass, the soil-applied herbicides were likely
released from the crop residue to the soil after application in the
early termination at a greater extent than in the termination at
soybean planting. In fact, 7 DAT was the only sampling time that a
difference between cereal rye early-term and cereal rye plant-green
was observed for both herbicides in 2021 (Tables 3 and 4). Because
cereal rye biomass accumulation was high for both cereal rye
termination times (≥10.3 Mg ha−1) in 2021, we believe that at this
level of biomass, there were no differences in the interception of the

Table 3. Flumioxazin concentration in the soil (ng g−1 soil) as a function of cover cropmanagement at 0, 7, and 21 d after treatment (DAT) for all sites in 2021 and 2022.a

Cover crop management

Illinois

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 19.7 a A 5.4 a B 1.8 a C
C

20.3 a A 6.0 a B 1.2 a C
Early-term 21.7 a A 4.2 a B 0.5 a 7.2 b A 3.6 a AB 1.0 a B
Plant-green 18.2 a A 3.6 a B 1.6 a 7.6 b A 3.5 a AB 0.9 a B

P-values

Cover crop 0.826 <0.001
DAT <0.001 <0.001
Cover crop:DAT 0.826 0.017

Kansas

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 36.2 a A
A
A

16.1 a A
A
A

6.8 a B
B
B

33.2 a A
A
A

18.3 a B
B
B

6.2 a C
C
C

Early-term 15.9 a 15.8 a 4.1 a 17.3 b 9.2 b 4.2 b
Plant-green 5.2 b 5.0 b 0.7 b 11.5 b 6.7 b 2.4 b

P-values
Cover crop <0.001 <0.001
DAT <0.001 <0.001
Cover crop:DAT 0.183 0.497

Pennsylvania

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 66.4 a A 33.8 a B 11.2 a C 20.1 a A
A
A

17.3 a B
B
B

5.8 a C
C
C

Early-term 4.1 b B 13.8 b A 2.5 b B 17.1 a 12.3 a 3.2 a
Plant-green 2.3 b A 5.2 c A 3.5 b A 22.9 a 12.6 a 5.9 a

P-values

Cover crop <0.001 0.227
DAT <0.001 <0.001
Cover crop:DAT <0.001 0.333

Wisconsin

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 30.5 a A 17.9 a B 14.7 a B 28.7 a A 15.7 a B 6.4 a C
Early-term 10.7 b A 10.1 a A 7.8 a A 11.0 b A 11.6 ab A 3.8 a B
Plant-green 1.2 c B 10.4 a A 8.3 a A 4.9 c A 6.1 b A 3.0 a A

P-values

Cover crop <0.001 <0.001
DAT 0.189 <0.001
Cover crop:DAT <0.001 <0.001

aMeans followed by common lowercase letters indicate no statistical difference between cover crop management within DAT, and common uppercase letters indicate no statistical difference
between DAT within cover crop management by the LSD test (α = 0.05).
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preemergence herbicides during application. Hence, no differences
between cereal rye early-term and cereal rye plant-green at 0 DAT.
Nevertheless, the additional 1.2 Mg ha−1 of cereal rye biomass
accumulated when terminated at soybean planting likely retained
flumioxazin and pyroxasulfone to a greater extent than the early
termination at 7 DAT. Moreover, it is unclear whether cereal rye
can foliar absorb and metabolize part of the preemergence
herbicides applied in the planting green system. If absorbed by the

living cereal rye, it can also contribute to lower flumioxazin and
pyroxasulfone concentrations in the soil at 7 DAT (Tables 3 and 4).

Lower levels of cereal rye biomass (≤5.2 Mg ha−1) were
recorded for both termination times in 2022 compared with 2021
in Pennsylvania (Figure 1). Similar to Illinois 2021, when low cereal
rye biomass was observed, there were no differences between cover
cropmanagement practices on the concentration of flumioxazin and
pyroxasulfone at all sampling times. Only the effect of time was

Table 4. Pyroxasulfone concentration in the soil (ng g−1 soil) as a function of cover crop management at 0, 7, and 21 d after treatment (DAT) for all sites in 2021
and 2022.a

Cover crop management

Illinois

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 25.7 a A
A
A

8.0 a B
B
B

2.4 a C
C
C

31.0 a A 11.6 a B 5.2 a C
Early-term 30.3 a 7.3 a 2.0 a 11.0 b A 9.0 a AB 4.4 a B
Plant-green 28.3 a 9.0 a 2.2 a 12.2 b A 12.8 a A 4.1 a B

P-values

Cover crop 0.813 <0.001
DAT <0.001 <0.001
Cover crop:DAT 0.968 0.001

Kansas

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 53.0 a B
B
B

61.5 a A
A
A

30.4 a C
C
C

50.8 a A
A
A

42.4 a A
A
A

25.1 a A
A
A

Early-term 17.1 b 40.4 b 12.0 b 24.9 b 36.7 b 15.0 b
Plant-green 9.3 c 11.5 c 5.0 c 16.1 b 21.4 b 10.9 b

P-values

Cover crop <0.001 <0.001
DAT 0.011 0.178
Cover crop:DAT 0.406 0.301

Pennsylvania

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 96.5 a A 72.8 a A 45.5 a B 27.0 a A
A
A

34.8 a A
A
A

22.6 a A
A
A

Early-term 6.0 b B 23.4 b A 8.8 b B 21.1 a 26.2 a 15.9 a
Plant-green 4.8 b A 12.2 c A 7.9 b A 28.5 a 22.1 a 14.3 a

P-values

Cover crop <0.001 0.120
DAT 0.004 0.268
Cover crop:DAT <0.001 0.082

Wisconsin

2021 2022

0 DAT 7 DAT 21 DAT 0 DAT 7 DAT 21 DAT

———————————————————————ng g−1 soil————————————————————————

No-till 64.2 a A 48.1 a B 49.4 a AB 31.8 a A 26.2 a A 12.1 a B
Early-term 15.7 b B 30.4 b A 20.1 b B 12.9 b B 19.1 a A 9.0 a B
Plant-green 3.6 c B 18.9 b A 22.1 b A 5.9 c AB 9.3 b A 3.1 b B

P-values

Cover crop <0.001 <0.001
DAT <0.001 <0.001
Cover crop:DAT <0.001 <0.001

aMeans followed by common lowercase letters indicate no statistical difference between cover crop management within DAT, and common uppercase letters indicate no statistical difference
between DAT within cover crop management by the LSD test (α = 0.05).
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significant for flumioxazin, given that its concentration was greatest
at 0 DAT and lowest at 21 DAT. For pyroxasulfone, there were no
differences across sampling times (P-value> 0.05; Tables 3 and 4).
The lack of differences between treatments is likely due to the low
cereal rye biomass accumulation, which possibly resulted in minor
herbicide interception during application.

Wisconsin 2021 and 2022

Wisconsin was the only site in which the cover crop management
and sampling time interaction for flumioxazin and pyroxasulfone
in both years was significant (P-value < 0.001; Tables 3 and 4).
Due to the high cereal rye biomass accumulated at this site
(≥7.6 Mg ha−1; Figure 1), the cereal rye treatments intercepted
and reduced the concentration of both herbicides compared with
no-till at 0 DAT in 2021 and 2022. Moreover, the higher cereal rye
biomass accumulation by the cereal rye terminated at planting
increased the interception of both herbicides and reduced their
concentrations in the soil at 0 DAT in both years. For flumioxazin,
despite the initial reduction due to spray solution interception by
the cereal rye biomass, there were no differences between cover
crop management practices in either year at 21 DAT. Conversely,
for pyroxasulfone, only the cereal rye early-term in 2022 was
similar to no-till at 21 DAT. As for the effect of sampling time, the
overall concentration of both herbicides was highest at 0 DAT and
decreased over time in the no-till. In contrast, for the cereal rye
treatments, due to the initial herbicide interception, flumioxazin
and pyroxasulfone concentrations were either constant or

increased with time, with the highest peaks observed at 7 DAT
in most instances (Tables 3 and 4).

Random Forest for Herbicide Concentration in the Soil

Random forest models were fit to flumioxazin and pyroxasulfone
data at 0 and 21 DAT to better understand which explanatory
variables had the largest influence on herbicide concentration in
the soil. Cover crop management was the most important factor
explaining herbicide concentration at 0 DAT for both herbicides
(Figure 3). This outcome was expected, given that herbicide
concentration in the soil at 0 DAT had a negative linear
relationship with the increase in cereal rye biomass at termination
(Figure 4). Thus, although cereal rye biomass was not part of the
random forest models, its importance was indirectly related to
cover crop management. At 21 DAT, cover crop management
remained the most important factor for pyroxasulfone response,
followed by site and silt content (Figure 5). However, for
flumioxazin, precipitation was the most important variable
explaining its response, followed by cover crop management
and site (Figure 5). The fact that cover crop management was
replaced by precipitation as themost important variable explaining
flumioxazin concentration in the soil at 21 DAT is an intriguing
observation, given the importance of cover crop management in
this study. One consideration about the two herbicides is that
flumioxazin has a slightly lower water solubility (1.79 mg L−1 at
25 C) than pyroxasulfone (3.45mg L−1 at 20 C; Shaner 2014). Thus,
precipitation might be of more importance for flumioxazin
movement from the cereal rye biomass to the soil as compared
with pyroxasulfone.

Herbicide Dissipation

The aim of calculating the degree of flumioxazin and pyrox-
asulfone dissipation was to estimate the effect of cover crop
management practices on herbicide dissipation and which
herbicide was subject to more dissipation within 21 DAT.
To address these questions, the data were pooled across years
for all sites to objectively focus on the effects of cover crop
management practices and sites on herbicide dissipation.

Illinois presented the highest herbicide dissipation across all
sites, with about 90% of flumioxazin and pyroxasulfone dissipated
at 21 DAT, and was the only site with no differences in herbicide
dissipation across cover crop management practices (Figure 6).
The lack of differences between cover crop management practices
in herbicide dissipation is likely due to low herbicide interception

Figure 4. Response of flumioxazin and pyroxasulfone concentration in the soil
(ng g−1 soil) at 0 d after application as a function of cereal rye cover crop biomass at
termination.

Figure 3. Random forest variable importance for flumioxazin (A) and pyroxasulfone (B) concentration in the soil (ng g−1 soil) at 0 d after treatment. Root-mean-square error from
each model: flumioxazin, 13.3; and pyroxasulfone, 18.7.

Weed Science 501

https://doi.org/10.1017/wsc.2023.46 Published online by Cambridge University Press

https://doi.org/10.1017/wsc.2023.46


during preemergence application at this site. As for the higher
herbicide dissipation compared with other sites, soil microbes are
the main source of herbicide degradation in the environment for
most herbicides (Ferrell and Vencill 2003). No information about
the soil microbial community of each site is available to confirm
whether microbial degradation was the cause of such high
herbicide dissipation in Illinois. Another hypothesis is that the
herbicides might have leached below the sampled soil depth
(Mueller et al. 2014). However, precipitation, clay content, soil pH,
and soil organic matter, the main factors influencing herbicide
adsorption and leaching (Weber et al. 2004; Westra et al. 2014),
were similar to those for the other site-years (Figure 2; Table 1).
The only observed difference was the higher silt content in Illinois
(Table 1). Yet it is unlikely that the high silt content favored
herbicide leaching below the sampled soil depth, especially for
pyroxasulfone, which has been noted for low leaching potential in
the soil (Nakatani et al. 2016;Westra et al. 2014; Yamaji et al. 2016).
Thus, it is unclear why Illinois presented the highest flumioxazin
and pyroxasulfone degradation compared with other sites.

Flumioxazin and pyroxasulfone dissipation were impacted by
cover crop management at the three other sites (Kansas,
Pennsylvania, and Wisconsin; Figure 6). Overall, no-till resulted
in the least herbicide dissipation over time across herbicides and
sites, whereas cereal rye plant-green was the treatment with the
most dissipation, and no differences in cereal rye early-term were
detected in most instances (Figure 6). Herbicide fate in the
environment is a complex combination of processes (Alletto et al.
2010; Locke and Bryson 1997). With the cereal rye system, we
hypothesize that the difference in dissipation and final herbicide
concentration or dissipation compared with no-till is due to the
portion of the applied herbicides that remained adsorbed to the
cereal rye biomass and was not washed off to the soil within 21 d.
Moreover, we also believe that once intercepted by the cereal
rye, the herbicides were more susceptible to degradation from
environmental processes, such as photodegradation and volatili-
zation, which may have contributed to herbicide dissipation.
Several studies support that once intercepted by crop residue,
a portion of the total applied herbicide is not released from the

Figure 6. Flumioxazin and pyroxasulfone dissipation (%) as a function of cover crop management in 21 d based on the average of each herbicide concentration in the soil
(ng g−1 soil) in the no-till treatment at 0 d after treatment. Data pooled across 2021 and 2022 for each site. Error bars indicate the standard errors of means. Means followed by a
common letter are not statistically different by the LSD test (α = 0.05). Illinois P-values: flumioxazin, 0.373; and pyroxasulfone, 0.250; Kansas P-values: flumioxazin, <0.001; and
pyroxasulfone, <0.001; Pennsylvania P-values: flumioxazin, 0.025; and pyroxasulfone, <0.001; and Wisconsin P-values: flumioxazin, 0.032; and pyroxasulfone, <0.001.

Figure 5. Random forest variable importance for flumioxazin (A) and pyroxasulfone (B) concentration in the soil (ng g−1 soil) at 21 d after treatment. Root-mean-square error
from each model: flumioxazin, 3.2; and pyroxasulfone, 7.4.
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plant material, regardless of rainfall accumulation (Banks and
Robinson 1982, 1986; Carbonari et al. 2016). One limitation of this
study is that herbicide concentrations were measured only in the
soil and not in the cereal rye biomass. Although the overall degree
of herbicide dissipation based on the soil concentration in
the no-till treatment at 0 DAT was estimated, it is not possible
to determine how much of the herbicides was still adsorbed to the
cereal rye residue. Future studies quantifying both sources (soil and
residue) for herbicide concentration can bring great value to
further understanding the impacts of cereal rye cover crop on
herbicide fate in the environment.

Amaranthus spp. Density at Postemergence Application

Splitting the 8 site-years of Amaranthus spp. density data into two
pressure groups (low: ≤10 plants m−2; high: ≥56 plants m−2)

highlighted the benefits of Amaranthus spp. suppression by cereal
rye and the importance of adjusting cereal rye termination to
increase biomass accumulation in scenarios with and without the
use of a preemergence herbicide (Figures 7 and 8). An interaction
between cover crop management and preemergence in
Amaranthus spp. density was detected for the low- (P-value =
0.043) and the high-pressure groups (P-value = 0.003). For both
groups, Amaranthus spp. density was 55% (low Amaranthus spp.
pressure) and 42% (high Amaranthus spp. pressure) lower in the
cereal rye treatments compared with no-till when the preemer-
gence herbicides were not sprayed (Figures 7 and 8), corroborating
previous reports that cereal rye can effectively suppress
Amaranthus spp. emergence (Bish et al. 2021; Cornelius and
Bradley 2017). The effective Amaranthus spp. suppression
observed in this study is likely due to adequate levels of cereal
rye biomass accumulation across site-years. Nichols et al. (2020)
indicated 5 Mg ha−1 as the cover crop biomass threshold for
effective weed suppression (75% weed biomass reduction). In our
study, 6 site-years had cereal rye biomass levels above this
threshold in both termination times (Figure 1).

Differences between cereal rye termination times (early
termination versus planting green) were only observed under
high Amaranthus spp. pressure (Figure 8). In this group, cereal rye
plant-green without preemergence provided an additional 54%
reduction in Amaranthus spp. density compared with cereal rye
early-term without preemergence and had a lower mean density
(15 plants m−2) than the no-till with preemergence treatment.
Hence, besides improvingAmaranthus spp. suppression compared
with the early termination, delaying cereal rye termination until
soybean planting was as effective as the preemergence herbicides
adopted in this study for Amaranthus spp. control (Figure 8).
Cornelius and Bradley (2017) also reported that cereal rye
provided early-season A. tuberculatus emergence suppression at
a comparable level to a preemergence residual herbicide program.
Thus, our findings corroborate those of other studies on the
benefits of cereal rye for Amaranthus spp. management.
Nevertheless, it is important to point out that replacing a
preemergence herbicide program with the adoption of cereal rye
as the sole approach for early-season Amaranthus spp. control
should be considered with care. Weed suppression by cover crops
in general is directly correlated with the increase in cover crop
biomass and ground coverage (Nichols et al. 2020). Thus, if not
properly established and managed, cereal rye might not uniformly
accumulate adequate levels of biomass for effective Amaranthus
spp. suppression. Moreover, weed species respond differently to
cover crop suppression, and some species might not be effectively
suppressed as Amaranthus spp. is by cereal rye (Cornelius and
Bradley 2017). Therefore, as an approach to diversify and adopt as
many tools as possible, both cereal rye and preemergence
herbicides should be considered as part of integrated weed
management programs by farmers.

The fact that cereal rye plant-green only showed a benefit under
high Amaranthus spp. pressure (Figure 8) raises the question of
whether Amaranthus spp. suppression is correlated not only with
cereal rye biomass accumulation but also with its pressure in the
field. In the low- pressure group (Figure 7), there was no benefit in
delaying cereal rye termination to increase biomass production
for Amaranthus spp. suppression. Bish et al. (2021) also
hypothesized that A. tuberculatus suppression might be linked
to its soil seedbank infestation level and that there may be a
threshold of A. tuberculatus seed density for which cereal rye
biomass cannot compensate. The authors observed that even a

Figure 7. Amaranthus spp. density (plants m−2) as a function of cover crop
management and preemergence herbicide (PRE) at the time of postemergence
herbicide application in the low Amaranthus spp. pressure group. Data pooled from
Illinois 2022, Kansas 2021 and 2022, and Pennsylvania 2021 and 2022. Cover crop
management and preemergence interaction P-value = 0.043. Error bars indicate the
standard errors of means. Equal lowercase letters indicate no statistical difference
between treatments (no-till, cereal rye early-term, and cereal rye plant-green) within
the use of preemergence herbicides (YES PRE and NO PRE), and equal uppercase
letters indicate no statistical difference between the use of preemergence herbicides
within a treatment by the LSD test (α = 0.05).

Figure 8. Amaranthus spp. density (plants m−2) as a function of cover crop
management and preemergence herbicide (PRE) at the time of postemergence
herbicide application in the high Amaranthus spp. pressure group. Data pooled from
Illinois 2021 and Wisconsin 2021 and 2022. Cover crop management and
preemergence interaction P-value = 0.003. Error bars indicate the standard errors of
means. Equal lowercase letters indicate no statistical difference between treatments
(no-till, cereal rye early-term, and cereal rye plant-green) within the use of
preemergence herbicides (YES PRE and NO PRE), and equal uppercase letters indicate
no statistical difference between the use of preemergence herbicides within a
treatment by the LSD test (α = 0.05).
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high level of cereal rye biomass (14 Mg ha−1) was not enough to
provide effective A. tuberculatus suppression when its density was
recorded at ≥927 plants m−2 in the absence of cereal rye at 28 d
after soybean planting. Conversely, a significant reduction in
A. tuberculatus density was observed in two other years when
A. tuberculatus density was ≤385 plants m−2 without cereal rye at
28 d after planting. In our study, the no-till without preemergence
had an average of 194 Amaranthus spp. plants m−2 in the high-
pressure group. Considering the findings from Bish et al. (2021), at
this level, cereal rye can effectively reduce Amaranthus
spp. emergence, which was indeed confirmed in both cereal rye
treatments. Nevertheless, the hypothesis of a threshold in
Amaranthus spp. pressure at which cereal rye can no longer
effectively suppress it should be investigated under field conditions.

The application of the preemergence herbicides flumioxazin
and pyroxasulfone provided effective residual Amaranthus
spp. control in all treatments and both pressure groups
(Figures 7 and 8). The effectiveness of flumioxazin and pyrox-
asulfone onAmaranthus spp. control has already been described in
the literature. Perkins et al. (2021) reported that flumioxazin and
pyroxasulfone, applied alone or as a premix, were some of the most
effective residual herbicides for A. tuberculatus and A. palmeri
control in soybeans. Also, Ferrier et al. (2022) described the
combination of flumioxazin and pyroxasulfone as having an
additive effect in the control of multiple herbicide–resistant
A. tuberculatus. Thus, our findings support that flumioxazin and
pyroxasulfone are effective preemergence herbicide options for
Amaranthus spp. control.

Although the application of flumioxazin and pyroxasulfone
resulted in lower Amaranthus spp. density for all cover crop
management practices, their interaction with the cereal rye
treatments was different depending on the Amaranthus spp.
pressure group (Figures 7 and 8). In lowAmaranthus spp. pressure,
there was no difference between cover crop management when the
preemergence herbicides were sprayed (Figure 7). However, under
the high Amaranthus spp. pressure, both cereal rye treatments
resulted in an additional 46% (average of cereal rye early-term and
cereal rye plant-green) reduction in Amaranthus spp. density
compared with no-till with preemergence (Figure 8). Therefore,
despite reducing flumioxazin and pyroxasulfone concentrations in
the soil compared with no-till in most instances, the presence of
cereal rye biomass did not impact overall early-seasonAmaranthus
spp. control in this study. Instead, the presence of cereal rye
biomass improved Amaranthus spp. control compared with no-till
both in the presence and absence of the preemergence residual
treatment. Thus, the combination of preemergence herbicides and
cereal rye under the planting green system can be an effective
integrated Amaranthus spp. management strategy in soybean.

Cereal rye cover crop biomass impacted the fate of the
preemergence herbicides flumioxazin and pyroxasulfone by
reducing their concentrations in the soil compared with no-till.
Delaying cereal rye termination until soybean planting resulted in
further reduction in the concentration of both herbicides in some
instances. Yet main differences were observed between no-till and
cereal rye treatments rather than cereal rye termination times
(early vs. planting green). Despite reducing flumioxazin and
pyroxasulfone concentrations in the soil, the presence of cereal
rye biomass did not affect early-season residual Amaranthus
spp. control compared with no-till. Therefore, the adoption of
effective preemergence herbicides associated with a properly
managed cereal rye cover crop is an effective option for integrated
Amaranthus spp. management in soybean production systems.

Additional research is warranted to further our understanding
regarding environmental fate of preemergence herbicides with
different physicochemical properties in cropping systems where
cover crops are included.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/wsc.2023.46
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