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Abstract

Palmer amaranth (Amaranthus palmeri S. Watson) is the most problematic weed of cotton
(Gossypium hirsutum L.)-cropping systems in the U.S. Southeast. Heavy reliance on herbicides
has selected for resistance tomultiple herbicidemechanisms of action. Effective management of
this weed may require the integration of cultural practices that limit germination,
establishment, and growth. Cover crops have been promoted as a cultural practice that
targets these processes. We conducted a 2-yr study in Georgia, USA, to measure the effects of
two annual cover crops (cereal rye [Secale cereale L.] and crimson clover [Trifolium incarnatum
L.]), a perennial living mulch (‘Durana®’ white clover [Trifolium repens L.]), and a bare ground
control on A. palmeri population dynamics. The study was conducted in the absence of
herbicides. Growth stages were integrated into a basic demographic model to evaluate
differences in population trajectories. Cereal rye and living mulch treatments suppressed weed
seedling recruitment (seedlings seed−1) 19.2 and 13 times and 12 and 25 times more than the
bare ground control, respectively. Low recruitment was correlated positively with low light
transmission (photosynthetic active radiation: above canopy photosynthetically active
radiation [PAR]/below cover crop PAR) at the soil surface. Low recruitment rates were also
negatively correlated with high survival rates. Greater survival rates and reduced adult plant
densities resulted in greater biomass (g plant−1) and fecundity (seeds plant−1) in cereal rye and
living mulch treatments in both years. The annual rate of population change (seeds seed−1) was
equivalent across all treatments in the first year but was greater in the living mulch treatment in
the second year. Our results highlight the potential of annual cover crops and livingmulches for
suppressingA. palmeri seedling recruitment andwould be valuable tools as part of an integrated
weed management strategy.

Introduction

Over the last 25 yr, no weed has had a greater impact on cotton (Gossypium hirsutum L.)
production systems in the United States than Palmer amaranth (Amaranthus palmeri S.
Watson) (MacRae et al. 2013; Vulchi et al. 2022). Amaranthus palmeri emerged as the most
problematic weed in cotton production systems in the early 2000s shortly after the widespread
adoption of glyphosate-resistant (herbicide-resistant, or HR) cotton varieties in the U.S.
Southeast (Webster et al. 2012). While widespread adoption of HR cotton helped to catalyze
increased area under conservation tillage, a reduction in the diversity of herbicide sites of action
(SOAs) used to manage weeds occurred (Duke and Powles 2008; Kniss 2018; Vulchi et al. 2022).
Because A. palmeri seed germination is stimulated and accelerated by light, and its reproductive
and genetic characteristics maintain high levels of diversity, the reduction in both tillage and
herbicide SOA diversity helped to create an ideal niche for the selection of resistance to
glyphosate, which led to widespread colonization of similar cropping systems in the region (Jha
et al. 2010; Price et al. 2011; Roberts and Florentine 2021; Ward et al. 2013). Within 7 yr of HR
cotton adoption in the U.S. Southeast, cases of glyphosate-resistant A. palmeri were being
reported, and resistance was confirmed in 2006 in the state of Georgia (Culpepper et al. 2006).

As reports of glyphosate-resistant A. palmeri became more ubiquitous, initial management
recommendations to deal with glyphosate-resistantA. palmeri entailed the use of deep inversion
tillage to bury seed (Aulakh et al. 2012, 2013; Price et al. 2011). While effective, this ability to
“reset” the weed seedbank can only be practiced infrequently, as sequential tillage events may
exacerbate A. palmeri infestations (Price et al. 2011). Furthermore, tillage adds to production
costs and is a major contributor to soil erosion. While the use of diverse herbicide SOAs and
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newer HR cotton varieties have been promoted, A. palmeri
populations have subsequently been confirmed to be herbicide
resistant to eight SOAs, many of which are heavily relied upon in
cotton production systems (Heap 2022). Ongoing challenges with
herbicide resistance in A. palmeri necessitate a transition to weed
management systems that rely on varied and additional sources of
weed mortality other than herbicides (Gamble and Price 2021;
Korres et al. 2019; Parminder et al. 2016). To delay resistance and
maintain the efficacy of herbicides, reductions in population size
coupled with decreased selection pressure imposed on populations
must be prioritized (Menalled et al. 2016; Neve et al. 2011). The
challenge of doing this while maintaining the economic and soil-
related benefits of conservation tillage systems is considerable,
given these systems’ reliance on herbicides in place of tillage
(Chauhan et al. 2012; Nichols et al. 2015).

To address this, researchers and farmers throughout the U.S.
Southeast have increasingly experimented with cover crops within
conservation tillage–cotton production systems to manage A.
palmeri (Hand et al. 2019; Palhano et al. 2018; Price et al. 2016;
Webster et al. 2013; Wiggins et al. 2015a, 2015b). Cover crops are
species of annual cereals and forage legumes that were initially used
as a measure to decrease erosion and nutrient leaching (Ruis et al.
2019). Cover crops are established yearly after cash crop harvest in
the fall and terminated with herbicide, often in combination with
mechanical termination, before the subsequent year’s cash crop is
planted. Cover crops add a layer of residue to the soil surface and
have been shown to help suppress weeds primarily by reducing the
quantity of light reaching the soil surface, acting as a physical
barrier, and altering the soil environment by introducing
allelopathic chemicals and by changing temperature and nutrient
dynamics (Teasdale 2018).

Less studied and used are living mulches—annual or perennial
plant species that differ from cover crops in that they remain alive,
growing with the cash crop for at least part of the growing season
(Bhaskar et al. 2021; Hartwig andAmmon 2002; Paine andHarrison
1993). Herbicide or mechanical termination is used to create
vegetation-free strips into which a cash crop is planted, while the
interrow area is occupied with living plant species (Hartwig and
Ammon 2002; Mohammadi 2012; Westbrook et al. 2022). Many of
the same mechanisms that suppress weeds via cover crops apply to
livingmulches, but perennial livingmulch species create an even less
hospitable environment for annual weed species, given the duration
of interference that occurs between living mulch and weed (Bhaskar
et al. 2021; Mohammadi 2012). While cover crops have been shown
to be most effective at suppressing weed germination and seedling
emergence, living mulch systems may alter the interrow resource
environment significantly to limit the growth, development, and
fecundity of weeds as well (Bhaskar et al. 2021; Mohammadi 2012;
Teasdale 2018). Living mulches can also compete with the cash
crop, reducing cash crop size and yield depending on drought
susceptibility and growing conditions (Ziyomo et al. 2013).

Given the potential for cover crops and living mulches to
contribute to the challenge of sustainably managing A. palmeri,
we sought to answer the following questions: Are there relative
differences in the ability of cover crops or a living mulch species to
target vulnerabilities in the life history ofA. palmeri? How do cover
crop and living mulch species differ in their ability to regulate the
abundance (plants m−2), biomass (g plant−1), and fecundity (seeds
plant−1) of this weed at various life-history stages? What are the
ramifications of changes to abundance and size on reproductive
output and demographic processes that may affect subsequent
production years?

Materials and Methods

Experimental Design and Site Information

The experimental site was established at the J. Phil Campbell
Research and Education Center in Watkinsville, GA (33.8693°N,
83.4499°W) in the fall of 2019. Plots were arranged in a
randomized complete block design with four replicates. Plot sizes
were approximately 11 m by 16.6 m and remained in the same
location from study establishment through the end of the study in
fall of 2021. Treatments in this study included (1) a bare ground
control (BG); (2) a leguminous annual cover crop, crimson clover
(CC); (3) an annual cereal cover crop, cereal rye (CR); and (4) a
leguminous perennial living mulch, white clover, which will be
referred to as a “living mulch” (LM). Soils at the site were a Cecil
sandy loam (fine, kaolinitic, thermic Typic Kanhapludults). The
site had previously been in no-till production, with the most
immediate prior crop being cotton.

Cover Crop and Fertility Management

In 2019, the entire experimental area was chisel plowed and disked
on October 3. The area was cultipacked before planting on October
15. To understand the potential benefits and trade-offs among
cover crop practices in a cotton-cropping system, an experiment
was established in the fall of 2019 using two annual cover crop
species, cereal rye (Secale cereale L. ‘Wrens Abruzzi’) and crimson
clover (Trifolium incarnatum L. ‘Dixie’); a perennial living mulch
species, white clover (Trifolium repens L. ‘Durana®’); and a bare
ground control under no-till conditions. The study described in
this paper, nested within that larger experiment, was developed to
quantify differences among treatments with respect to A. palmeri
population dynamics (Supplementary Figure S1). As such, this
experiment was conducted so that herbicide was used solely to
terminate cover crops or living mulch biomass before cash crop
planting and not at any point as a source of mortality to manage
A. palmeri. This may be particularly relevant, given the almost
complete loss of efficacy for certain herbicide SOAs in controlling
this weed. More so, this allowed us to evaluate the inherent ability
of these different cover crop and living mulch species to regulateA.
palmeri populations at various life-history stages. All treatment
species were planted using a 2-m 606NT Great Plains no-till drill
(1525 E. North Street, Salina, KS 67401), with a row spacing of 19
cm at a rate of 22 kg ha−1 (CC), 112 kg ha−1 (CR), and 22 kg ha−1

(LM) on October 18. In the establishment year (2019), the
entire area was cultipacked again after planting based on best
management practices information from Sanders et al. (2017).
In 2020, CC and CR were planted on November 24 in the same
manner. Given that LM is a perennial, replanting was unnecessary.
All treatments were managed as no-till after the initial establish-
ment of the experiment. Soil samples were taken on October 18,
2019, to determine initial P, K, and pH levels. On November
14, 2019, fertilizer (450 kg ha−1, 0-15-30) and agricultural lime
(1,000 kg ha−1) were applied to the entire experimental area to
attain P and K levels of 45 and 140 ppm and a pH of 6.2. OnApril 9,
2020, and April 21, 2021, CC and CR plots were mechanically
terminated with a 2-m-wide roller-crimper with a chevron pattern.
Roller-crimping was performed when CR was in the early dough
growth stage, and CC was in the flowering (full-bloom) growth
stage. On April 16, 2020, soils were sampled to determine the
need for additional fertilization based on the cotton yield goal of
840 kg ha−1. The entire experimental area was fertilized (400 kg ha−1

of 0-0-60) on May 6. In 2021, soils were sampled on May 17 to
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determine P, K, and pH levels for that season’s cotton production.
Based on these results, the entire experimental area was fertilized
(560 kg ha−1, 0-20-20) on June 6.

Nitrogen (N) management differed across treatments. All
treatments were managed based on the cotton yield goal of
840 kg ha−1 with an associated N requirement of 67 kg ha−1.
In both years, urea-ammonium nitrate (UAN) was applied at the
pinhead square stage of cotton development (BBCH 51; Munger
et al. 1998). This occurred on July 16, 2020, and July 22, 2021. This
quantity was provided by adding UAN relative to the N
mineralization (credit) or uptake (debit) of the different cover crop
treatments. In both years, BG plots were fertilized with 67 kg ha−1

UAN. Fertilization rates for CC and CR treatments were determined
by taking four 0.25-m2 quadrat biomass samples before cover crop
termination onApril 8, 2020, and April 20, 2021. Sampling followed
UGA guidelines for the use of the Cover Crop Nitrogen Availability
Calculator, which approximates N credits and debits for different
cover crop and tillage systems (Gaskin et al. 2019). In 2020, CC and
CR plots received 22 and 67 kg ha−1 UAN, respectively. In 2021, CC
and CR plots received 0 and 67 kg ha−1 UAN, respectively. LM plots
received no N fertilizer in either year of the study. Previous work
within corn (Zea mays L.)–LM systems in Georgia indicated the
potential for cotton crop N demands to be met solely through
mineralization of both above- and belowground biomass of the LM
through the growing season (Andrews et al. 2018).

Herbicide Management

All postemergence herbicide applications weremade to the entirety
of the experimental area, excluding the area in which demographic
measurements were taken. Applications were made with a three-
point hitch cone sprayer or a CO2-powered backpack sprayer in
rows containing demographic subplots to minimize equipment
traffic. These areas were clearly marked with flags and were
avoided during herbicide applications. Unless otherwise stated, all
herbicide applications were either broadcast applied over BG, CC,
and CR plots or applied in 25-cm bands sprayed in the crop row at
a spacing of 90 cm for LM plots using a water carrier volume of
187 L ha−1. On November 26, 2019, due to high observed densities
of the winter annual weeds dead nettle (Lamium purpureum L.),
mouse-ear chickweed [Cerastium fontanum Baumg. ssp. vulgare
(Hartm.) Greuter & Burdet; syn.: Cerastium vulgatum L.], and ivy-
leaf speedwell (Veronica hederifolia L.), 2,4-DB was broadcast
applied over all plots at a rate of 1.5 kg ae ha−1. No herbicide was
applied in the fall of 2020. On April 14, 2020, and April 22, 2021,
after CC and CR cover crops had been roller-crimped, glyphosate
was applied at a rate of 2.52 kg ae ha−1. On May 13, 2020, and May
25, 2021, at 1 d before planting, paraquat was applied at a rate of
0.71 kg ai ha−1. On June 8, 2020, and June 18, 2021, glyphosate was
applied postemergence at 1.26 kg ae ha−1. This was followed on
July 20, 2020, and July 29, 2021, with a layby (postemergence-
directed) application of glyphosate plus carfentrazone applied at a
rate of 1.26 kg ai ha−1þ 7 g ai ha−1.

Cotton Management

On May 14, 2020, and May 26, 2021, the cotton cultivar ‘DG 3615
B3XF’ was planted at a rate of 87,500 plants ha−1 with a row
spacing of 90 cm. All treatments were planted with a John Deere
7300 MaxEmerge2 (Deere & Company, One John Deere Place,
Moline, IL 61265) with row cleaners. Plot size allowed for 12 rows
of cotton within each treatment plot. All plots were provided with
supplemental irrigation, when necessary, to meet weekly irrigation

totals recommended by UGAExtension guidelines (Whitaker et al.
2018). Mepiquat chloride (N,N-dimethylpiperidinium), a com-
monly used growth regulator, was applied in season based on UGA
Extension guidelines (Whitaker et al. 2018). In 2020, BG, CC, and
CR plots received 37, 25, and 50 g ai ha−1 mepiquat chloride on
July 27 and August 12 and 27, respectively. In 2020, LM plots
received no growth regulator. In 2021, BG, CC, and CR plots
received 37 g ai ha−1 mepiquat chloride on July 28. No growth
regulator was applied to the LM plots on this date. On August 23,
all treatment plots received 50 g ai ha−1 mepiquat chloride.
On October 26, 2020, and October 22, 2021, a harvest aid was
applied to all plots based on UGA Extension guidelines (0.84, 2.1,
26þ 13 g ai ha−1 of tribuphos [S,S,S-tributyl phosphorotrithioate],
ethephon [(2-chloroethyl)-phosphonic acid], thidiazuron [N-phenyl-
N′-1,2,3-thiadiazol-5-ylurea] þ diuron [3-(3,4-dichlorophenyl)-1,
1-dimethylurea], respectively).

Weed Demographic Measurements and Modeling

After cover crops were planted in the fall of 2019, A. palmeri was
seeded in 3 m by 3 m subplots, within each plot, at a density of
approximately 25,000 seeds m−2 based on a 1,000-seed weight of
0.34 g. Our experimental site was selected due to a complete lack
of background population of the weed of interest. This allowed us
to introduce and accurately assess the population dynamics of an
artificially generated population of A. palmeri. To generate an
initial population, A. palmeri seed was harvested from a local
population of mature plants at the Iron Horse Research Farm in
Watkinsville, GA (33.72675 N, 83.30167W) in early October 2019.
Following a procedure adapted from Bertucci et al. (2020), mature
female plants were stripped of terminal and axillary flowers. This
material was air-dried at an ambient temperature of approximately
21 C for approximately 2 wk on greenhouse benches. The seeds and
chaff were hand and machine threshed, using a combination of
repurposed textured rubber mats and a Humboldt soil grinder
(Humboldt Manufacturing, 875 Tollgate Road, Elgin, IL 60123).
Material was sieved between hand and machine threshing to
remove large pieces of chaff. After threshing, the remaining
material was cleaned using a compact Oregon seed blower
(Hoffman Manufacturing, 2397 NW Kings Boulevard, Corvallis,
OR 97330). An initial germination assay was performed on the
harvested seed by taking ten 1,000-seed lots from the cleaned seed
and placing those within petri dishes between moist filter paper at
ambient room temperature (25 C). Germination was monitored
approximately every 3 d, and the filter paper was rewetted until a
week passed without germination. Based on this, germinability was
determined to be approximately 95%.

In the first year of the study, subplots were established with a
0.6-m-wide drop seeder on October 23, 2019, using a mixture of
sand and weed seed to ensure uniform distribution of the weed
seed within the established subplot. The germinable seedbank, the
fraction of surviving nondormant seeds from which seedlings may
emerge over the course of the season, was determined by taking
twenty 2.5-cm-diameter soil cores to a depth of 5 cm in each
subplot of the experiment onMay 25, 2020, and May 27, 2021. Soil
cores were manually broken apart and spread over 5 cm of sterile
media within a 25 cm by 50 cm plastic tray at 1 d after collection.
Flats were kept in a greenhouse and watered daily. Amaranthus
palmeri seedlings were counted on a weekly basis over a 12-wk
period. The sum of all seedling counts was used to determine
the size of the germinable seedbank (seeds m−2) for each
experimental unit.
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In-field seedling recruitment was monitored within a 2 m by
2 m area within each subplot across all 16 plots. Seedling counts
were initiated approximately 1 wk after planting (WAP) and were
conducted approximately every 2 wk until 9WAP for a total of five
measurement time points. This was initiated on May 21, 2020, and
June 3, 2021. Work has shown that upward of 85% of A. palmeri
seedlings emerge from mid-May through early August, suggesting
that monitoring seedling emergence over this extended period
should provide a reliable estimate of the total seedling population
(Jha et al. 2010). Seedling counts were made using colored
toothpicks placed at the base of each counted plant to quantify
emerged seedlings. These toothpicks were used to mark previously
emerged plants from subsequent emergence cohorts and allow for
tracking of cohorts. A 1-m2 gridded quadrat, divided into one
hundred 10 cm by 10 cm cells using colored cable was used to help
guide seedling counts for measurements at 1, 3, and 5 WAP for all
treatments. At 7 and 9WAP seedling measurements, where larger,
earlier-emerged seedlings had grown large enough to prevent the
use of the gridded quadrat, any emerged seedlings not already
marked by toothpicks were counted.

Adult plants were harvested over a weeklong period, on a
per-rep basis, beginning on October 5, 2020, and October 12, 2021.
Adult plants were carefully removed from each subplot using
handheld serrated sickles and counted. Adult plants were placed
into 113-L yard waste bags and air-dried for approximately 2 wk at
ambient temperature (25 C). Plants were removed from the bags,
and female plants were then threshed using the same process as
that described earlier, with the exception being that plants were
processed by replicate and treatment (n= 16). Distinct seed lots
were established in this way. A small subsample (1 g) was removed
from each seed lot and counted to determine 1,000-seed mass. This
was used to determine fecundity for each subplot. Amaranthus
palmeri seed from each experimental unit was returned to the
respective demographic subplots by hand broadcasting them on
December 9, 2020, for 2021 measurements.

The data described above were used to quantify A. palmeri
at various life-history stages and calculate the effect of our
experimental treatments on life-history transitions from the
seedbank to seedling (recruitment, r) and seedling to adult plant
(survival, s), as well as the reproductive capacity of adult female
plants, (fecundity, f). These demographic parameters can be plainly

described as the number of seedlings per seed (recruitment), plants
per seedling (survival), and seeds per plant (fecundity) (Figure 1).
Following the approach taken by Heggenstaller and Liebman
(2006), who adapted a single-cohort model from Cousens and
Mortimer (1995), our goal was to quantify differences in weed
population dynamics under different cover crop treatments by
using a simple model that “relates weed population density at the
end of the growing season to weed population density at the
beginning of the season as a function of rates of cumulative
seedling recruitment (r), seedling survival (s), plant fecundity (f)”
(Heggenstaller and Liebman 2006). This is expressed as:

NEOS ¼ NBOS � NBOS rð Þ þ NBOS r � s� fð Þ [1]

Dividing this entire equation by the number of individuals at
the beginning of the season (NBOS) provides an estimate of the
annual change in population size from the beginning to the end of
the season. The resulting quotient can be understood as the
number of new seeds added to the population at the end of
the season relative to each seed added to the population at the
beginning of the season (NEOS/NBOS). This annual rate of
population change (Δ) is expressed as:

D ¼ 1� r þ r � s� fð Þ [2]

This simple model has its limitations. As mentioned in
Heggenstaller and Liebman (2006), Δ does not account for seed
losses due to microbial decay, reduced germinability due to aging,
and granivory from both vertebrate and invertebrate sources, all of
which can contribute to seed losses. Additionally, A. palmeri is a
dioecious species, producing separate male and female plants
(Ward et al. 2013). Fecundity rates in this study were calculated
from seeds produced on adult female plants. While sex ratios
(female:male) and synchrony around anthesis can certainly impact
fecundity, and therefore demographic trajectories, recent work
suggests that under non–water limiting conditions, such as those in
which this study was conducted, sex ratios in populations of
A. palmeri do not significantly differ from 1:1 (Reinhardt
Piskackova et al. 2021). Quantifying this response was not one
of the goals of this work and has no bearing on the calculations of
the annual rate of weed population change used in this study.

Figure 1. Visual model of Amaranthus palmeri life cycle. Measurements (A–D) were used to calculate life-history parameters (blue rectangles, 1–3) and aΔ value (not shown; see
Equation 2).
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Measurement of Explanatory Variables (Cover Crop Biomass,
Light Transmission, and Soil Moisture)

As mentioned earlier, previous work suggests that cover crops
may suppress weeds by creating a physical barrier (impeding
emergence), altering the quantity of light reaching the soil surface
(reducing requirements for germination), and changing soil
temperatures (reducing soil temperature below that required for
germination) (Teasdale 2018). To account for the effects of these
variables, we measured aboveground biomass of each treatment at
planting (Table 1), as well as light transmission (Figure 2) and soil
temperature over the course of the growing season. Aboveground
treatment biomass for all treatments was assessed onMay 15, 2020,
and May 26, 2021, by removing four 0.25-m2 quadrat samples

along a transect within each plot. These were dried at 85 C for 3 d
and weighed. For both light transmission and soil temperature
measurements, four measurements (two intrarow and two
interrow) were made in an area directly adjacent to our weedy
subplot area over five time points within each season. Sampling
occurred adjacent to weedy subplots to avoid the confounding
effect of the weed canopy over the course of the season. To estimate
light transmission to the soil surface for each treatment seasonally,
a ceptometer (ACCUPAR LP-80, Meter group, 2365 NE Hopkins
Court, Pullman,WA 99163) was used every 2 wk starting 1 wk after
cotton planting (WAP) and ending 9 WAP. These began on
May 21, 2020, and June 3, 2021.Measurements weremade between
10 AM and 2 PM by taking an ambient reading and then by either
placing the ceptometer at soil level or sliding it under the cover
crop or living mulch residue. Soil temperature measurements
were initiated at the same time and followed the same temporal
pattern. A soil-moisture meter (TDR FieldScout 350, Spectrum
Technologies, 3600 Thayer Court, Aurora, IL 60504) was fit with
5-cm probes and used to record soil temperature at that depth.
Ambient air temperature data were extracted as growing degree
days (GDDs) via the UGAweather network (www.georgiaweather.
net) from the nearest weather station (approximately 100 m
distance from the study). GDDs were calculated using a base
temperature of 10 C, which has been established as the lower
threshold for growth for A. palmeri (Jha et al. 2010; Table 2).

Statistical Analyses

All analyses were conducted using JMP 16 Pro (JMP v. 16, 100 SAS
Campus Drive, SAS Institute, Cary, NC 27513). Aboveground
treatment (cover crops and BG) biomass data were expressed on a
kilogram per hectare (kg ha−1) basis (Table 1). All demographic
parameters (recruitment, survival, and fecundity) were expressed
as rates calculated from measurements of seedbank, seedling, and
adult plant densities, as well as seed production per adult female
plant. Adult plant density and weed biomass data were analyzed on
square meter (m−2) and per plant (plant−1) bases. Data relative to
the variables mentioned above were either loge or square-root
transformed to meet the assumptions of normality. ANOVA was
performed, considering year and treatment as fixed factors and
replicate as a random factor using the standard least-squares
procedure. Preliminary analyses indicated significant year-by-
treatment interactions for most variables. Consequently, all
analyses were conducted separately for each year. Treatment
means are reported as least-squaremeans and were separated using
Tukey’s honestly significant difference (HSD) (α= 0.05).

Light transmission data were analyzed as the percentage of light
reaching the soil surface under the cover crop by using the
following equation:

Light transmission to soil surface ¼ 1� light at soil surface
ambient light

� �� �
� 100

[3]

Light transmission and soil temperature data were both
subjected to repeated-measures analysis in each year using a
mixed model with means analyzed using Tukey’s HSD. The model
included fixed terms for treatment, sampling location (interrow or
intrarow), WAP, interactions therein, and a random term for
replicate. A priori determined comparisons of treatment variables
at each measurement timing (WAP) within each year were
analyzed by sampling location.

Table 1. Amaranthus palmeri biomass for bare ground (BG),
crimson clover (CC), cereal rye (CR), and living mulch (LM)
treatments in 2020 and 2021 at cover crop termination.a

—2020— —2021—

—kg ha−1—
BGb 560 a 228 a
CC 4,955 b 1,765 ab
CR 7,118 b 4,875 c
LM 6,023 b 2,744 bc

aMean values within a column followed by the same letter are not
significantly different; Tukey’s honestly significant difference (HSD;
α= 0.05).
bBG biomasswas nativewinterweedswhere no cover cropwas established.

Figure 2. Light transmission (% reaching soil surface) for bare ground (BG), crimson
clover (CC), cereal rye (CR), and livingmulch (LM) treatments in 2020 and 2021. Relative
transmission percentages were calculated based on Equation 3 and are detailed in the
“Materials and Methods.” Standard error bars were calculated for the mean for each
treatment, at each week after planting (WAP). Means with the same letter are not
significantly different; Tukey’s honestly significant difference (HSD; α = 0.05).
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Due to considerable variance, in-season (as opposed to
cumulative) seedling recruitment data were transformed by
dividing the quantity of emerged seedlings at a given time point
over the sum of emerged seedlings over the entire season (percent
in-season seedling recruitment). Within each year, the relationship
between the percent in-season recruitment and WAP for each
treatment was fit to a three-parameter logistic model,

y ¼ 1
1þ exp½�aðx � bÞ� : [4]

where y is percent in-season seedling recruitment, a is growth rate,
b is the inflection point (representing 50% of cumulative
recruitment), and x is WAP (Ritz et al. 2015). An R2

nonlinear value
was estimated for each curve based on the following calculation
(Ritz et al. 2015):

R2
nonlinear ¼ 1� residual sum of squares=corrected total sum of squaresð Þ

[5]

Mean and standard error values for the WAP (x) at which 50%
recruitment (b) occurred were generated using the custom inverse
prediction function, and the former were separated using
Tukey’s HSD.

Results and Discussion

Aboveground Biomass, Light Transmission, and Soil
Temperature

In 2020, aboveground biomass for all cover crop treatments was
greater than the winter weed biomass from the BG treatment
(Table 1). The mean value for aboveground biomass across all
three cover crop treatments was 6,032 kg ha−1, while that of BG,
which comprised the winter annual weeds mentioned earlier, was
560 kg ha−1. Greater biomass for all treatments in our first year was
likely the result of an earlier planting date in the fall of 2019 relative
to that of 2020 (October 15 vs. November 24). This earlier planting
was informed by best management practices in Sanders et al.
(2017), whose work on LM system optimization using corn (Zea
mays L.) as a cash crop highlighted the importance of an early
planting to ensure proper stand establishment of the white clover
cultivar (Durana®) being used. However, cotton maturity and
harvest times do not allow for planting as early as is optimal for the
region, whereas this is an option following early-harvested crops
such as corn or soybean [Glycine max (L.) Merr.]. Given this, in
2020 aboveground biomass for our annual cover crop species (CC
and CR) was closer to values in Webster et al. (2013), who
measured multiple annual cover crop species at a lower latitude
than our site, where milder winter temperatures and a faster
accumulation of GDDs in the early spring allow for the production
of considerable biomass. In 2021, CC and CR biomass production
was similar to that reported in studies conducted within a lower
latitude range (Palhano et al. 2018; Price et al. 2016). LM biomass

was greater than that reported in studies conducted at the same site
in previous years. This was true for the establishment year and first
full year of growth and may be a result of greater initial seeding
rates used in our study (Andrews et al. 2018; Sanders et al. 2017).

In both years of the study, treatment by sampling time
interactions for cotton interrow measurements of light trans-
mission to the soil surface were significant. In both years, the
quantity of light reaching the soil surface was greatest for the BG
treatment, less for CC, and even less for CR and LM, which were
almost identical to each other, over 9 wk of measurements after
cotton planting (Figure 2). In 2020, this trend remained constant
until 9 WAP, when light transmission to the soil surface was the
same across all treatments, coinciding with canopy closure of the
cotton crop (Figure 2). In 2021, light transmission to the soil
surface for BG and CC treatments was equivalent up to until 7
WAP, but greater than CR and LM. In 2021, 9 WAP light
transmission to the soil surface was the same across all treatments
because of cotton canopy closure (Figure 2). These results are a
direct reflection of the quantity (biomass) and quality (residue
persistence) of aboveground biomass for each treatment. Analysis
of intrarow data for 2020 indicated a treatment by sampling time
interaction; however, means separations revealed differences in
light transmission to the soil surface only at a singular time point (7
WAP), where BG and LMwere greater compared with CC and CR
(data not presented). At all other time points, light transmission to
the soil surface was the same across treatments, and gradually
decreased over the course of the 9 wk. For 2021, data analysis
similarly indicated that light transmission to the soil surface
decreased over the season (effect of time, WAP), but did not differ
across treatments.

Aboveground biomass in the BG treatment consisted of several
winter annual weed species that produced limited biomass and
degraded rapidly due to a combination of senescence and the
effects of burndown herbicide applications. This had a limited to
zero effect on reducing light transmission to the soil surface. Given
that underlying pedological, meteorological, and management
(e.g., irrigation) conditions were relatively uniform across all
treatments, differences in light transmission among the treatments
may be explained by factors such as aboveground biomass, residue
persistence, and plant life cycle for each cover crop (Thapa et al.
2022). This may explain measurements of greater seasonal light
transmission to the soil surface in CC relative to CR treatments
under the cover crop. Specifically, while aboveground biomass for
these two species was equivalent in 2020, light transmission to the
soil surface was greater in CC treatments. We posit that this is a
result of having a lower relative C:N ratio and hence a faster rate of
decomposition. Accordingly, low levels of light transmission in the
CR treatment were associated with greater mean biomass, a residue
having a greater relative C:N ratio, and a documented slower rate of
decomposition over the course of the growing season (Thapa et al.
2022). According to Andrews et al. (2018), plant available nitrogen
for CC and LM treatments was similar in the first 90 d after crop
planting. This suggests that decomposition rates for these two
species may be similar and that low transmission in the interrow of
the LM treatment arose due to its perenniality rather than residue
quality.

Intrarow light transmission was almost identical across treat-
ments in both years, suggesting that the effects of management
generated similar light environments under the cotton row over all
treatments. As mentioned, the planter we used had row-cleaning
units, a feature that moves residues away from the crop row to
facilitate earlier crop emergence. Functionally, this may have

Table 2. Accumulated monthly growing degree days (base 10 C) from May to
October in Watkinsville, GA, USA, for 2020 and 2021 growing seasons.

May June July August September October

2020 284 400 509 467 348 250
2021 302 421 472 475 348 239

Source : UGA weather network (www.georgiaweather.net).
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duplicated the lack of residue in the BG treatment and the reduced
quantity of residue present in the intrarow of LM (due to banded
herbicide application) across all treatments (Supplementary
Figure S2).

Cumulative GDD10 from May through October are presented
in Table 2. These data were relatively uniform, by month, across
both years of the study, peaking in July and August and decreasing
after that time period until October. We did not find significant
treatment by sampling time interactions in either year of the study
for soil temperature (data not presented). Soil temperatures
increased over the 9 wk of measurements in all treatments,
following the trend described above. This was true under both
inter- and intrarow areas. While optimal measurement of this
parameter would have entailed the use of an in situ sensor, our
measurement methodology and findings are similar to those of a
cotton–cover crop study conducted in North Carolina, where the
presence of a CR/CCmixture did not alter soil temperature relative
to a BG treatment (Vann et al. 2018).

Seedling Recruitment

Seedling measurements were used to quantify both cumulative
(% emerged at the end of the season) and in-season (50% emerged)
recruitment rates. In 2020, cumulative recruitment rates differed
between BG and all other treatments (Table 3). The untransformed
cumulative recruitment rate for the BG treatment was approx-
imately one order of magnitude greater than the rate averaged
over the three treatments (0.192 vs. 0.022 seedlings seed−1).
This amounts to a difference of 568 versus 66 seedlings m−2 for BG
versus themean of all other treatments (data not shown). In-season
recruitment rates did not differ statistically across treatments in
this first year of the study; on average, all treatments and the
control reached 50% recruitment by approximately 3.8 WAP
(Figure 3; Table 4).

In 2021, cumulative recruitment rates were different
between BG/CC treatments, and CR/LM treatments (Table 3).
Untransformed differences, averaged over each mean separation
grouping (BG/CC vs. CR/LM), were 0.248 and 0.016, representing
an even greater magnitude of difference between cumulative
recruitment rates as a function of treatment. This translates to a
difference in cumulative emerged seedlings of 920 versus 26
seedlings m−2 between treatment groupings (data not shown).
In-season recruitment rates only differed between BG/CC versus
LM, where 50% emergence was delayed by approximately 1.5 wk

for the latter; CR was not different from either BG/CC or LM
(Figure 3; Table 4).

Light and temperature are important requisites for the
germination and emergence of A. palmeri (Reinhardt
Piskackova et al. 2021; Ward et al. 2013). Differences in both
cumulative and in-season seedling recruitment rates among
treatments and between years were strongly related to these
factors, and to the degree that these were attenuated by both the

Table 3. Rates of Amaranthus palmeri seedling recruitment, survival, fecundity, population change (Δ), and biomass for bare ground (BG), crimson clover (CC),
cereal rye (CR), and living mulch (LM) treatments in 2020 and 2021.a

Cover crop Recruitmentb Survivalb Fecundityc Population changec Amaranthus palmeri biomass

seedlings seed−1 plants seedling−1 seeds plant−1 seeds seed−1 g m−2

——————————————————————————————2020——————————————————————————————————

BG 0.192 a 0.118 b 2,191 b 45.5 a 907 a
CC 0.040 b 0.392 a 2,422 b 27.6 ab 739 a
CR 0.016 b 0.227 ab 3,863 ab 14.7 b 555 a
LM 0.010 b 0.475 a 12,396 a 40.5 ab 560 a
——————————————————————————————2021——————————————————————————————————

BG 0.282 a 0.026 b 1,050 b 8.44 b 213 a
CC 0.214 a 0.054 b 2,489 b 10.5 b 350 a
CR 0.011 b 0.734 a 3,221 ab 12.9 b 370 a
LM 0.021 b 0.388 a 22,058 a 99.5 a 457 a

aUntransformed means are presented. Mean values within a column followed by the same letter are not significantly different; Tukey’s honestly significant difference (HSD; α= 0.05).
bReported means separations are for square-root-transformed data using Tukey’s HSD (α= 0.05). Numerical data presented are non-transformed.
cReported means separations are for loge-transformed data using Tukey’s HSD (α= 0.05). Numerical data presented are non-transformed.

Figure 3. Modeled in-season recruitment rates (%) for bare ground (BG), crimson
clover (CC), cereal rye (CR), and living mulch (LM) treatments in 2020 and 2021 over
time (week after planting [WAP]). Model parameters for each treatment, in each year,
are based on Equation 4 and are presented in Table 4. Points represent mean values at
each measurement time and are presented with standard error bars.
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quantity and persistence of biomass. In 2020, cumulative recruit-
ment rates were lower in all treatments relative to the control
(Table 1). This occurred as a function of the quantity of biomass
produced relative to the BG treatment and lower relative light
transmission, variables that are inherently coupled (Tables 1
and 3). All treatments met a minimum biomass threshold to
maintain sufficiently low light levels, and subsequently cumulative
recruitment rates, at an equivalent level. With respect to annual
cover crops, biomass quantity, regardless of species, has been
shown to be a key factor in weed suppression, which supports the
findings from our first year (Aulakh et al. 2012; MacLaren et al.
2019; Nichols et al. 2020; Osipitan et al. 2018, 2019).

In the first year of our study, biomass values across all three
treatments (CC, CR, and LM) were not different, which may have
masked variability in residue quality/persistence. In the second
year of our study, a later cover crop planting date (November 24 vs.
October 15) resulted in significantly less CC growth (Table 1).
Interrow light levels under CC were greater this year of the study,
relative to both 2020 and to CR and LM treatments, suggesting that
the quantity of aboveground biomass for CC in 2021 (1,765 kg
ha−1) appears to have been below a threshold to have a suppressive
effect on cumulative seedling recruitment compared with the BG
control (Figure 2; Table 3). Conversely, in both years of the study,
the reduced cumulative recruitment rates for CR and LM may be
explained by consistently low interrow light levels sustained either
through the presence of a terminated cover crop residue with
adequate biomass and a slower decomposition rate (CR) or with
living plant biomass that maintains high surface-area coverage
through the growing season (LM) (Bhaskar et al. 2021; Ruis
et al. 2019).

In the second year of our study, the in-season recruitment rate
was different only in the LM treatment (Figure 3; Table 4). Fifty
percent recruitment was delayed by approximately 1.5 wk relative
to BG, CC, and CR (Figure 3; Table 4). Light transmission did not
differ between CR and LM (Figure 2), and soil temperature
measurements did not differ among treatments in either year,
which suggests that neither was a factor in explaining this delayed
in-season recruitment pattern in LM. As such, we are unsure of the
mechanism behind this pattern. It is possible that LM alters
germination processes via changes to light quality, as opposed to
quantity, or through allelochemical exudates, both of which we did
not measure, but could affect seedling germination and emergence.
While both phenomena have been summarized in review articles
(Bhaskar et al. 2021; Mohammadi 2012), given the positive
implications of our findings, further research is warranted.

Finally, differences in both cumulative and in-season recruit-
ment rates were also moderated by cotton planting dates and thus

measurement timing. While accumulated GDDs did not vary
much between years and bymonth (Table 2), our measurements of
emerged seedlings in 2020 began on May 21, while in 2021 they
began on June 2. This difference amounts to an additional
50GDDs that weed seedlings and seeds had experienced at the time
of our 1 WAP measurement in 2021.

Seedling Survival

In 2020, untransformed seedling survival rates were lowest for BG
(0.118), more for CR (0.227), and even more for CC (0.392) and
LM (0.475) (Table 3). In 2021, these rates were lowest for BG
(0.026) and CC (0.054) and highest for CR (0.734) and LM (0.388)
(Table 3). Overall, these data portray an inverse relationship
between survival and recruitment (Table 3). Seedling survival is
influenced by resource availability, which is altered via intraspecific
competition and other mortality factors such as herbivory, disease,
and abiotic variables (Mohler 2004). This phenomenon, known as
density-density mortality, is particularly salient in our study, given
the absence of direct control measures (i.e., herbicide), which
would otherwise serve as the primary source of seedling mortality.

While we did not measure the impact of other mortality factors
on seedling survival, we did observe the presence of Disonycha
glabrata (Coleoptera: Chrysomelidae), a native flea beetle, acting as
a herbivore onA. palmeri seedlings.Amaranthus species, including
A. palmeri, are hosts to this insect and can incur substantial
damage to leaf surface area, particularly during juvenile life-history
stages (Hemenway 1968; Vorsah et al. 2020). While we did not
quantify the abundance of individuals within each treatment area,
greater densities of D. glabrata were associated with larger patch
sizes of A. palmeri. Based on Vorsah et al. (2020), the absence of
ground cover (i.e., cover crop residue or living biomass) may
reduce damage to host plants by altering the life cycle of
D. glabrata, suggesting that cover crops and their indirect effects
on A. palmeri abundance may discourage populations of this
insect. While, to our knowledge, D. glabrata has not been explored
as a potential biocontrol agent for A. palmeri, observations
from our study suggest that it warrants further investigation,
with consideration of trade-offs around its efficacy relative to
cover crops.

Amaranthus palmeri Adult Plant Density, Biomass,
and Fecundity

While the role of density-dependent mortality is evidenced by the
inverse relationship between recruitment and survival rates
(Table 3), surviving adult plant densities were proportional to
cumulative seedling densities. For example, adult plant density was
greatest for the BG treatment (67 and 27 plants m−2) and least for
the LM treatment (9 and 10 plants m−2) in both years of the study,
corresponding to the highest and lowest cumulative seedling
densities in both years (data not shown) and associated cumulative
recruitment rates (Figure 4; Table 3). While some nuance around
adult plant density occurred with respect to CC and CR treatments
between years, the relationship between cumulative seedlings and
surviving adult plants is supported by strong correlations between
these two parameters in both years of the study (R2= 0.88,
P< 0.001 in 2020, and R2 = 0.64, P< 0.001 in 2021) and is an
established feature of population biology of annual plants,
particularly annual weeds (Cousens and Mortimer 1995; White
and Harper 1970).

Adult plant biomass (g m−2) did not differ across treatments
(Table 3). The mean for biomass per square meter across all

Table 4. Inflection point (weeks after planting at which 50% recruitment occurs)
mean and standard error (in parentheses) and R2

nonlinear for bare ground (BG),
crimson clover (CC), cereal rye (CR), and livingmulch (LM) treatments in 2020 and
2021.a

Inflection pointb R2
nonlinear Inflection point R2

nonlinear

——————2020———— ————2021—————

BG 2.86 (0.18) a 0.96 1.56 (0.72) b 0.96
CC 3.35 (0.29) a 0.79 1.52 (0.15) b 0.96
CR 4.54 (0.29) a 0.94 2.64 (0.55) ab 0.92
LM 4.60 (0.32) a 0.94 3.07 (0.12) a 0.90

aMean values within a column followed by the same letter are not significantly different;
Tukey’s honestly significant difference (HSD; α= 0.05).
bCalculated based on Equation 5: R2

nonlinear = 1 – (residual sum of squares/corrected total
sum of squares).
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treatments was 690 g and 348 g in 2020 and 2021, respectively.
Givenmanagement (i.e., resource) similarity across treatments, the
lack of difference among treatments reflects the degree to which
both density dependence and carrying capacity regulate total
aboveground biomass production per unit area (Chu et al. 2008;
Weiner et al. 2001). However, the allocation of aboveground
biomass per plant did differ substantially (Figure 5). In both years,
mean aboveground biomass per plant was greatest in the LM
treatment (120 and 73 g) and smallest in the BG treatment (14 and
8 g), with CC and CR treatments having intermediate levels of
aboveground biomass per plant in 2020 and 2021, respectively
(Figure 5). Our results demonstrate that aboveground biomass
allocation functions inversely to adult plant density (Bravo et al.
2017, 2018; Roberts and Florentine 2021; Ward et al. 2013).

Fecundity rates (seeds plant−1) followed the same pattern across
treatments in both years of the study, with BG and CC treatments
having the lowest, and LM having the greatest fecundity rates,
respectively (Table 3). Fecundity rates can be tied directly to
biomass per plant. Individual plants with greater biomass,
particularly annuals in disturbed environments, tend to have
greater fitness and therefore produce greater quantities of seeds
(Weiner 2004). In both 2020 and 2021, the correlation coefficients
between natural log (ln)-transformed fecundity and biomass per
plant were 0.79 and 0.84 (P< 0.0001), respectively, supporting this
phenomenon. Upstream effects of our cover crop treatments on
initial seedling population size altered patterns of allocation and
fecundity rates. However, fecundity was different between CR and

LM treatments despite having the same quantity of surviving adult
plants in both years (Figure 4; Table 3).

A similar study of cover crop and LM systems in corn
production using the same LM species and cultivar documented
sizable improvements for a suite of soil parameters relative to BG,
CC, and CR treatments; these included rates of water infiltration, N
mineralization, and labile carbon accumulation (Hill et al. 2021).
The work of Hill et al. (2021) highlights the potential for LM to
generate soil-based legacy effects that could alter weed growth and
reproductive output over time. While we cannot prove this based
on our research, this could explain the 2-fold relative increase in
fecundity rate for LM treatment plants in our second site-year
(Table 3). Further research is needed to confirm whether this is
indeed a consistent phenomenon and to describe the mechanism
by which it may occur.

Annual Rate of Weed Population Change (Δ)

In 2020, the annual rate of population change was greatest for BG,
lower for CC/LM, and lowest for CR (Table 3). The 2021 Δ values
for plant population were the same across BG, CC, and CR, but
greater in LM (Table 3). In both years, annual rates of population
change for all treatments, regardless of intra-annual differences,
were positive. In the absence of additional management tactics, we
can expect continual additions of weed seed to the seedbank.
In other studies, the addition of herbicide to the production system
further reduces the population growth rate compared with the

Figure 4. Adult Amaranthus palmeri plant density (m−2) bare ground (BG), crimson
clover (CC), cereal rye (CR), and living mulch (LM) treatments in 2020 and 2021.
Standard error bars were calculated for the mean for each treatment. Means with the
same letter are not significantly different; Tukey’s honestly significant difference (HSD;
α = 0.05).

Figure 5. End-of-season biomass of Amaranthus palmeri (g plant−1) for bare ground
(BG), crimson clover (CC), cereal rye (CR), and living mulch (LM) treatments in 2020 and
2021. Standard error bars were calculated for the mean for each treatment. Means
with the same letter are not significantly different; Tukey’s honestly significant
difference (HSD; α = 0.05).
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levels seen in our study and alters weed community composition
trajectories from season to season (Oreja et al. 2021, 2022a, 2022b).

The annual rate of weed population change is a multiplicative
function involving recruitment, survival, and fecundity
(Equations 1 and 2). In our study, low rates of recruitment were
associated with high rates of survival and fecundity, with the
inverse also being true. As mentioned earlier, A. palmeri is
remarkably plastic, and individual plants not controlled by
herbicide or mechanical interventions are extremely efficient at
producing large quantities of seed in the absence of intraspecific
competition.

When dealing with a weed species such as A. palmeri, whose
fecundity rates are potentially very high, population growth is
unavoidable unless recruitment and survival rates are essentially
driven to zero. This phenomenon has been demonstrated in a
modeling study involving another species in the genus with similar
characteristics, waterhemp [Amaranthus tuberculatus (Moq.)
Sauer] (Liebman et al. 2021). In that work, requisite herbicide
efficacy levels to reduce population growth even under a CR
scenario were only marginally different from the BG scenario,
indicating that despite the presence of a cover crop, the
demographic trajectory of that weed species would increase if
even a single female plant remained. This management reality of
highly fecund weed species has been demonstrated clearly in
Arkansas, where certain counties have implemented zero-thresh-
old strategies (eliminating all seed-producing plants from a field)
in order to reduce populations of HR A. palmeri (Norsworthy
et al. 2014).

In both years of the study, recruitment and survival rates in CR
and LM treatments remained small. However, despite reduced
recruitment and survival in the CR and LM treatments, the
fecundity of plants in these treatments was enough to maintain
weed population growth similar to that in the BG and CC
treatments. Yet despite heavy infestation levels, CR and LM
maintained low levels of seedling recruitment in the second year of
our study. While research was only conducted over a 2-yr period,
this finding is promising. It suggests that certain annual cover
crops and livingmulchesmay improve weed suppression resiliency
by maintaining relatively low levels of recruitment despite high
seed inputs (Birthisel et al. 2021; Grint et al. 2022). From a real-
world standpoint, this could help farmers maintain small
populations of A. palmeri despite potential escapes from previous
seasons. While this idea is not well represented in the literature
presently, we feel it has merit and is worthy of further inquiry.
Longer-term annual cover crop and living mulch studies
documenting seedbank and emergence data on both working
farms and university research stations would be required to
adequately test this hypothesis.

Our findings highlight the impact that certain annual cover
crop and living mulch species can have in regulating the quantity
of weed seedlings recruited from the seedbank. However, the
continued need for judicious herbicide use to further reduce rates
of recruitment, particularly survival, cannot be overstated.
Sustainable management of A. palmeri requires an approach to
weed management that integrates practices, maximizing the
benefits of each while reducing their vulnerabilities. All of this
will be particularly essential in cropping systems dealing with the
presence of A. palmeri resistant to multiple herbicide mechanisms
of action, as well as the evolving threat of metabolic resistance.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/wsc.2023.66
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