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Abstract

Herbicides that inhibit very-long-chain fatty acids (VLCFAs) have been widely used for pre-
emergence control of annualmonocot and small-seeded dicot weed species, such as waterhemp,
since their discovery in the 1950s. VLCFA-inhibiting herbicides are often applied in combina-
tion with active ingredients that possess residual activity on small-seeded broadleaf weeds,
which can make their contribution to preemergence waterhemp control difficult to quantify.
Bare-ground field experiments were designed to investigate the efficacy of eight VLCFA-inhib-
iting herbicides applied at their minimum and maximum labeled rates for control of Illinois
waterhemp populations. Four different locations were selected, two of which contained previ-
ously characterized VLCFA inhibitor–resistant waterhemp populations in Champaign County
(CHR) andMcLean County (MCR). Two locations with VLCFA inhibitor–sensitive waterhemp
populations included the University of Illinois South Farm in Urbana, IL, and the Orr Research
Center in Perry, IL. Soils at the CHR, MCR, and Urbana locations contained greater than
3% organic matter, but less than 3% organic matter at Perry. Non-encapsulated acetochlor
and alachlor controlled CHR and MCR waterhemp populations 28 d after treatment
(DAT), whereas other VLCFA-inhibiting herbicides resulted in 61% and 76% control of the
CHR andMCR populations, respectively. In contrast, all VLCFA-inhibiting herbicides resulted
in 81% and 88% control of the Perry andUrbana waterhemp populations, respectively, 28 DAT.
Waterhemp control decreased by 42 DAT, especially for the VLCFA inhibitor–resistant CHR
and MCR populations. Overall, VLCFA-inhibiting herbicides remain effective for controlling
sensitive waterhemp, but most are not effective for controlling VLCFA inhibitor–resistant
waterhemp populations. Proper herbicide stewardship and integrated weed management
practices should be implemented to maintain VLCFA-inhibiting herbicide efficacy for water-
hemp management in the future.

Introduction

Waterhemp is a small-seeded, summer annual, dicot weed species that is among the most chal-
lenging to control in crops such as corn (Zea mays L.) and soybean (Glycine max L. Merr) in the
midwesternUnited States (Sauer 1955; Steckel 2007).Waterhemp can reduce corn yield bymore
than 50% when interference occurs early in the growing season (Steckel and Sprague 2004).
Additionally, soybean yield can be reduced by 40% from season-long interference (Hager
et al. 2002b). Waterhemp uses the C4 carbon fixation pathway and can produce in excess of
one million seeds per female plant (Steckel 2007; Steckel et al. 2003). Seeds are viable within
2 wk of pollination and are frequently dormant (Bell and Tranel 2010). Seed dormancy enables
waterhemp to emerge in multiple cohorts throughout the growing season (Buhler and Hartzler
2001; Hartzler et al. 1999). The prolonged emergence makes control difficult, necessitating the
use of herbicides with soil-residual activity that are often followed by postemergence herbicides
and nonchemical control measures (Steckel et al. 2002).

Waterhemp is dioecious (separate male and female plants) and requires outcrossing for
successful pollination (Murray 1940; Sauer 1955). Outcrossing results in high intraspecific
genetic variability compared with self-pollinated weed species (Murray 1940). High genetic
variability has contributed to the frequent evolution and widespread distribution of herbi-
cide resistance (Adhikary and Pratt 2015; Steckel 2007; Tranel et al. 2011; Tranel 2020). To
date, waterhemp has evolved resistance to inhibitors of acetolactate synthase, photosystem
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II, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), pro-
toporphyrinogen oxygenase (PPO), 4-hydroxyphenylpyruvate
dioxygenase, synthetic auxins, and most recently, very-long-
chain fatty acids (VLCFAs; Heap 2021). Multiple resistance to
herbicides representing up to six different site of action
(SOA) groups has also been reported within waterhemp popu-
lations (Evans et al. 2019; Shergill et al. 2018; Strom et al. 2019).

VLCFA-inhibiting herbicides result in preemergence (PRE)
control of annual monocot and small-seeded dicot weeds (Fuerst
1987), including waterhemp and Palmer amaranth (Amaranthus
palmeri S. Watson). VLCFAs consist of acyl chains in excess of
18 carbons and are essential for the formation of cell membranes,
cuticle waxes, and lipids (Bach and Faure 2010). VLCFA inhibitors
control sensitive weed species by inhibiting the VLCFA-elongase
complex in plant cells and subsequent formation of VLCFAs
(Böger 2003). Sensitive weed species either fail to emerge or remain
in an arrested state of growth after cotyledon expansion (Deal and
Hess 1980; Dhillon and Anderson 1972; Fuerst 1987; Pillai et al.
1979). VLCFA-inhibiting herbicides are among the oldest classes
of herbicides used in cropping systems and were originally discov-
ered and developed in the 1950s (Hamm 1974).

Resistance to VLCFA inhibitors has been relatively infrequent
in comparison to herbicides from other SOA groups, and has been
reported in only five monocot and two dicot weed species (Heap
2021). We previously reported that waterhemp populations from
McLean county (MCR) and Champaign county (CHR) Illinois are
resistant to VLCFA-inhibiting herbicides (Strom et al. 2019, 2020).
Control of each population in the field was poor with most
VLCFA-inhibiting herbicides (Evans et al. 2019; Hausman et al.
2013; Strom et al. 2019). VLCFA-inhibiting herbicides are subject
to environmental factors that influence their activity. Precipitation
is especially important for VLCFA-inhibiting herbicide incorpora-
tion and subsequent weed control (Jhala 2017). Edaphic factors
also influence PRE activity of VLCFA-inhibiting herbicides. In
general, higher herbicide rates are needed for fine-textured soils
with high organic matter. Soils with high organic matter also tend
to have high microbial activity, which could reduce residual weed
control with VLCFA-inhibiting herbicides (Shaner et al. 2006; Wu
et al. 2011).

VLCFA-inhibiting herbicides are commonly applied in prefor-
mulated combinations or tankmixtures with herbicides from other
SOA groups, and their contribution to weed control can often be
difficult to quantify. The objective of our experiments was to inves-
tigate the efficacy of VLCFA-inhibiting herbicides applied alone to
control waterhemp at locations with differing soil types. The four
field locations included two VLCFA inhibitor–resistant and two
VLCFA inhibitor–sensitive waterhemp populations.

Materials and Methods

Site Selection

Field experiments were conducted from 2018 to 2020 at four loca-
tions in Illinois, with two locations containing VLCFA inhibitor–
resistant waterhemp populations: one in Champaign County
(Evans et al. 2019; Strom et al. 2019), and one from McLean
County (Hausman et al. 2011, 2013; Strom et al. 2019). These loca-
tions are designated CHR and MCR, respectively, to coincide with
the characterized weed populations. The soil at CHR was a
Flanigan silt loam (Fine, smectitic, mesic Aquic Argiudolls), pH
5.5, and 4.8% organic matter. The soil at MCR was a Sable silty clay
loam (fine-silty, mixed, superactive, mesic Typic Endoaquolls),

pH 6.4, and 3.2% organic matter. Two additional locations with
VLCFA inhibitor–sensitive waterhemp populations were selected.
One was at the University of Illinois Agronomy Research and
Education Center in Urbana, IL (designated Urbana). The soil
at Urbana was a Drummer silty clay loam (fine-silty, mixed, super-
active, mesic Typic Endoaquolls), pH 6.7, and 5.5 % organic mat-
ter. The other field site was at the University of Illinois Orr
Research Center in Perry, IL (designated Perry). The soil at the site
was a Downsouth silt loam (Fine-silty, mixed, superactive, mesic
Mollic Oxyaquic Hapludalfs), pH 6.2, and 2.5 % organic matter.
The Urbana and Perry waterhemp populations were confirmed
to be resistant to PPO and EPSPS inhibitors using whole-plant
greenhouse assays (Perry) or molecular marker assays (Urbana)
by the University of Illinois Plant Clinic (data not shown).

General Field Methods

Eight VLCFA-inhibiting herbicides were applied at their respective
minimum and maximum labeled rates based on the manufac-
turers’ recommendation according to soil type (Table 1). Each year
the same fields were used at each location, but experiments were
conducted in different areas each season. Field experiments were
initiated at all locations within 7 d of forecasted rainfall. Cumulat-
ive precipitation for each location is presented in Table 2.
Experiments were initiated at CHR May 17, June 11, and June 2
in 2018, 2019, and 2020, respectively. MCR experiments were ini-
tiatedMay 2, May 22, andMay 13, in 2018, 2019, and 2020, respec-
tively. Experiments were establishedMay 17 and June 19 at Urbana
for 2019 and 2020, respectively; and April 30, June 14, and May 12
at Perry for 2018, 2019, and 2020, respectively. Data from 2018
MCR was excluded due to lack of timely initial rainfall and no
observable herbicide activity.

The soil at each location was tilled prior to herbicide application
to control existing vegetation. Individual bare ground plots
measured 3 m × 7.6 m with treatments arranged in a randomized
complete block design with four replications at each location.
Treatments were applied with a pressurized CO2 backpack sprayer
calibrated to deliver 187 L ha−1 at 276 kPa with a 3-m boom
consisting of six AI110025VS nozzles (Teejet Technologies,
Wheaton, IL) spaced 51 cm apart. Herbicide efficacy was assessed
28 and 42 d after treatment (DAT) using visual ratings of percent
waterhemp control recorded on a scale of 0% (no control) to 100%
(complete control). Ratings considered waterhemp density, injury,
and biomass reduction compared with a nontreated control.
Waterhemp density per square meter was recorded from a consis-
tent quadrat location in the middle of each plot at each evaluation
timing, and aboveground biomass was subsequently harvested
42 DAT. Aboveground biomass was then dried in a forced air dryer
at 65 C.

Statistical Analysis

Statistical analysis was conducted with SAS software (v9.4, SAS
Institute, Inc., Cary, NC). Waterhemp control and density were
analyzed by ANOVA using a generalized linear mixed model
(GLIMMIX procedure). The assumption of normally distrib-
uted residuals was reviewed with the UNIVARIATE procedure
and homogeneous variance was checked with the GLM pro-
cedure. Waterhemp control was fitted to a Beta distribution with
a logit link function (Davis 2018). Waterhemp density and
aboveground biomass were fitted to a negative binomial distri-
bution with a log link function (O’Hara and Kotze 2010). We
first determined whether interactions of herbicide treatment
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and location existed. Fixed effects were location, VLCFA-inhib-
iting herbicide, rate, and their interactions. Random effects
included year and block nested within year. Initial analysis
revealed location and location by VLCFA-inhibiting herbicide
interaction effects were significant. The range of waterhemp
control with each VLCFA-inhibiting herbicide is presented in
Figure 1, and each location was then analyzed separately to explore
control at each location. Analysis did not indicate a significant inter-
action of VLCFA-inhibiting herbicide and rate. Mean estimates were
then separated by Fisher’s LSD (α= 0.05), and treatment means were

pooled between rates. Listed means represent the data scale and were
back-transformed following analysis.

Results and Discussion

Champaign County Resistant Location

At 28 DAT, only non-encapsulated acetochlor and alachlor
resulted in 91% or greater control of waterhemp at CHR, whereas
control with all other VLCFA-inhibiting herbicides was 61% or less
(Table 3). Waterhemp control at the CHR location was the least
with metolachlor and S-metolachlor and did not exceed 37%.
Non-encapsulated acetochlor and alachlor reduced waterhemp
densities 92% to 95% 28 DAT. Dimethenamid-P, encapsulated
acetochlor, and pyroxasulfone reduced waterhemp density 72%
to 77% 28DATwhile metolachlor or S-metolachlor reduced water-
hemp density 42% to 62%.

Waterhemp control at the CHR location with all VLCFA-inhib-
iting herbicides decreased by 42 DAT (Table 3). Non-encapsulated
acetochlor and alachlor resulted in 85% to 88% control, respec-
tively, whereas control was 40% or less for the other VLCFA-inhib-
iting herbicides. These results with non-encapsulated acetochlor
are consistent with previous reports in which non-encapsulated
acetochlor controlled waterhemp at CHR by more than 70%,
whereas control with other VLCFA-inhibiting products was less
(Evans et al. 2019; Strom et al. 2019). Waterhemp densities in non-
treated plots decreased by 42 DAT, potentially due to intraspecific
competition. Non-encapsulated acetochlor and alachlor reduced
waterhemp density 88% and 84%, respectively, at 42 DAT.
Other VLCFA-inhibiting herbicides reduced waterhemp density
less than 66% at 42 DAT, while metolachlor and S-metolachlor
reduced density by only 26% to 45%. Average biomass was
336 gm−2 for nontreated plots 42 DAT, and non-encapsulated ace-
tochlor reduced biomass by 81%. Alachlor reduced biomass by
74%, but biomass reduction did not exceed 41% for all other

Table 1. VLCFA-inhibiting herbicides, rates, and source information for field studies at multiple locations in Illinois with differing soil types (2018–2020).d,e

Organic matter
application ratea

Common name Trade name <3% >3% Manufacturer

kg ha−1

Acetochlorb Warrant 1.3 2.3 Bayer CropScience, St. Louis, MO 63137
2.3 2.5

Acetochlor Harness 1.7 2.2 Bayer CropScience, St. Louis, MO 63137
2.2 2.7

S-metolachlor Dual Magnum 1.4 1.8 Syngenta Crop Protection, Greensboro, NC 27419
1.8 2.1

S-metolachlorc Dual II Magnum 1.4 1.8 Syngenta Crop Protection, Greensboro, NC 27419
1.8 2.1

Metolachlor Stalwart 1.5 1.9 SipcamAgro, Durham, NC 27713
1.9 2.2

Dimethenamid-P Outlook 0.7 1.0 BASF Corporation Agricultural Products, Research Triangle Park, NC 27709
1.0 1.1

Alachlor IntRRo 2.2 2.8 Bayer CropScience, St. Louis, MO 63137
3.1 3.4

Pyroxasulfone Zidua 0.1 0.1 BASF Corporation Agricultural Products, Research Triangle Park, NC 27709
0.2 0.2

aApplication rates were chosen based on manufacturer’s labeled recommendations for each soil type and two rate structures were chosen by organic matter content. Application rates for soils
less than 3% organic matter were used at the Perry, IL, location. All other locations used rates based on greater than 3% soil organic matter.
bEncapsulated formulation.
cContains the safener benoxacor.
dHerbicides were applied to bare ground prior to weed emergence.
eAbbreviation: VLCFA, very long-chain fatty acid.

Table 2. Cumulative precipitation at field locations in Illinois during 2018–2020
field experiments.

Precipitation (cm)

Location Days after treatment 2018 2019 2020

Champaign Countya 7 0.2 3.4 10.6
14 4.2 7.2 12.0
42 33.9 11.2 22.7

McLean Countya 7 0.5 5.8 9.2
14 0.7 7.6 9.4
42 5.4 19.6 15.8

Urbanab 7 – 4.4 7.1
14 – 8.1 9.0
42 – 16.5 21.3

Perryc 7 1.8 7.5 1.5
14 2.2 11.6 7.2
42 8.5 18.0 25.2

aData acquired using a Watchdog 2000 Series Weather Station, Spectrum Technologies Inc.,
3600 Thayer Ct., Aurora, IL 60504.
bData acquired from the Illinois State Water Survey, Prairie Research Institute, 2204 Griffith
Dr., Champaign, IL 61820.
cData acquired from the U.S. Department of Commerce National Oceanic & Atmospheric
Administration, Savoy 0.9 N, IL US US1ILCP0082, National Centers for Environmental
Information 151 Patton Ave, Asheville, NC 28801.
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VLCFA-inhibiting active ingredients. Biomass from plots treated
with either S-metolachlor formulation, metolachlor, or pyroxasul-
fone was not different from the nontreated control.

McLean County Resistant Location

Control of waterhemp at the MCR location with VLCFA-inhib-
iting herbicides 28 DAT was greater than previously reported by
Hausman et al. (2013). VLCFA-inhibiting herbicide was signifi-
cant (P= 0.007): non-encapsulated acetochlor, alachlor, and
pyroxasulfone controlled waterhemp at MCR by 94% to 98% 28
DAT (Table 4). Control with other treatments was 62% to 76%.
Metolachlor and S-metolachlor controlled waterhemp at MCR
by 62% to 73%, whereas control 30 DAT was 17% to 53% in pre-
vious research (Hausman et al. 2013). All VLCFA-inhibiting her-
bicides reduced waterhemp density 28 DAT. Non-encapsulated
acetochlor and alachlor reduced waterhemp density by 94% and
91%, respectively, whereas metolachlor and S-metolachlor reduced
waterhemp density by 64% to 72%. Encapsulated acetochlor
reduced waterhemp density by only 48%.

At 42 DAT non-encapsulated acetochlor, alachlor, and pyrox-
asulfone resulted in the greatest control (85% to 94%), whereas
control among the other VLCFA-inhibiting herbicides was similar
and ranged from 39% to 54% (Table 4). Hausman et al. (2013)
reported 7% to 55% control of waterhemp at MCR 60 DAT.
Waterhemp density in nontreated plots was 69 plants m−2 and
all VLCFA-inhibiting herbicides reduced waterhemp density.
Encapsulated acetochlor reduced waterhemp density by only
32%. Waterhemp densities in plots treated with metolachlor,
S-metolachlor, and dimethenamid-P were similar and were
45% to 55% less than the nontreated. Non-encapsulated aceto-
chlor reduced waterhemp density the most (90%) 42 DAT. All

VLCFA-inhibiting herbicides reduced waterhemp biomass 42
DAT. Biomass from nontreated plots was 83 g m−2, and non-
encapsulated acetochlor resulted in the greatest reduction
(96%). Biomass from plots treated with encapsulated aceto-
chlor, S-metolachlor, metolachlor, and dimethenamid-P were
similar and were 48% to 65% less than the nontreated.

Urbana, IL, Location

VLCFA-inhibiting herbicides were effective for control of the
Urbana waterhemp populations 28 DAT (Figure 2). VLCFA-
inhibiting herbicide was significant (P= 0.0013); control with each
VLCFA-inhibiting herbicide was 88% or greater (Table 5). Control
with non-encapsulated acetochlor, alachlor, and pyroxasulfone
was 98%. S-metolachlor, encapsulated acetochlor, and dimethena-
mid-P resulted in up to 96% control, which was greater than that
reported at the VLCFA-inhibiting herbicide-resistant locations
(Tables 3 and 4). Results from the Urbana location are consistent
with previous reports in which non-encapsulated acetochlor,
S-metolachlor, dimethenamid-P, and pyroxasulfone resulted in
greater than 85% control of waterhemp 28 DAT (Hedges et al.
2019; Schryver et al. 2017; Steckel et al. 2002). Waterhemp density
in nontreated plots averaged 122 plants m−2 and was reduced at
least 95% with non-encapsulated acetochlor, alachlor, and pyrox-
asulfone. Encapsulated acetochlor reduced waterhemp density
89%, while S-metolachlor and dimethenamid-P reduced density
80% to 84%.Metolachlor reduced waterhemp density by only 67%.

At 42 DAT waterhemp control with all VLCFA-inhibiting
herbicides decreased (Table 5), but control with all treatments,
with the exception of metolachlor, remained 80% or greater.
Control with non-encapsulated acetochlor, alachlor, and pyroxa-
sulfone was at least 95% 42 DAT. In general, waterhemp densities

Figure 1. Waterhemp control at each location with eight different very-long-chain fatty acid (VLCFA)-inhibiting herbicides at 28 d after treatment. Blue, orange, red, and purple
boxplots correspond to the Perry, Urbana, CHR, and MCR locations, respectively. aEncapsulated formulation. bContains the herbicide safener benoxacor.
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in the treated plots increased by 42 DAT, whereas densities in the
nontreated decreased slightly. Non-encapsulated acetochlor, ala-
chlor, and pyroxasulfone decreased waterhemp density by 93%,
94%, and 93%, respectively, whereas density reduction with other
treatments was 83% or less. All treatments reduced waterhemp
biomass 42 DAT when compared with the nontreated, with pyrox-
asulfone reducing biomass 99%.

Perry, IL, location

The Perry, IL, location was the only location with soils containing
less than 3% organic matter. Results from Perry were similar to
those from the Urbana location, and VLCFA-inhibiting herbicide
was significant (P= 0.0016). At 28 DAT all treatments controlled
waterhemp by 81% or greater (Table 6). Control among treatments
was similar, with the exceptions of encapsulated acetochlor and
metolachlor, which resulted in 88% and 81% control, respectively.

All treatments reduced waterhemp density, with non-encapsulated
acetochlor, alachlor, and pyroxasulfone reducing density by 93% to
96%. Other treatments reduced waterhemp density up to 65% to
87%; encapsulated acetochlor and metolachlor reduced densities
the least.

Waterhemp control at Perry decreased by 42 DAT, but all
VLCFA-inhibiting herbicides resulted in greater than 80% control
with the exception of encapsulated acetochlor and metolachlor
(Table 6). Control at Perry 42 DAT with racemic metolachlor
was greater than that observed at the CHR and MCR locations
(Tables 3 and 4), but less than previous reports where racemic
metolachlor resulted in more than 80% control up to 60 DAT
(Hager et al. 2002a; Oliveira et al. 2017). Control was greatest with
non-encapsulated acetochlor, alachlor, and pyroxasulfone (92% to
95%). Waterhemp densities in treated plots numerically increased
at 42 DAT, but remained less than the nontreated. Encapsulated
acetochlor, S-metolachlor, and metolachlor reduced waterhemp
density by 59% to 81%. All herbicides reduced aboveground

Table 3. Mean estimatesa of waterhemp control 28 and 42 DAT, density 28 and
42 DAT, and recovered biomass 42 DAT for VLCFA-inhibiting herbicides at the
Champaign County, IL, location (2018–2020).d

Control Density Biomass

Herbicide 28 DAT 42 DAT 28 DAT 42 DAT 42 DAT

——— % ——— — plants m−2
— g m−2

Acetochlorb 56 b 39 b 49 d 46 d 219 b
Acetochlor 93 a 88 a 10 f 15 e 64 e
S-metolachlor 37 c 20 bc 72 c 67 c 291 ab
S-metolachlorc 30 cd 20 bc 79 c 66 c 262 abc
Metolachlor 20 d 13 c 111 b 89 b 300 a
Dimethenamid-P 61 b 28 bc 44 d 42 d 198 c
Alachlor 91 a 85 a 15 e 19 e 89 d
Pyroxasulfone 57 b 40 b 52 d 43 d 253 abc
Nontreated – – 190 a 121 a 336 a

aMean estimates with the same letter within a column are not significantly different at
α= 0.05 separated by LSD.
bEncapsulated formulation.
cContains the herbicide safener benoxacor.
dAbbreviations: DAT, days after treatment; VLCFA, very long-chain fatty acid.

Table 4. Mean estimatesa of waterhemp control 28 and 42 DAT, density 28 and
42 DAT, and recovered biomass 42 DAT for VLCFA-inhibiting herbicides at the
McLean County, IL, location (2018–2020).b,e

Control Density Biomass

Herbicide 28 DAT 42 DAT 28 DAT 42 DAT 42 DAT

——— % ——— — plants m−2
— g m−2

Acetochlorc 65 c 39 b 45 b 47 b 43 b
Acetochlor 98 a 94 a 5 f 7 e 3 e
S-metolachlor 73 c 52 b 24 cd 31 c 38 bc
S-metolachlord 71 c 48 b 25 cd 33 c 34 bc
Metolachlor 62 c 40 b 31 c 38 bc 35 bc
Dimethenamid-P 76 bc 54 b 21 d 32 c 29 c
Alachlor 97 a 90 a 8 ef 13 d 6 d
Pyroxasulfone 94 ab 85 a 10 e 13 d 7 d
Acetochlorc 65 c 39 b 45 b 47 b 43 b
Nontreated – – 86 a 69 a 83 a

aMean estimates with the same letter within a column are not significantly different at
α= 0.05 separated by LSD.
bData from 2018 were excluded due to lack of initial rainfall.
cEncapsulated formulation.
dContains the herbicide safener benoxacor.
eAbbreviations: DAT, days after treatment; VLCFA, very long-chain fatty acid.

Table 5. Mean estimatesa of waterhemp control 28 and 42 DAT, density 28 and
42 DAT, and recovered biomass 42 DAT for VLCFA-inhibiting herbicides at the
Urbana, IL, location (2019–2020).d

Control Density Biomass

Herbicide 28 DAT 42 DAT 28 DAT 42 DAT 42 DAT

——— % ——— — plants m−2
— g m−2

Acetochlorb 96 b 88 abc 14 d 18 d 58 c
Acetochlor 98 a 95 ab 5 e 8 e 24 d
S-metolachlor 95 b 84 abc 19 cd 24 cd 74 bc
S-metolachlorc 93 b 80 bc 24 c 26 bc 117 b
Metolachlor 88 c 68 c 40 b 35 b 126 b
Dimethenamid-P 94 b 87 abc 19 cd 20 b 86 bc
Alachlor 98 a 96 a 5 e 7 e 6 e
Pyroxasulfone 98 a 95 ab 6 e 8 e 2 f
Nontreated – – 122 a 108 a 345 a

aMean estimates with the same letter within a column are not significantly different at
α= 0.05 separated by LSD.
bEncapsulated formulation.
cContains the herbicide safener benoxacor.
dAbbreviations: DAT, days after treatment; VLCFA, very long-chain fatty acid.

Table 6. Mean estimatesa of waterhemp control 28 and 42 DAT, density 28 and
42 DAT, and recovered biomass 42 DAT for VLCFA-inhibiting herbicides at the
Perry, IL, location (2018–2020).d

Control Density Biomass

Herbicide 28 DAT 42 DAT 28 DAT 42 DAT 42 DAT

——— % ——— — plants m−2
— g m−2

Acetochlorb 88 bc 79 c 21 bc 22 bcd 9 cd
Acetochlor 98 a 95 a 5 e 6 fg 2 ef
S-metolachlor 96 a 86 bc 12 d 15 de 7 d
S-metolachlorc 93 ab 80 c 19 cd 26 bc 18 bc
Metolachlor 81 c 60 d 32 b 33 b 21 b
Dimethenamid-P 94 ab 85 bc 14 cd 18 cd 7 d
Alachlor 98 a 92 ab 6 e 9 ef 3 e
Pyroxasulfone 98 a 94 a 4 e 5 g 1 f
Nontreated – – 91 a 81 a 102 a

aMean estimates with the same letter within a column are not significantly different at α=0.05
separated by LSD.
bEncapsulated formulation
cContains the herbicide safener benoxacor.
dAbbreviations: DAT, days after treatment; VLCFA, very long-chain fatty acid.
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biomass 42 DAT compared with the nontreated. Nontreated bio-
mass averaged 102 g m−2, and biomass reduction ranged from 79%
to 99% across treatments. Non-encapsulated acetochlor and
pyroxasulfone reduced waterhemp biomass by 98% to 99%.

Implications

Only non-encapsulated acetochlor and alachlor controlled water-
hemp at the CHR location by 91% or greater 28 DAT; these two
VLCFA-inhibiting herbicides along with pyroxasulfone controlled
waterhemp at the MCR location by 94% or greater 28 DAT.
Control of these VLCFA inhibitor-resistant populations with other
VLCFA-inhibiting herbicides ranged from 20% to 76% 28 DAT.
All treatments reduced waterhemp density at CHR and MCR 28
DAT compared with a nontreated plot; non-encapsulated aceto-
chlor and alachlor consistently reduced waterhemp density the
most among all VLCFA-inhibiting herbicides. Previous green-
house research has demonstrated that resistance ratios calculated
from dose-response experiments for CHR and MCR are variable
and tend to be greatest with S-metolachlor and least with aceto-
chlor (Strom et al. 2019). In contrast, control of VLCFA inhibi-
tor-sensitive waterhemp at Urbana was 93% or greater with all
treatments except metolachlor, while the VLCFA inhibitor-sensi-
tive waterhemp at Perry was controlled by at least 93% with all
treatments except metolachlor and encapsulated acetochlor 28
DAT. Even though most VLCFA-inhibiting herbicides controlled
sensitive waterhemp, resistance in the CHR and MCR populations
should serve as a reminder that resistance to VLCFA-inhibiting
herbicides has evolved and, if present, will reduce efficacy under
field conditions.

Strom et al. (2020) demonstrated CHR andMCR seedlings rap-
idly metabolized S-metolachlor. Resistance ratios to pyroxasul-
fone, dimethenamid-P, and acetochlor for waterhemp from
CHR and MCR were also calculated in greenhouse dose-response
experiments (Strom et al. 2019). Mechanisms for reduced sensitiv-
ity to these other VLCFA-inhibiting herbicides have not been elu-
cidated, but they might be similar to those conferring resistance to
S-metolachlor. Resistance to soil-applied herbicides under field

conditions can be difficult to accurately identify. In general, resis-
tance to soil-applied herbicides is manifest as a reduced duration of
residual weed control (Hager 2019).

Poor weed control with soil-residual herbicides, including
VLCFA-inhibiting herbicides, is not always due to resistance.
Many climatic and edaphic factors influence herbicide activity
and duration of residual control (Stewart et al. 2010). The timing
and amount of precipitation in relation to herbicide application are
essential for incorporation of surface-applied VLCFA-inhibiting
herbicides (Jhala 2017). In addition, photodegradation can occur
if excess time elapses between herbicide application andmovement
into the soil (Shaner, 2014). In general, fine soil textures with high
organic matter require increased herbicide rates. Soils with higher
organic matter also tend to have elevated microbial communities
that hasten herbicide degradation, and thus, decrease residual con-
trol (Beestman and Deming 1974; Long et al. 2014; Shaner et al.
2006; Wu et al. 2011).

The magnitude and distribution of resistance to VLCFA-
inhibiting herbicides is currently not well understood. A recent
5-yr study of PRE herbicides in Iowa discovered that most
VLCFA-inhibiting herbicides resulted in greater than 80% control
of waterhemp throughout the season, but there were instances
when control was much less (Jha 2020). We have identified only
two populations in Illinois that are resistant to VLCFA-inhibiting
herbicides at this time (Strom et al. 2019, 2020). The dioecious biol-
ogy of waterhemp contributes to the rapid spread of resistance
traits if proper management and chemical stewardship practices
are not implemented (Liu et al. 2012; Sarangi et al. 2017).
Growers, applicators, and crop protection professionals should
understand the effective weed control methods available for each
field. The continued use of best management practices such as
applications of herbicides from multiple, effective sites of action
should be used (Evans et al. 2016), including those with soil-
residual activity. In addition, overlapping residual herbicides can
enhance the probability of an effective postemergence program
(Chahal et al. 2018; Steckel et al. 2002).

Nonchemical control methods should also be considered in
integrated management strategies. Cover crops such as cereal

Figure 2. Representative images of very-long-chain fatty acid (VLCFA)-inhibiting herbicide efficacy for control of VLCFA inhibitor-resistant waterhemp population (CHR) and a
sensitive (Urbana) population, 28 d after treatment.
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rye have demonstrated promise in reducing weed densities and are
compatible with many herbicide programs (Cornelius and Bradley
2017; Jha et al. 2020; Loux et al. 2017). Additionally, postharvest
seed destruction andmanual removal of weeds can be incorporated
into sustainable weed management programs with the goal of lim-
iting the number of seeds reintroduced into the soil seed bank each
year (Schwartz-Lazaro and Copes 2019; Shergill et al. 2020; Walsh
et al. 2012).

Acknowledgments.We thank Syngenta Crop Protection for financial support
of this research, and the Jonathan Baldwin Turner Graduate Fellowships
awarded to S.S. from the University of Illinois Department of Crop Sciences.

No conflicts of interest have been declared.

References

Adhikary D, Pratt DB (2015)Morphologic and taxonomic analysis of the weedy
and cultivated Amaranthus hybridus species complex. Syst Bot 40:604–610

Bach L, Faure JD (2010) Role of very-long-chain fatty acids in plant develop-
ment, when chain length does matter. CR Soc Biol 333:361–370

Beestman GB, Deming JM (1974) Dissipation of acetanilide herbicides from
soils. Agron J 66:308–311

Bell MS, Tranel PJ (2010) Time requirement from pollination to seed maturity
in waterhemp (Amaranthus tuberculatus). Weed Sci 58:167–173

Böger P (2003) Mode of action for chloroacetamides and functionally related
compounds. J. Pestic Sci 28:324–329

Buhler DD, Hartzler RG (2001) Emergence and persistence of seed of velvetleaf,
common waterhemp, woolly cupgrass, and giant foxtail. Weed Sci 49:
230–235

Chahal PS, Ganie ZA, Jhala AJ (2018) Overlapping residual herbicides for con-
trol of photosystem (PS) II- and 4-hydroxyphenylpyruvate dioxygenase
(HPPD)-inhibitor-resistant Palmer amaranth (Amaranthus palmeri S.
Watson) in glyphosate-resistant maize. Front Plant Sci 8:2231

Cornelius CD, Bradley KW (2017) Influence of various cover crop species on
winter and summer annual weed emergence in soybean. Weed Technol 31:
503–513

Davis JW (2018) Introduction to generalized linear mixed models: a count data
example. https://site.caes.uga.edu Accessed: December 14, 2020

Deal LM, Hess FD (1980) An analysis of the growth inhibitory characteristics of
alachlor and metolachlor. Weed Sci 28:168–175

Dhillon NS, Anderson JL (1972) Morphological, anatomical, and biochemical
effects of propachlor on seedling growth. Weed Res 12:182–189

Evans CM, Strom SA, Riechers DE, Davis AS, Tranel PJ, Hager AG (2019)
Characterization of a waterhemp (Amaranthus tuberculatus) population
from Illinois resistant to herbicides from five site-of-action groups. Weed
Technol 33:400–410

Evans JA, Tranel PJ, Hager AG, Schutte B,WuC, Chatham LA, Davis AS (2016)
Managing the evolution of herbicide resistance. Pest Manag Sci 72:74–80

Fuerst EP (1987) Understanding the mode of action of chloroacetamides and
thiocarbamate herbicides. Weed Technol 1:270–277

Hager AG (2019) Waterhemp resistance to Group 15 herbicides, University of
Illinois Bulletin, 15 March 2019. http://bulletin.ipm.illinois.edu/?p=4498.
Accessed: October 16, 2020

Hager AG, Wax LM, Bollero GA, Simmons FW (2002a) Common waterhemp
(Amaranthus rudis Sauer) management with soil-applied herbicides in soy-
bean (Glycine max (L.) Merr.). Crop Prot 21:277–283

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

Hamm PC (1974) Discovery, development, and current status of the chloroa-
cetamide herbicides. Weed Sci 22:541–545

Hartzler RG, Buhler DD, Stoltenberg DE (1999) Emergence characteristics of
four annual weed species. Weed Sci 47:578–584

HausmanNE, Singh S, Tranel PJ, Riechers DE, Kaundun SS, Polge ND, Thomas
DA, Hager AG (2011) Resistance to HPPD-inhibiting herbicides in a pop-
ulation of waterhemp (Amaranthus tuberculatus) from Illinois, United
States. Pest Manag Sci 67:258–261

Hausman NE, Tranel PJ, Riechers DE, Maxwell DJ, Gonzini LC, Hager AG
(2013) Responses of an HPPD inhibitor-resistant waterhemp (Amaranthus
tuberculatus) population to soil-residual herbicides. Weed Technol 27:
704–711

Heap I (2021) The International Survey of Herbicide Resistant Weeds. www.
weedscience.org/in.asp Accessed: March 10, 2021

Hedges BK, Soltani N, Hooker DC, Robinson DE, Sikkema PH (2019) Control
of glyphosate-resistant waterhemp with preemergence herbicides in glyph-
osate- and dicamba-resistant soybean. Can J Plant Sci 99:34–39

Jha P (2020) Performance of preemergence herbicides on waterhemp control in
soybean. Iowa StateUniversity Integrated CropManagementNews, 17April,
2020. https://lib.dr.iastate.edu/cropnews/2622/. Accessed: October 16, 2020

Jha P, Yadav R, Hartzler RG (2020) Using cereal rye cover crop and narrow-row
soybean to manage herbicide-resistant waterhemp. Iowa State University
Integrated Crop Management News, 8 August, 2020. https://lib.dr.iastate.
edu/cropnews/2651/

Jhala A (2017) Effect of excessive rainfall on efficacy of residual herbicides
applied in corn and soybean. https://cropwatch.unl.edu. Accessed: December
11, 2020

Liu JY, Davis AS, Tranel PJ (2012) Pollen biology and dispersal dynamics in
waterhemp (Amaranthus tuberculatus). Weed Sci 60:416–422

LongYH, Li RY,WuXM (2014)Degradation of S-metolachlor in soil as affected
by environmental factors. J Soil Sci Plant Nutr 14:189–198

Loux MM, Dobbles AF, Bradley KW, Johnson WF, Young BG, Spaunhorst DJ,
Norsworthy JK, Palhano M, Steckel LE (2017) Influence of cover crops on
management of Amaranthus species in glyphosate- and glufosinate-resistant
soybean. Weed Technol 31:487–495

Murray MJ (1940) The genetics of sex determination in the family
Amaranthaceae. Genetics 25:409–431

O’Hara RB, Kotze DJ (2010) Do not log-transform count data. Meth Ecol Evol
1:118–122

Oliveira MC, Feist D, Eskelsen S, Scott JE, Knezevic SZ (2017) Weed control in
soybean with preemergence- and postemergence-applied herbicides. Crop
Forage Turf Manag doi: 10.2134/cftm2016.05.0040

Pillai P, Davis DE, Truelove B (1979) Effects of metolachlor on germination,
growth, leucine uptake, and protein synthesis. Weed Sci 27:634–637

Sauer J (1955) Revision of the dioecious Amaranths. Madrono 13:5–46
Sarangi D, Tyre AJ, Patterson EL, Gaines TA, Irmak S, Knezevic SZ, Lindquist

JL, Jhala AJ (2017) Pollen-mediated gene flow from glyphosate-resistant
common waterhemp (Amaranthus rudis Sauer): consequences for the dis-
persal of resistance genes. Sci Rep 7:44913

Schryver MG, Solatani N, Hooker DC, Robinson DE, Tranel PJ, Sikkema PH
(2017) Control of glyphosate-resistant common waterhemp (Amaranthus
tuberculatus var. rudis) in soybean in Ontario. Weed Technol 31:811–821

Schwartz-Lazaro LM, Copes JT (2019) A review of the soil seedbank from a
weed scientist’s perspective. Agronomy 9:369

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

Shaner DL, Brunk G, Belles D, Westra P, Nissen S (2006) Soil dissipation and
biological activity of metolachlor and S-metolachlor in five soils. Pest Manag
Sci 62:617–623

Shergill LS, Barlow BR, Bish MD, Bradley KW (2018) Investigations of 2,4-D
and multiple herbicides resistance in a Missouri waterhemp (Amaranthus
tuberculatus) population. Weed Sci 66:386–394

Shergill LS, Swartz-Lazaro LM, Leon R, Ackroyd VJ, Flessner ML,
Bagavathiannan M, Everman W, Norsworthy JK, VanGessel MJ, Mirsky
SB (2020) Current outlook and future research needs for harvest weed seed
control in North American cropping systems. Pest Manag Sci 76:3887–3895

Steckel LE (2007) The dioecious Amaranthus spp.: here to stay. Weed Technol
21:567–570

Steckel LE, Sprague CL (2004) Common waterhemp (Amaranthus rudis) inter-
ference in corn. Weed Sci 52:359–364

Steckel LE, Sprague CL, Hager AG (2002) Common waterhemp (Amaranthus
rudis) control in corn (Zea mays) with single preemergence and sequential
applications of residual herbicides. Weed Technol 16:755–761

Steckel LE, Sprague CL, Hager AG, Simmons FW, Bollero GA (2003) Effects of
shading on common waterhemp (Amaranthus rudis) growth and develop-
ment. Weed Sci 51:898–903

Weed Technology 259

https://doi.org/10.1017/wet.2022.1 Published online by Cambridge University Press

https://site.caes.uga.edu
http://bulletin.ipm.illinois.edu/?p=4498
http://bulletin.ipm.illinois.edu/?p=4498
http://www.weedscience.org/in.asp
http://www.weedscience.org/in.asp
https://lib.dr.iastate.edu/cropnews/2622/
https://lib.dr.iastate.edu/cropnews/2651/
https://lib.dr.iastate.edu/cropnews/2651/
https://cropwatch.unl.edu
https://doi.org/10.2134/cftm2016.05.0040
https://doi.org/10.1017/wet.2022.1


Stewart CL, Nurse RE, Hamill AS, Sikkema PH (2010) Environment and soil
conditions influence pre- and postemergence herbicide efficacy in soybean.
Weed Technol 24:234–243

Strom SA, Hager AG, Seiter NJ, Davis AS, Riechers DE (2020) Metabolic resis-
tance to S-metolachlor in two waterhemp (Amaranthus tuberculatus) pop-
ulations from Illinois, USA. Pest Manag Sci 76:3139–3148

Strom SA, Gonzini LC, Mitsdarfer C, Davis AS, Riechers DE, Hager AG (2019)
Characterization of multiple herbicide-resistant waterhemp (Amaranthus
tuberculatus) populations from Illinois to VLCFA-inhibiting herbicides.
Weed Sci 67:369–379

Tranel PJ (2020) Herbicide resistance in Amaranthus tuberculatus. Pest Manag
Sci doi: 10.1002/ps.6048

Tranel PJ, Riggins CW, Bell MS, Hager AG (2011) Herbicide resistance in
Amaranthus tuberculatus: a call for new options. J Agric Food Chem
59:5808–5812

WalshMJ, Harrington RB, Powles SB (2012) Harrington seed destructor: a new
nonchemical weed control tool for global grain crops. Crop Sci 52:1343–1347

WuXM, LiM, Long YH, Liu RX, Yu YL, FangH, Li SN (2011) Effects of adsorp-
tion on degradation and bioavailability of metolachlor in soil. J Soil Sci Plant
Nutr 11:83–97

260 Strom et al.: VLCFA-inhibitors and waterhemp

https://doi.org/10.1017/wet.2022.1 Published online by Cambridge University Press

https://doi.org/10.1002/ps.6048
https://doi.org/10.1017/wet.2022.1

	Control of waterhemp (Amaranthus tuberculatus) at multiple locations in Illinois with single preemergence applications of VLCFA-inhibiting herbicides
	Introduction
	Materials and Methods
	Site Selection
	General Field Methods
	Statistical Analysis

	Results and Discussion
	Champaign County Resistant Location
	McLean County Resistant Location
	Urbana, IL, Location
	Perry, IL, location
	Implications

	References


