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AssTRACT. Field trials were conducted in New York during 2021 and 2022 to evaluate
acifluorfen herbicide as an alternative to postemergence (POST) pigweed management
for red beets (Bem vulgaris L. spp. vulgaris). Acifluorfen was applied at 0.07, 0.14, and

0.28 kgrha ™

a.i. to red beets at either the 6- to 8-leaf or 10- to 12-leaf developmental

stages. Acifluorfen provided 68% to 96% control of Powell amaranth (Amavanthus
powellii S. Watson), with significantly greater efficacy at higher application rates and
earlier timing when weeds were smaller. Conversely, common ragweed control was
considerably lower (16%-50%), likely because of the presence of larger plants at the time
of application. Red beet herbicide injury, characterized by leaf necrosis, bronzing, and
stunting, was significantly influenced by both the application rate and timing. Higher
rates caused greater injury; applications at the 6- to 8-leaf stage resulted in substantially
more damage than applications at the 10- to 12-leaf stage. Environmental conditions
likely influenced injury severity, with higher rainfall and more hours of relative humidity
=90% in 2021 causing greater leaf loss and crop stunting than in 2022. Applications of
acifluorfen at the 6- to 8-leaf stage significantly reduced both red beet leaf biomass and
root yield compared with the later application. These results demonstrate that
acifluorfen can eﬁ“ectlvely control Powell amaranth in red beets, although application
timing is crucial to minimize crop injury and yield reduction. A later application (10- to
12-]eaf stage) is recommended, especially when environmental stress may exacerbate
herbicide injury. Additional research is needed to fully evaluate the utility of acifluorfen
in red beet production systems across diverse environments and weed pressure scenarios.
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Department of Agriculture-National
Agricultural Statistic Service 2025).
New York and Wisconsin are the
leading states in production acreage,
with approximately 3770 acres each (US
Department of Agriculture-National
Agricultural Statistic Service 2025).
Seventy percent of New York red
beets are grown for processing, with
the remaining 30% allocated for fresh
market sales (Pethybridge et al. 2018;
US Department of Agriculture-Na-
tional Agricultural Statistic Service
2025). Like New York, Wisconsin
red beet acres primarily support a
processing industry (US Department
of Agriculture-National Agricultural
Statistic Service 2025). To maximize
marketable yields, red beets are inten-
sively managed with respect to crop
production (D’Egidio et al. 2019;
Kikkert et al. 2010) and pest control prac-
tices (Chancia et al. 2021; Pethybridge
et al. 2018), which include weed suppres-
sion (Colquhoun et al. 2016; Robinson
etal. 2013).

Red beets exhibit slow emer-
gence and growth and are also short
in stature; these characteristics make
them poor competitors with weeds,
particularly the rapidly germinating

summer annual species, such as pig-
weeds (Amaranthus spp.) (Carvalho
et al. 2010; Colquhoun et al. 2016;
Hewson and Roberts 1973; Robinson
et al. 2013). Even though the re-
ported critical period of weed removal
(corresponding to the period of the
crop growth cycle during which weeds
must be controlled to prevent vyield
losses) in red beets ranges from 4 to 6
weeks after germination (Kavaliauskaité
and Bobinas 2006; Kotota and Osiniska
1998), scason-long weed control is
necessary. Red beets in New York and
other regions with rocky or heavy
soils are harvested using top-pulling
machinery (Pethybridge et al. 2018;
Stivers 1999). Standing weeds can
physically interfere with lifting and cut-
ting operations, resulting in yield loss
(Sosnoskie LM, personal observation).

Because of limited economically
viable alternatives, red beet growers
primarily rely on synthetic herbicides
for weed control despite having fewer
registered options than other crops
(Colquhoun et al. 2016; Robinson
et al. 2013). Additionally, the labeled
chemistries have narrow spectrums of
control, necessitating multiple post-
emergence (POST) treatments, often at
low doses for crop safety (Colquhoun
et al. 2016; Robinson et al. 2013). The
current lack of herbicide options can be
partially attributed to the release of
glyphosate-resistant (GR) sugar beet
(Beiermann et al. 2021; Colquhoun
et al. 2016). Glyphosate has enabled
sugar beet [ Beta vulgaris subsp. vul-
garis (var. saccharifera) L.] growers
to achieve higher levels of weed con-
trol with fewer applications, reduced
the need for strict timing schedules,
improved crop safety, and reduced
costs (Beiermann et al. 2021; Kemp
et al. 2009; Khan 2010; Kniss et al.
2004; Morishita 2018; Wilson and
Sbatella 2011). The widespread adop-
tion of GR technology for sugar beets
has limited new herbicide registrations
and likely contributed to the loss of
other active ingredients, such as pyr-
azon (Beiermann et al. 2021; Col-
quhoun et al. 2016).

The evolution of GR weeds, in-
cluding two aggressive pigweed species,
waterhemp [ Amaranthus tuberculatus
(Moq.) Sauer] and Palmer amaranth
(Amaranthus palmeri S. Watson), has
reinvigorated efforts to identify effective
herbicide chemistries for sugar beets
(Beiermann et al. 2021). This includes
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acifluorfen, a protoporphyrinogen oxi-
dase (PPO) inhibitor (Weed Science
Society of America Group 14) which
is labeled for use on soybean and
edamame [ Glycine max (L.) Merr.],
peanut (Arachis hypogaea L.), rice
(Oryza sativa L.), and strawberry
(Fragaria x ananassa Duchesne) (United
Phosphorus Limited 2023), thus pro-
viding effective POST control of a
wide range of broadleaf weed species,
including pigweeds, common ragweed
(Ambrosia artemisisfolin L.), morning-
glories  (Ipomoea  spp.), cocklebur
(Xanthium strumavium L.), and jim-
sonweed (Datura  stramonium L.)
(Aicklen et al. 2022; Barrentine 1978;
Gossett and Toler 1999; Lee and Oli-
ver 1982; Mayo et al. 1995; Oliver and
Howe 1980; Sperry et al. 2017). Peters
etal. (2021, 2022, 2023) reported that
acifluorfen applied at 0.28 kg-ha™ ' a.i
effectively controls waterhemp plants
shorter than 5 to 10 cm in sugar beets.
While acifluorfen carries a risk of crop
injury, sugar beet growers have re-
ported that yield loss from waterhemp
competition exceeds the impact of possi-
ble herbicide damage (Peters et al.
2021, 2022, 2023). Since 2021, Sec-
tion 18 Emergency Use Labels have
been approved for the use of acifluor-
fen (Ultra Blazer®; United Phos-
phorus Limited NA Inc., King of
Prussia, PA, USA) to control GR and
invasive pigweeds in sugar beets in sev-
eral states at a rate of 0.28 kg-ha ! a.i.
(US Environmental Protection Agency
2025).

Red beet production faces signifi-
cant weed management challenges.
Many common species, like pigweeds,
are not effectively managed by currently
registered herbicides (Sosnoskie LM,
personal observation). Regarding resid-
ual products, cycloate and S-metolachlor
(Weed Science Society of America
Group 15) provide “good” pigweed
control. However, their effectiveness
lasts approximately 30 d, which is in-
sufficient for the 100-d (or longer)
growing secason for red beet. The
limited POST options, triflusulfuron-
methyl, phenmedipham, and clopyr-
alid, have historically provided “fair”
to “poor” pigweed control in New
York. Therefore, this research evalu-
ated the performance and safety of
acifluorten for red beets to identify a
potential alternative for improved pig-
weed management.
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Materials and methods

Stupy sITEs. Field studies that
assessed acifluorfen use for red beets
were conducted at Cornell AgriTech
in Geneva, NY, USA (42°86'N,
77°02'W), in 2021 and 2022, and at a
commercial red beet production field
12 km from Cornell AgriTech, near
Hall, NY, USA (42°79'N, 77°03'W)
in 2022. Soil at both sites was a Hon-
eoye loam (fine-loamy, mixed, semiac-
tive, mesic Glossic Hapludalfs) with
38% sand, 44% silt, 18% clay, 2.5% or-
ganic matter, and a pH of 6.3. Tem-
perature, rainfall, and relative humidity
(RH) data during the 2021 and 2022
production seasons were collected from
a permanent weather station located at
Cornell AgriTech (Table 1).

PLANT MATERIAL AND PLANTING
conpITIONS. All fields were mold-
board-plowed and disked before plant-
ing to eliminate emerged weeds. In
2021, ‘Ruby Queen’ beets (Seneca
Foods Dayton, WA, USA) were planted
on 10 Jun at a den51ty of 60 seeds/m?
and a depth of 1.5 cm in rows spaced
76 cm apart. ‘Ruby Queen’ was se-
lected for use in this study because it
is a frequently planted, affordable, dis-
ease-resistant cultivar with preferred
root characteristics for the processing
industry. Fertilizer (10 N:5 P:10 K;
Phelps Supply Inc., Phelps, NY USA)
was broadcast at 336 kg-ha™! and in-
corporated ahead of planting. The
same type and amount of fertilizer
was banded at seeding. In 2022,
‘Ruby Queen’ beets were planted on
10 May (Hall) and 16 May (Cornell
AgriTech) at 150 seeds/m?, which
more closely reflects a commcrc1al
seeding density. Fertilizer was the
same as in 2021. In 2021 S-metola-
chlor (Dual Magnum®; Syngenta Crop
Protection, Inc., Greensboro NC, USA)
at 0.72 k -ha71 ai. and ethofumesate
(Nortron™; Bayer Crop Sciencei St.
Louis, MO, USA) at 1.1 kg-ha™ " a.i.
were applied postplanting but before
weed emergence (PRE) to the entire
trial site, including the control. Both
herbicides are labeled for use in New
York on red beets and were applied
to reduce initial weed competition
and improve crop stand establish-
ment. The same PRE herbicides and
rates were applied in 2022, except
the Hall site was treated with etho-
fumesate at 2.1 kg-ha™' a.i. Cornell
AgriTech trials were irrigated within
24 h of planting (1.3 cm) to facilitate

crop germination and incorporate
herbicides. The Hall site was not ir-
rigated, but it received 1.3 cm of
precipitation within 10 d of plant-
ing. In addition to PRE treatments,
all plots at both sites received POST
applications at 26 d after seeding
(DAS) using herbicides labeled for
red beets Hall received clopyralid
(Spur®™; Albaugh LLC Ankeny, IA,
USA) at 0.21 kgha ' ace. plus ethofu-
mesate at 0.184 kgha ' ai. Cornell
AgriTech received clopyralid (Stinger®;
Corteva Agriscience LLC, Indlanapohs
IN, USA) at 0.233 kg ha ! a.c. plus
phenmed1pham (Spin- -Aid®; Belchim
Crop Protection US Corp., Wllnnngton
DE, USA) at 0.182 kgtha ' ai. The
herb1c1des were selected to target emerged
weed species at each site and for their
lack of phytotoxicity to red beets when
applied over the top.

ACIFLUOREEN TRIALS. This study
had a two-factor factorial, with the
acifluorfen rate and red beet develop-
mental stage at the time of application
as the main factors. These were ar-
ranged in a randomized complete block
design with four replications per treat-
ment for each site-year. A control that
received PRE and early POST applica-
tions but no acifluorfen was included
for comparison. Individual plots had a
width of 1.52 m and length of 7.6 m.
Acifluorfen (Ultra Blazer®; United
Phosphorus Limited NA Inc , King
of Prussia, PA, USA) was apPhcd at
0.07, 0.14, and 0.28 kg-ha™" a.i. to
beets, either at the 6- to 8-leaf or the
10- to 12-leaf red beet developmen-
tal stages. In 2021, the 6- to 8-leaf
and 10- to 12-leaf treatments oc-
curred at 29 DAS and 41 DAS, re-
spectively. In 2022, the 6- to 8-leaf
and 10- to 12-leaf treatments oc-
curred at 30 to 32 DAS and 50 to
52 DAS, respectively. Spray solu-
tions included NIS (WETCIT; Oro
Agri Inc., Fresno, CA, USA) at 0.125%
v/v. Acifluorfen treatments were ap-
plied using a CO, backpack sprayer fit-
ted with two TeeJet 8002VS nozzles
(TeeJet Technologies Inc., Glendale
Heights, IL, USA) spaced 46 cm apart
and calibrated to deliver a volume of
187 L-ha~" at 276 kPa. Environmental
data for each application event are pre-
sented in Table 2. Treatments were de-
signed according to the results reported
by Peters et al. (2021, 2022, 2023) who
recommended a single ac1ﬂuorfen appli-
cation at 0.280 kg-ha™! a.i. and a spray
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Table 1. Monthly average temperature and total precipitation for 2021 and 2022, and 30-yr monthly temperature and

rainfall averages in Geneva, NY, USA.

Air temp' Total rainfall Relative humidity

2021 2022 30-yr avg 2021 2022 30-yr avg 2021 2022
Month °C mm hr =90%
May 14.1 16.3 14 .4 56 32 78 126 166
June 21.7 19.4 19.4 66 117 84 105 106
July 21.1 22.1 21.7 142 19 94 306 238
August 23.1 22.3 21.1 127 25 86 294 107
Total — — - 391 193 342 831 617

'Data were obtained from a permanent, on-site weather station located at Cornell AgriTech.

volume ranging from 94 to 187 L-ha™!
when sugar beets reached a minimum
of six true leaves.

DaAtA coLLEcTION. In 2021, weed
cover, a visual estimate of the percent-
age of the total plot area covered with
weeds, was assessed using a scale rang-
ing from 0% (indicating no weed
cover) to 100% (plots completely
covered by weeds); ratings were per-
formed at 1 and 3 weeks after POST
treatments (WAT) and again at red
beet harvest. In 2021, control of
Powell amaranth (Amaranthus po-
wellis S. Wats.) and common rag-
weed (Ambrosia artemesiifolia L.),
the two most common species that
escape the PRE herbicide program,
was also evaluated at the whole plot
level using a scale ranging from 0%
(no weed control) to 100% (complete
weed control compared with the con-
trol plots). In 2022, residual and early
POST herbicides combined with be-
low-average precipitation following
May planting effectively suppressed
weed emergence and establishment;
therefore, cover and control ratings
were not collected.

In 2021 and 2022, crop injury
in response to acifluorfen, which was

characterized by necrosis (“leaf loss™),
discoloration (“bronzing”), and stunt-
ing, was visually rated using a scale
ranging from 0% (no observed injury)
to 100% (crop death) at 1 WAT,
3 WAT, and harvest. In 2021, Popillia
beetles (Popillin japonica Newman,
1841), formerly referred to as Japanese
beetles, infested the trial late in the sea-
son, although the degree of damage
differed among acifluorfen treatments.
As a result, a single plot-level rating of
Popillia beetle damage was recorded at
harvest using a scale of 0 to 5: 0, no
feeding; 1, 1% to 20% leaf loss; 2, 21%
to 40%; 3, 41% to 60%; 4, 61% to 80%;
and 5, 81% to 100% leaf loss.
Significant rainfall in Jul and Aug
2021 (approximately 50% above the
30-year average) necessitated an early
red beet harvest (64 DAS) to mitigate
the risk of crop loss from waterlog-
ging and disease. Red beets were
hand-dug from two 1-m sections of
row in the center of each plot and
counted, and the foliage and roots
were separated and weighed. Leaf
biomass is not typically included in
standard harvest metrics because it is
not a primary yield component. How-
ever, because of the extreme weather

conditions during the growing season,
the authors chose to record leaf bio-
mass to capture a more complete pic-
ture of crop growth and performance.
In 2022, red beet harvest occurred on
2 Aug at the Hall location and on
10 Aug at Cornell AgriTech at 84 DAS
and 86 DAS, respectively; these tim-
ings coincided with the start of com-
mercial harvest operations at the Hall
site. As in 2021, red beets were hand-
dug from two 1-m sections of row in
the center of each plot. The number
and weights of small to medium beet
(crown diameter, 1.9-6.4 cm) roots
were recorded because these grades
are preferred for canning and jarring
(US Department of Agriculture 2016).

Data anarysis. All statistical anal-
yses were conducted using the general-
ized linear mixed model (GLIMMIX)
procedure in SAS software (version
9.4; SAS Institute, Cary, NC, USA).
Crop injury data collected in 2021
and 2022 were combined across years
and locations (hereafter referred to as
“environment”). Herbicide rate, ap-
plication timing, and their interaction
were considered fixed effects, while
environment and replication nested
within environment were designated

Table 2. Environmental conditions at the time of acifluorfen application for ‘Ruby Queen’ red beet studies conducted at
Cornell AgriTech and at a commercial farm at Hall, NY, USA, in 2021 and 2022.

2021 2022
Cornell AgriTech Hall Cornell AgriTech
6- to 8-leaf 10- to 12-leaf 6- to 8-leaf 10- to 12-leaf 6- to 8-leaf 10- to 12-leaf

Crop planting date 10 Jun 10 May 16 May
Application date 9 Jul 21 Jul 11 Jun 29 Jun 15 Jun 7 Jul
Days after seeding 29 41 32 50 30 52
Air temperature (°C) 23.8 194 238 27.9 28.0 22.1
Relative humidity (%) 74 62 50 43 43 57
Wind speed (km-h™') 4.8 12.8 2.1 2.7 6.9 5.6
Dew No No No No No No
Weed cover (%) 5-20 30—40 — — — —
Weed size (cm) 1-5 10-20 — — — —
Horflechnology *+ October 2025 35(5) 629
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as random effects in the model. Be-
cause of unfavorable weather condi-
tions that affected crop growth and
development in 2021, red beets were
harvested at an earlier maturity stage
in 2021 than in 2022. Consequently,
yield was analyzed by year and ex-
pressed as a percentage of the control
to maintain the factorial structure dur-
ing the statistical analysis. The same
model was used to analyze weed cover
and control ratings. Because of unequal
variance, weed control and crop injury
data were converted using the arcsine
square root transformation before the
ANOVA and back-transformed for pre-
sentation purposes (Grafen and Hails
2002). When main effect interactions
were not significant, data were com-
bined over fixed effects. Mean com-
parisons for the fixed effects were
performed using Tukey’s honestly sig-
nificant difference test when F values
were statistically significant (P < 0.05).

Results and discussion

WEED COVER AND CONTROL. In
2021, all acifluorfen treatments signif-
icantly reduced whole plot weed cover
relative to the control, although no
statistical differences were observed
among the acifluorfen treatments them-
selves (data not shown). Averaged over
rates and timings, weed cover rates in
acifluorfen-treated plots were 16% and
24% at 1 WAT and 3 WAT, respec-
tively. In contrast, weed cover rates in
the control averaged 37% and 84% for
the same observation dates, respectively.
By harvest, weed cover in the control
had increased to 90%, but it only ranged
from 15% with 0.28 kg-ha! a.i. applied
POST at the 6- to 8-leaf stage of
red beet development to 33% with
0.07 kg-ha™* a.i. applied at the 10- to
12-leaf stage in the acifluorfen-treated
plots. These two acifluorfen treatments
were the only ones that exhibited signifi-
cant differences in weed cover through-
out the trial (data not shown).

Powell amaranth control was sig-
nificantly influenced by application
rate and timing (Table 3), but not by
the interaction between the two main
effects. Averaged across the early and
later application timings, acifluorfen at
0.28 kg-ha ! a.i. provided 96%, 89%,
and 86% control of Powell amaranth
at 1 WAT, 3 WAT, and harvest, respec-
tively. Powell amaranth control with
0.14 kg-ha' a.i. acifluorfen ranged
from 89% at 1 WAT to 81% at harvest.

630

Significantly lower levels of control
(68%—-82%) were observed across all
rating dates when acifluorfen was ap-
plied at the lowest rate of 0.07 kg-ha !
a.i. When averaged across all acifluor-
fen rates, applications made during the
6- to 8-leaf red beet development stage
provided superior Powell amaranth con-
trol at both 1 WAT (94%) and 3 WAT
(87%) compared with applications
made at the 10- to 12-leaf stage (84%
and 79%). At harvest, Powell amaranth
control did not differ between the two
application timings, with a mean con-
trol rating of 78%.

Previous field studies have shown
81% to 96% control of Palmer ama-
ranth, redroot pigweed (Amaran-
thus retroflexus L.), tumble pigweed
(Amaranthus albus 1.), and water-
hemp 21 d after a POST application
of acifluorfen at 0.28 kg-ha™* ai. (Mayo
et al. 1995; Sweat et al. 1998). Bishop
et al. (1996) reported that acifluorfen
applied at 0.45 kg-ha™' a.i. at the two-
leat” growth stage of Powell amaranth
provided complete control of the spe-
cies in green beans. Split applications of
0.22 kg-ha™! a.i. at both the two- and
four-leaf stages of Powell amaranth de-
velopment were also effective. Peters
et al. (2021, 2022, 2023) found that
acifluorfen at 0.28 kgha ' ai. effec-
tively controlled waterhemp, with the
ideal timing for control occurring
when plants had a height less than
5 to 10 cm. Recent studies from On-
tario suggest that acifluorfen pro-
vided only 64% and 37% control of
Powell amaranth at 2 WAT and 4 WAT,
respectively, following a POST applica-
tion at 0.60 kg-ha ' a.i. (Aicklen et al.
2022). Reduced efficacy against Pow-
ell amaranth in Ontario likely resulted
from acifluorfen applications to plants
with 6 to 13 leaves, exceeding the op-
timal growth stage for treatment. In
the 2021 trial, Powell amaranth was
less than 5 cm tall when red beets
were at the 6- to 8-leaf developmen-
tal stage. Conversely, Powell ama-
ranth reached 10 to 20 cm in height
when red beets were at the 10- to 12-
leaf stage of development, which likely
resulted in the lower levels of control
observed for the later application timing.
Furthermore, continued Powell ama-
ranth emergence following the break-
down of plant residual herbicides also
contributed to the reductions in control
observed over time. Unlike waterhemp,
Palmer amaranth, and redroot pigweed,

which developed PPO inhibitor resis-
tance in the United States in 2001,
2011, and 2022, respectively (Heap
2025), resistance to PPO-inhibiting
herbicides has not been confirmed in
Powell amaranth.

The management of common
ragweed was also significantly affected
by application rate and timing (Table 3),
although the control levels were consid-
erably lower than those observed for
Powell amaranth. When averaged across
application timings, the 0.28 kg-ha ! a.i.
rate provided 50%, 34%, and 22% con-
trol of common ragweed at 1 WAT, 3
WAT, and harvest, respectively. The
0.14 kg:ha ' ai. rate resulted in 46%
control at 1 WAT, but decreased to
20% by harvest. The lowest tested rate
(0.07 kg-ha ' ai.) provided the least
control of common ragweed, ranging
from 16% to 40%. Like Powell ama-
ranth, common ragweed control was
greater at 1 WAT and 3 WAT (48%
and 40%, respectively) when acifluorfen
was applied at the 6- to 8-leaf red beet
stage of development compared with
the 10- to 12-leaf stage (43% and 18%).
At harvest, common ragweed control
did not differ between the two applica-
tion timings, with an average control
rating of 18%.

Poor common ragweed control
compared with Powell amaranth may
be attributed to the limited efficacy
of PRE applications of S-metolachlor
and ethofumesate against ragweed, as
well as its earlier emergence and more
advanced growth stage at the time of
acifluorfen application. For example,
while most weeds across the trial site
were 1 to 5 cm tall at the early appli-
cation timing and 10 to 20 c¢m tall at
the later application timing, some com-
mon ragweed plants exceeded these
heights, likely leading to reduced man-
agement success (Sosnoskie LM, per-
sonal observation). Ritter and Coble
(1984 ) demonstrated =92% control of
common ragweed 2 WAT with aci-
fluorfen at 0.40 or 0.60 kgha ! ai.
applied to 2- to 4-week-old plants, but
only 72% and 30% control when ap-
plied to 6- and 8-week-old plants, re-
spectively. Lee and Oliver (1982)
reported =85% control of velvetleaf
(Abutilon theophrasti Medik.), entireleaf
morningglory (Ipomoen hederacen Jacq.),
and common cocklebur at 2 WAT when
acifluorfen was applied at 0.30 kg-ha '
ai. to weeds at the two-leaf stage. How-
ever, control dropped to =30% when
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Table 3. Powell amaranth (Amaranthus powellii) and common ragweed (Ambrosia artemisiifolia) control in response to aci-

fluorfen rate and timing of application at Cornell AgriTech, NY, USA, in 2021.

Powell amaranth

Common ragweed

1 WATH 3 WAT Harvest 1 WAT 3 WAT Harvest
Treatment % of UTC
Acifluorfen rate (kg-ha™' ai.)’
0.07 82 ¢ 74 b 68 ¢ 40 b 24 b 16 b
0.14 89 b 85 a 81b 46 ab 29 ab 20 ab
0.28 96 a 89 a 86 a 50 a 34 a 22 a
P <0.0001 <0.0001 <0.0001 0.0091 0.0030 0.0356
Crop stage
6- to 8-leaf" 94 a 87 a 77 48 a 40 a 20
10- to 12-leaf 84 b 79 b 79 43 b 18 b 18
P <0.0001 <0.0001 0.2039 0.0447 <0.0001 0.2162

1 kg-ha™' = 0.8921 Ib/acre.

i 6- to 8-leaf and 10- to 12-leaf applications were made on 9 and 21 Jul 2021, respectively.
"Means followed by the same letter in a column are not significantly different based on Tukey’s honestly significant difference test (e = 0.05). Data from control plots

were not included in the analysis.

UTC = control not treated with acifluorfen; WAT = weeks after treatment.

the same treatment was applied at the
6- to 8-leaf stage.

Cror INJURY. Necrosis data were
only collected in 2021, because no
substantial leaf injury occurred in
2022. Red beet crop injury was signif-
icantly influenced by both acifluorfen
rate and application timing (Table 4),
but not their interaction. Leaf necrosis
severity increased with the acifluorfen
rate, with 0.28 kg-ha ! a.i. causing
significantly greater leaf loss (46%,
31%, and 12% at 1 WAT, 3 WAT,
and harvest, respectively) compared
with 0.14 kg-ha™' ai. (35%, 29%,
and 9%) and 0.07 kg-ha™' a.i. (26%,
23%, and 8%). Application timing
also affected necrotic injury, with ap-
plications at the earlier 6- to 8-leaf

stage causing more damage (58%,
48%, and 19% at 1 WAT, 3 WAT,
and harvest, respectively) than those
at the 10- to 12-leaf stage (13%,
8%, and 0%).

Similar patterns emerged for the
leaf discoloration symptoms. Injury
increased with the application rate.
At 1 WAT, discoloration was 45%,
35%, and 27% for the 0.28, 0.14,
and 0.07 kg-ha™! a.i. acifluorfen rates,
respectively. At 3 WAT, discoloration
decreased to 23%, 19%, and 15%, re-
spectively. By harvest, discoloration
ranged from 4% (0.07 kg-ha™' a.i.)
to 7% (0.28 kg-ha™' a.i.). Early ap-
plication (6- to 8-leaf stage) resulted
in significantly more leaf discolor-
ation at 1 WAT (47%) compared with

application at the 10- to 12-leaf stage
(21%). Discoloration at 3 WAT was
not significantly affected by application
timing. At harvest, the pattern re-
versed, with later applications show-
ing slightly more leat” discoloration
(7%) than earlier applications (4%).
Environmental conditions signifi-
cantly influence injury severity from
PPO-inhibiting herbicides. Lower RH
during application in 2022 compared
with that in 2021, particularly at the 6-
to 8-leaf stage, may explain the absence
of necrosis in response to acifluorfen.
Within 72 h of the 6- to 8-leaf stage
application, RH =90% totaled 41 h
in 2021 compared with no more
than 12 h in 2022. Studies by Ritter
and Coble (1981) and Wichert et al.

Table 4. ‘Ruby Queen’ red beet leaf necrosis and discoloration in response to the acifluorfen rate and timing of application

at Cornell AgriTech, NY, USA, in 2021 and 2022, and Hall, NY, USA, in 2022.

Necrosist Discoloration
1 WAT 3 WAT Harvest 1 WAT 3 WAT Harvest
Treatment % of UTC
Acifluorfen rate (kg-ha™! a.i.)’ _
0.07 26V ¢ 23 b 8b 27 b 15 b 4b
0.14 35b 29 a 9 ab 35 ab 19 ab 6 ab
0.28 46 a 3la 12 a 45 a 23 a 7 a
P <0.0001 0.0088 0.0416 0.0006 0.0004 0.0325
Crop stage
6- to 8-leaf™ 58 a 48 a 19 a 47 a 20 4b
10- to 12-leaf 13 b 8b 0b 21b 18 7 a
P <0.0001 <0.0001 <0.0001 <0.0001 0.1260 0.0005

1 kg-ha ! = 0.8921 Ib/acre.

i Necrosis data reported are for 2021 only because no necrosis was observed in 2022.

i 6- and 8-leaf and 10- and 12-leaf applications were made on 9 and 21 Jul 2021, respectively, on 11 Jun (Hall) and 15 Jun 2022 (Cornell AgriTech), and on 29 Jun
(Hall) and 5 Jul 2022 (Cornell AgriTech), respectively.

¥ Means followed by the same letter in a column are not significantly different based on based on Tukey’s honestly significant difference test (o« = 0.05). Data from con-
trol plots were not included in the analysis.

UTC = control not treated with acifluorfen; WAT = weeks after treatment.

Horflechnology *+ October 2025 35(5) 631

/0 ¥7/0U-Aq/sasua9l|/B10 suowwooaAleald//:sdny (/0 7/0u-Aq/sesuadl|/B10° suowwooaAleald//:sdyy) asual|
JN-Ag DD 9y} Japun pajnguisip ajoie ssaooe uado ue s siy] '$se00y uadQ BIA | Z-80-GZ0Z 18 /w09 Alojoejqnd poid-awnid-ylewssyem-jpd-awiid//:sdpy wod papeojumoq



(1992) demonstrated that RH affects
acifluorfen weed control performance,
with higher humidity enhancing injury
potential. Ritter and Coble (1981)
found that acifluorfen applied at 0.30
or 0.60 kg-ha ! ai. caused greater dry
weight reduction in common cocklebur
and common ragweed under high (85%)
RH than under low (50%) RH; using
C-labeled acifluorfen, they demon-
strated higher absorption and translo-
cation in common cocklebur 2 WAT
under high RH compared with that
under low RH, with diurnal /nocturnal
temperatures of 32°C/22°C. Wi-
chert et al. (1992) found that decreas-
ing RH from 85% to 50% reduced
acifluorfen (0.28 or 0.56 kg-ha ' a.i.)
efficacy on pitted morningglory (Ipo-
moea lacunosa 1..) and entireleaf mor-
ningglory 2 WAT, with control rates
of 52% and 34%, respectively, com-
pared with 93% and 69%, respectively,
under high RH. Similarly, acifluorfen
at 0.10 kg-ha™" ai. was less toxic to
showy crotalaria (Crotalaria spectabilis
Roth) at 40% RH than at 100%, and at
18°C than at 27°C or 35°C (Wills
and McWhorter, 1981).

CRrOP STUNTING. Red beet stunt-
ing following acifluorfen application
was significantly affected by both ap-
plication rate and timing (Table 5),
but not their interaction. Stunting se-
verity increased with the acifluorfen
rate, with 0.28 kg-ha ' a.i. causing
significantly more injury at 1 WAT
(34%) compared with 0.14 kg-ha ™' a.i.
(22%) and 0.07 kg-ha ' ai. (18%).
This pattern persisted at 3 WAT, with
stunting of 26%, 18%, and 10% for the

0.28, 0.14, and 0.07 kg-ha™" a.i. rates,
respectively. By harvest, differences
among rates were no longer signifi-
cant, with stunting ranging from 4% to
6%. Application timing also affected
stunting. Applications at the 6- to 8-
leat’ stage resulted in more injury
(42%, 30%, and 10% at 1 WAT, 3
WAT, and harvest, respectively) than
applications at the 10- to 12-leaf
stage (7%, 6%, and 1%, respectively).
The longer crop growing period
in 2022, with harvest occurring 20 d
later than that in 2021, likely provided
red beets with additional time to re-
cover from acifluorfen-caused dam-
age. This extended recovery period
may explain why damage symptoms
observed earlier in the season were no
longer apparent at harvest in 2022.
Boyer et al. (2011) reported that pea-
nut crops recovered completely from
foliar necrosis 28 d after treatment, but
canopy closure was delayed by 10 d
when acifluorfen (0.42 kg-ha™' a.i.) or
lactofen (0.21 kg-ha™" a.i.) was applied
4 weeks after planting. Applications at
8 or 10 weeks after planting resulted in
delays of only 3 d or less. Similarly, aci-
fluorfen applied at 0.56 kg-ha ! a.i. to
soybean at the V2 stage (28 d after
planting) caused 14% crop injury 2 WAT
and delayed soybean reaching 80%
groundcover by 5 d compared with a
nontreated weed-free control (Priess
et al. 2020). Although the delay in
soybean canopy closure did not impact
yield, the authors hypothesized that
delayed groundcover allows sunlight
to reach the soil surface longer during the
growing season, potentially promoting

Table 5. ‘Ruby Queen’ red beet stunting in response to acifluorfen rate and tim-
ing of application at Cornell AgriTech, Geneva, NY, USA, in 2021 and 2022,

and Hall, NY, USA, in 2022.

1 WAT 3 WAT Harvest
Treatment % of UTC
Acifluorfen rate (kg-ha™' a.i.)!
0.07 18 b 10 ¢ 4
0.14 22b 18 b 6
0.28 34 a 26 a 6
P <0.0001 <0.0001 0.4298
Crop stage
6- to 8-leaf" 42 a 30 a 10 a
10- to 12-leaf 7 b 6b 1b
P <0.0001 <0.0001 <0.0001

1 kg-ha™! = 0.8921 Ib/acre.

i6- to 8-leaf and 10- to 12-leaf applications were made on 9 and 21 Jul 2021, respectively, on 11 Jun (Hall)
and 15 Jun 2022 (Cornell AgriTech), and on 29 Jun (Hall) and 5 Jul 2022 (Cornell AgriTech), respectively.
il Means followed by the same letter in a column are not significantly different based on Tukey’s honestly sig-
nificant difference test (a = 0.05). Data from control plots were not included in the analysis.

UTC = control not treated with acifluorfen; WAT = weeks after treatment.
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late-season weed germination and ne-
cessitating an additional POST herbi-
cide application.

CROP LEAF BIOMASS ROOT YIELD.
Leaf biomass data, which were only
collected in 2021, showed no signifi-
cant differences among acifluorfen
rates (Table 6), with values ranging
from 73% of the control at the lowest
rate tested (0.07 kg-ha™! a.i.) to 62%
at the highest rate (0.28 kg-ha ! a.i.).
Conversely, application timing had a
substantial impact on leaf biomass,
with applications at the early growth
stage (6- to 8-leaf stage) resulting in
significantly reduced leaf biomass (47%
of the control) compared with applica-
tions at the 10- to 12-leaf stage (89%
of the control). Reductions in leaf bio-
mass accumulation at harvest follow-
ing acifluorfen applications at the6-
to 8-leaf red beet stage of develop-
ment were directly related to herbi-
cide damage, which resulted in leaf
loss and crop stunting. This damage
was exacerbated by prevailing weather
conditions. In contrast, direct herbi-
cide injury was less severe for applica-
tions made at the 10- to 12-leaf stage;
however, subsequent Popillia beetle
infestation likely influenced leaf bio-
mass measurements at harvest. In 2021,
Popillin beetles infested the research
farm late in the season, following
acifluorfen applications at the 10- to
12-leaf stage (Fig. 1). Differential
injury was observed across the trial.
The severity of red beet injury was
not correlated with the herbicide ap-
plication rate, but it was significantly
influenced by the application timing
(data not shown). Feeding damage
was most severe in recently treated
red beets (10- to 12-leaf application
timing), with injury ratings ranging
from 2.4 to 2.6 on our assessment
scale. In contrast, plots treated earlier
at the 6- to 8-leaf stage exhibited sig-
nificantly less insect damage, with rat-
ings ranging from 0.5 to 0.75. The
control had a comparable injury rating
of 0.6. The mechanisms facilitating Po-
pillia herbivory at the 10- to 12-leaf
stage are unknown.

Vigorous beet foliage is essential
for supporting beet root development.
Herbicide-induced leaf tissue loss can
inhibit root development as plants re-
direct resources toward regenerating
aboveground biomass. With respect to
red beet root biomass, applications of
acifluorfen at the 6- to 8-leaf stage
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Table 6. ‘Ruby Queen’ red beet leaf and total root biomass at harvest in re-
sponse to acifluorfen rate and timing of application at Cornell AgriTech, NY,
USA, in 2021 and 2022, and Hall, NY, USA, in 2022.

Total root yield

Leaf biomass” 2021 2022
Treatment % of UTCH
Acifluorfen rate (kg-ha™! a.i.)t
0.07 73 53 92
0.14 68 48 84
0.28 62 49 81
P 0.2488 0.6331 0.2869
Crop stage
6- to 8-leaf™ 47° b 27 b 80 b
10- to 12-leaf 89 a 72 a 91 a
P <0.0001 <0.0001 0.0412

1 kg-ha ! = 0.8921 Ib/acre.

i Leaf biomass data reported are for 2021 only because no data were collected in 2022.

i UTC refers to the control not treated with acifluorfen. UTC leaf biomass and root yield in 2021 were 2.43
and 1.38 kg-m ! of the row, respectively, while root yield in 2022 averaged 4.36 kg-m " of the row.

¥6- to 8-leaf and 10- to 12-leaf applications were made on 9 and 21 Jul 2021, respectively, 11 Jun (Hall) and
15 Jun 2022 (Cornell AgriTech), and 29 Jun (Hall) and 5 Jul 2022 (Cornell AgriTech), respectively.

Y Means followed by the same letter in a column are not significantly different based on Tukey’s honestly sig-

nificant difference test (a = 0.05).

resulted in significantly lower yields
(—72% relative to the control) com-
pared with applications at the 10- to
12-leaf stage (—28%) in 2021. The
same trend was observed for 2022,
although the impacts of acifluorfen
applications on root yields were not as
severe. In 2022, applications at the 6-

to 8-leaf stage caused greater biomass
reduction (—20% relative to the con-
trol) than applications at the 10- to
12-leaf stage (—9%). The unfavorable
weather conditions in 2021 necessi-
tated harvesting beets 20 d earlier than
in 2022 relative to seeding date. This
shortened growing period likely

Fig. 1. Popillia japonica damage to ‘Ruby Queen’ red beet that has been treated
with acifluorfen (left) compared with the control (right).
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limited recovery time from the greater
acifluorfen-induced foliage injury when
applied at the 6- to 8-leaf stage. In
contrast, the extended growing pe-
riod in 2022 may have allowed suffi-
cient time for plants to recover from
injury, particularly because no leaf
necrosis was observed in 2022.

Weed management in red beet
production is challenged by a limited
number of herbicide options, most with
narrow control spectra, requiring multi-
ple POST applications at reduced rates
to ensure crop safety. The currently reg-
istered POST herbicides provide inade-
quate control of pigweeds, which are
particularly problematic weed species.
While PRE herbicides like cycloate and
S-metolachlor provide some suppres-
sion, their efficacy is short-lived, necessi-
tating additional in-season control.
Acifluorfen, a PPO inhibitor, has shown
promise for POST pigweed control in
sugar beets and is currently used under
Section 18 Emergency Exemptions in
several states. However, its potential for
crop injury, especially when applied at
carlier growth stages, warrants careful
evaluation. This study aimed to assess
the efficacy and crop safety of acifluor-
fen in red beet production, with results
showing that although red beets can re-
cover from early-season stunting, appli-
cations at the 10- to 12-leaf stage at
rates up to 0.28 kg-ha™! a.i. cause less
crop damage while maintaining effec-
tive (>80%) pigweed control. These
later applications may provide a safer
option for integrating acifluorfen into
red beet weed management programs.
However, growing conditions across
study years strongly influenced aci-
fluorfen safety in red beet. In 2021,
above-average rainfall created stress
conditions that increased acifluorfen
injury and inhibited red beet recov-
ery, particularly in plots treated at
the 6- to 8-leaf growth stage, result-
ing in significant yield reductions. In
contrast, more favorable growing con-
ditions in 2022 allowed for improved
crop recovery, resulting in noticeably
reduced injury symptoms and minimal
yield losses. Our trial demonstrated
effective control of Powell amaranth
using acifluorfen; however, common
ragweed was poorly managed. To fully
understand the utility of acifluorfen in
red beet production, further evaluation
under a broader spectrum of weed
species is necessary. Additionally, more re-
search is necessary to better characterize
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the environmental conditions that in-
fluence crop vigor and recovery poten-
tial following herbicide application.
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