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Abstract

A prepackaged mixture of desmedipham þ phenmedipham was previously labeled for control
of Amaranthus spp. in sugarbeet. Currently, there are no effective POST herbicide options to
control glyphosate-resistant Palmer amaranth in sugarbeet. Sugarbeet growers are interested in
using desmedipham þ phenmedipham to control escaped Palmer amaranth. In 2019, a green-
house experiment was initiated near Scottsbluff, NE, to determine the selectivity of desmedip-
ham and phenmedipham between Palmer amaranth and sugarbeet. Three populations of
Palmer amaranth and four sugarbeet hybrids were evaluated. Herbicide treatments consisted
of desmedipham and phenmedipham applied singly or as mixtures at an equivalent rate.
Herbicides were applied when Palmer amaranth and sugarbeet were at the cotyledon stage,
or two true-leaf sugarbeet stage andwhen Palmer amaranth was 7 cm tall. The selectivity indices
for desmedipham, phenmedipham, and desmedipham þ phenmedipham were 1.61, 2.47, and
3.05, respectively, at the cotyledon stage. At the two true-leaf application stage, the highest rates
of desmedipham and phenmedipham were associated with low mortality rates in sugarbeet,
resulting in a failed response of death. The highest rates of desmedipham þ phenmedipham
caused a death response of sugarbeet; the selectivity index was 2.15. Desmedipham treatments
resulted in lower LD50 estimates for Palmer amaranth compared to phenmedipham, indicating
that desmedipham can provide greater levels of control for Palmer amaranth. However,
desmedipham also caused greater injury in sugarbeet, producing lower LD50 estimates com-
pared to phenmedipham. Desmedipham þ phenmedipham provided 90% or greater control
of cotyledon-size Palmer amaranth at a labeled rate but also caused high levels of sugarbeet
injury. Neither desmedipham, phenmedipham, nor desmedipham þ phenmedipham was
able to control 7-cm tall Palmer amaranth at previously labeled rates. Results indicate that
desmediphamþ phenmedipham can only control Palmer amaranth if applied at the cotyledon
stage and a high level of sugarbeet injury is acceptable.

Introduction

Sugarbeet is considered a poor competitor with weeds, compared to corn (Zea mays L.) and
soybean (Glycine max L. Merr.), due to its low stature and relatively slow growth rate.
Consequently, weed competition is considered one of the most limiting factors in sugarbeet
production (Dawson 1965; Zimdahl and Fertig 1967). It is estimated that without effective weed
control, sugarbeet yield in North America would be reduced by 70% (Soltani et al. 2018).
By comparison, yield of corn and soybean would be expected to be reduced 50% without
effective weed control (Soltani et al. 2016, 2017).

Desmedipham and phenmedipham are photosystem II inhibitors in the phenylcarbamate
family (WSSA Site of Action Group 5). Desmedipham and phenmedipham were used exten-
sively for POST weed control in sugarbeet before the development and commercial cultivation
of glyphosate-resistant sugarbeet. These herbicides provide selective weed control because,
compared to susceptible weed species, sugarbeet exhibits rapid metabolism of desmedipham
and phenmedipham (Hendrick et al. 1974). Desmedipham, marketed as the product Betanex®
(Bayer CropScience, Research Triangle Park, NC) (Anonymous 2010), was primarily
used for control of redroot pigweed (Amaranthus retroflexus L.) (Eshel et al. 1976) because
phenmedipham was not effective (Hendrick et al. 1974). A prepackaged mixture of
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desmedipham þ phenmedipham became available in 1982 for
POST weed control (Dexter 1994), registered as the product
Betamix® (Bayer CropScience) (Anonymous 2011). U.S. registra-
tion for the products Betamix and Betanex was cancelled in
2014 (EPA 2014).

Desmedipham þ phenmedipham effectively controls the
annual broadleaf species redroot pigweed, common lambsquarters
(Chenopodium album L.), and hairy nightshade (Solanum
sarrachoides Sendtn.) (Anonymous 2011), while improving crop
safety in comparison to POST application of desmedipham
(Dexter 1994). However, even with improved crop safety of desme-
diphamþ phenmedipham, application was known to cause injury
in sugarbeet (Dexter 1994; Weinlaeder and Dexter 1972) and
reduce yield (Starke et al. 1996; Wilson 1999).

A split-rate application program was developed in an effort
to reduce sugarbeet injury, using a half rate of desmedipham þ
phenmedipham, followed by a second application 5–7 d later
(Dexter 1994). The split-rate program provided greater control
of redroot pigweed and reduced sugarbeet injury compared to
applying a full rate of desmedipham þ phenmedipham in a single
POST application (Dexter 1994). The split-rate program was
additionally modified into a “microrate” program, which involved
the further lowering of herbicide rates to allow up to three sequen-
tial POST applications (Dale et al. 2006). The microrate program
later included the herbicides ethofumesate, triflusulfuron, and
clopyralid in addition to desmedipham þ phenmedipham (Dale
et al. 2006). The microrate program was widely used in sugarbeet
production regions of North Dakota and Minnesota (Dexter and
Luecke 1998).

Weed management was intensive with the aforementioned
herbicides combined in a microrate program, and sugarbeet injury
was expected even with multiple applications at regular intervals
(Morishita 2017). Not surprisingly, adoption of glyphosate-
resistant sugarbeet was rapid once it became commercially
available in 2007 (Khan 2010; Morishita 2017). Glyphosate
provided excellent control of annual broadleaf species in sugarbeet,
such as kochia [Bassia scoparia (L.) A.J. Scott], common lambs-
quarters, and redroot pigweed (Knezevic et al. 2020). POST
applications of glyphosate in glyphosate-resistant sugarbeet
increased weed control, reduced crop injury, and presented cost
savings compared with other herbicide options, including desme-
dipham þ phenmedipham (Kniss et al. 2004; Morishita 2017;
Wilson et al. 2002). Since the introduction of glyphosate-resistant
sugarbeet, 99% of sugarbeet acreage in the United States is planted
to glyphosate-resistant sugarbeet for weed control (Fernandez-
Cornejo et al. 2016).

Glyphosate-resistant sugarbeet technology has been highly
successful and, as a result, the Betamix and Betanex product regis-
trations have expired, leaving only clopyralid, triflusulfuron, and
glyphosate as registered POST broadleaf weed control products
available in sugarbeet. Long-chain fatty acid–inhibiting herbicides
(Group 15) are labeled for POST application in sugarbeet, but due
to crop safety concerns, can only be applied after sugarbeet reaches
two true leaves. Ethofumesate (Group 16) and cycloate (Group 8)
are labeled for PRE application in sugarbeet but have little activity
on Amaranthus spp. (Kniss and Lawrence 2020). There are
no labeled herbicides that are available to control broadleaf weeds
that emerge between planting and the two true leaf stage and that
are resistant or have reduced susceptibility to glyphosate, triflusul-
furon, and clopyralid.

Glyphosate-resistant Palmer amaranth is becoming widespread
in the sugarbeet production regions of western Nebraska and

eastern Colorado (Vieira et al. 2017). Palmer amaranth is a
dioecious species, native to the southwestern United States and
Mexico (Sauer 1957). It is particularly troublesome in crop produc-
tion due to its ability to emerge for a long time during the growing
season (Jha and Norsworthy 2009). Palmer amaranth achieves
optimum germination at fluctuating soil temperatures above
20 C and emerges rapidly in comparison with other Amaranthus
species (Steckel et al. 2004). Palmer amaranth is a highly competi-
tive weed species because of its rapid rate of growth (Jha et al. 2008)
and prolific seed production (Chahal et al. 2015; Ward et al. 2013).
Palmer amaranth is resistant to glyphosate in many areas of the
United States (Chahal et al. 2017; Culpepper et al. 2006; Vieira
et al. 2017), which greatly compromises weed control in sugarbeet
and threatens future production (Morishita 2017).

Multiple Amaranthus species have reduced sugarbeet root
yield, including Powell amaranth (A. powellii S. Watson)
(Schweizer and Lauridson 1985), Palmer amaranth (Schultz and
Lawrence, 2019), and redroot pigweed (Brimhall et al. 1965;
Heidari et al. 2007; Stebbing et al. 2000). Sugarbeet growers
in western Nebraska and eastern Colorado are searching for
alternative POST herbicides to control glyphosate-resistant
Palmer amaranth. Although combination desmedipham þ
phenmedipham is no longer labeled, sugarbeet growers have access
to leftover supplies and are trying to use this product as a rescue
treatment when glyphosate fails to control Palmer amaranth.
In rescue situations, Palmer amaranth is often 20–30 cm tall,
because several days will pass before a failed POST application
of glyphosate is noticed. Then a decision can be made to apply
desmedipham þ phenmedipham as a rescue treatment.
Desmedipham þ phenmedipham and desmedipham are labeled
to control Palmer amaranth when applied at the cotyledon stage,
but not when Palmer amaranth is larger. Dexter (1994) reported
the efficacy of desmedipham þ phenmedipham on Amaranthus
spp. depends on the size of the weeds at the time of application,
making this treatment a poor choice in a rescue situation.

Phenmedipham is available in the United States as the product
Spin-Aid® (Bayer CropScience), which is labeled in red beet (Beta
vulgaris L.) and spinach (Spinacia oleracea L.). However, phenme-
dipham is not registered in sugarbeet and is not labeled to control
Amaranthus spp. (Anonymous 2009).

The Betamix (desmedipham 274 g ai ha−1 þ phenmedipham
274 g ai ha−1) and Betanex (desmedipham 547 g ai ha−1) products
allow a maximum rate of 547 g ai ha−1 for application to sugarbeet
at the cotyledon and two true-leaf stages, whereas the rate is
increased to 820 g ai ha−1 when sugarbeet reaches four true leaves.
In a 2017 field experiment, researchers evaluated Palmer amaranth
control at various sizes with desmedipham þ phenmedipham in
a simulated rescue application. In this trial, desmedipham þ
phenmedipham applied POST at 547 g ai ha−1 resulted in poor
control of Palmer amaranth between 0.5 and 1.5 cm in height
and in a high level of sugarbeet injury (Beiermann et al. 2018).
Therefore, an experiment was initiated in 2019 to evaluate the
response of Palmer amaranth and sugarbeet to desmedipham
and phenmedipham in a greenhouse environment. The objectives
of this experiment were to (1) determine the selectivity of desme-
dipham and phenmedipham between Palmer amaranth and sugar-
beet at two distinct developmental stages, and (2) to determine the
weed control and crop safety contribution of desmedipham and
phenmedipham individually, within a formulated premixture of
desmedipham þ phenmedipham. Results from this experiment
may help growers understand the utility of desmedipham þ
phenmedipham applied as a rescue treatment, and the data may
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support label expansion of phenmedipham to include sugarbeet
or reregistration of desmedipham and desmedipham þ
phenmedipham in sugarbeet.

Materials and Methods

Site Description

A greenhouse experiment was conducted in 2019 at the University
of Nebraska Panhandle Research and Extension Center, located
near Scottsbluff, NE (41.89°N, 103.68°W). The first and second
runs of the experiment were planted on June 12 and August 8,
respectively. Palmer amaranth and sugarbeet were grown sepa-
rately in plastic square pots 9 cm wide and 8 cm deep (T.O.
Plastics, Clearwater, MN), and were filled with Sungro® potting
mix (Sungro Horticulture, Agawam, MA). The potting mix con-
tained no supplemental nutrients and was composed of 80% peat
moss and 20% perlite. Greenhouse temperatures were maintained
between 31 C (day) and 24 C (night). Supplemental lighting
(P.L. Lighting Systems Inc., Beamsville, Ontario, Canada) was used
to maintain a consistent photoperiod of 16 hours light and 8 hours
dark. Plants were hand watered once daily throughout the duration
of the experiments.

Treatment and Experimental Design

The experiment was laid out in a randomized complete block
design with six and four replications in the first and second run,
respectively. In the high-plains sugarbeet production region of
Colorado and Nebraska, Palmer amaranth first begins to emerge
approximately 1 wk before sugarbeet is planted (late April).
Early-season weed control, (from planting to the two true-leaf
stage of sugarbeet) is the most challenging time for control of
Palmer amaranth. Therefore, Palmer amaranth and sugarbeet were
planted at the same time in each run of the experiment to simulate
a difficult weed-control scenario and subsequently were thinned to
1 plant pot−1 within 2 d after emergence. Palmer amaranth seed
was treated with 5 mL of 0.1 M KNO3 solution to help ensure
adequate germination (Buhler and Hoffman 1999). Herbicide
treatments were applied with a Generation III Research sprayer
(DeVries Manufacturing, Hollandale, MN) equipped with an
8002 EVS TeeJet© nozzle (TeeJet Technologies, Wheaton, IL)
calibrated to deliver the equivalent of 140 L ha–1 spray solution.

Three Palmer amaranth accessions were evaluated in both
runs of the experiment: a local field population from Scottsbluff,
NE; a confirmed triazine-resistant population from south-central
Nebraska (Jhala et al. 2014); and a field population from Hays, KS.
The first run of the experiment included two sugarbeet varieties,
Crystal® W611NT GEM 100 and Beta® BTS 60RR27 Pro 50 (both
from Betaseed Inc., Shakopee, MN). In the second run of the
experiment, Beta BTS 60RR27 Pro 50 was used again along with
Hilleshog® H7-1 (Hilleshog Seeds, Longmont, CO) and a noncom-
mercial Hilleshog conventional variety.

The Betamix formulated premix of desmedipham (77.9 g ai L–1)þ
phenmedipham (77.9 g ai L–1) was applied at 274, 547, 1,090, and
2,190 g ai ha−1, corresponding to each individual component
being applied at 137, 274, 547, 1,090 g ai ha−1. Desmedipham and
phenmediphamwere applied individually as the formulated products
Betanex, and Spin-Aid, respectively, at 137, 274, 547, 1,090 g ai ha−1,
representing their equivalent individual rate in the Betamix product.

The second run of the experiment contained the same
treatments as the first, with the additional rates of 137 and
4,380 g ai ha−1 of Betamix and equivalent rates of desmedipham

and phenmedipham of 68 and 2,190 g ai ha−1. Herbicide treatments
were mixed with 1.5 % vol/vol methylated seed oil. The maximum
labeled field rate of Betamix (desmedipham 274 g ai ha−1 þ
phenmedipham 274 g ai ha−1) and Betanex (desmedipham
547 g ai ha−1) for application to the cotyledon and two true-leaf
stages of sugarbeet is 547 g ai ha−1. Treatments of 547 g ai ha−1

hereafter in this article are referred to as a field rate or 1× rate,
depending on context.

Treatments were applied at two separate timings on the basis of
the size of Palmer amaranth and growth stage of sugarbeet. At the
first application, both Palmer amaranth and sugarbeet were at the
cotyledon stage. Palmer amaranth was 2 cm tall and sugarbeet was
1.5 cm tall 4 d after emergence. At the second application, Palmer
amaranth was 7 cm tall and sugarbeet was 5 cm at the two true-leaf
stage 12 d after emergence. Palmer amaranth and sugarbeet were
treated together on the same day with the same treatmentmixtures.
Plants were not watered until the day after herbicide application to
ensure effective herbicide absorption.

Data Collection

Plant death was assessed as a binary response (alive or dead) 2 wk
after treatment. Treated plants failing to regrow after treatment
and lacking any green tissues were considered dead. After assessing
plant death, aboveground biomass of Palmer amaranth and sugar-
beet was harvested and oven dried for 72 h at 50 C before weighing.

Statistical Analysis

Data from each run of the experiment were analyzed separately.
Analysis was done with R software (R Core Team, 2019) by
nonlinear regression using the DRC package (Ritz et al. 2015).
Sugarbeet varieties responded similarly to all herbicide treatments,
as did Palmer amaranth accessions. Therefore, all sugarbeet
varieties were combined, and all Palmer amaranth accessions were
combined. Hereafter in this article, discussion of plant response
to herbicide treatments refers to either sugarbeet or Palmer
amaranth, but not individual varieties or accessions. Variety and
accessions were combined using nonlinear mixed-effects regres-
sion with the medrc package (Gerhard and Ritz, 2016). An LL.2
model was used for survival response, with sugarbeet variety
and Palmer amaranth accession added as random effects, as shown
in Equation 1:

f xð Þ ¼ 1
1þ exp b log xð Þ � log eð Þð Þð Þ [1]

Biomass data were also combined using the medrc package
(Gerhard and Ritz, 2016), and an LL.3 model was fit with variety
and accession as random effects, as shown in Equation 2:

f xð Þ ¼ cþ 1� c
1þ exp b log xð Þ � eð Þð Þ [2]

The selectivity index (SI) was calculated as described by Kniss and
Streibig (2018) by dividing the estimated ED10 of sugarbeet by the
ED90 of Palmer amaranth (Equation 3):

SI ¼ ED10½ �crop
ED90½ �weed [3]

The SI was only calculated using the mortality data and not
biomass data.
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Results and Discussion

Herbicide Dose-Response at Cotyledon Application Stage

Palmer amaranth response with desmedipham þ phenmedipham
resulted in an LD90 that was lower than a full labeled rate
(547 g ai ha−1) in both runs of the experiment, indicating an effec-
tive level of control (Table 1). Phenmedipham and desmedipham
treatments had LD90 values greater than the 1× field rate in the first
run of the experiment, indicating they did not provide effective
control (Table 1). However, the LD90 of both phenmedipham
and desmedipham was reduced in the second run of the experi-
ment, and they both provided effective Palmer amaranth control
at the 1× equivalent field rate (Table 1).

Phenmedipham was inconsistent in Palmer amaranth control.
Phenmedipham resulted in the highest LD50 and provided almost
50% Palmer amaranth control at the 1× rate in the first run of
the experiment. In the second run, phenmedipham provided effec-
tive Palmer amaranth control and resulted in a lower LD50 and
GR50, compared with desmedipham þ phenmedipham, and pro-
vided greater than 90% control at the 1× rate (Tables 1 and 2).
Desmedipham resulted in the lowest LD50 and GR50 for Palmer
amaranth in both runs of the experiment and provided the greatest
control efficacy compared with other treatments.

At the cotyledon stage, death was not observed in sugarbeet at
the highest rates of desmedipham or phenmedipham applied
alone, corresponding to a 2× field rate, in the first run of the experi-
ment. The additional increased 4× rate in the second run achieved
sugarbeet death and allowed for an LD50 to be calculated for all
herbicide treatments in sugarbeet. Sugarbeet response to desme-
diphamþ phenmedipham resulted in an LD10 above a labeled rate,
indicating crop safety (Table 1). Desmedipham caused the highest
mortality rate in sugarbeet, as evidenced by the lowest LD50

and GR50, in the second run of the experiment (Tables 1 and 2).
The LD50 for desmedipham is 612 g ai ha−1 (Table 1), relatively
close to the field rate of 547 g ai ha−1, indicating nearly 50%
mortality, which is an unacceptable level of crop injury.
Phenmedipham exhibited the greatest crop safety; it had the high-
est GR50 of sugarbeet in the first run, and the highest LD50 and a
similar GR50 to desmediphamþ phenmedipham in the second run
(Tables 1 and 2).

As a general trend, equivalent rates in the second run provided
better Palmer amaranth control than in the first run for desmedip-
ham and phenmedipham (Table 1). Although adding additional
rates in the second run improvedmodel fit, the increased sugarbeet
and Palmer amaranth injury observed between experiments may
be best explained by normal variation in herbicide response
observed from repeating experiments.

Desmedipham þ phenmedipham provided effective control of
cotyledon-sized Palmer amaranth in both runs of the experiment
at the 1× field rate (Figure 1). The individual desmedipham and
phenmedipham treatments controlled cotyledon Palmer amaranth
at the 1× rate in the second run of the experiment only (Figure 1).
Desmedipham þ phenmedipham provided greater consistency of
Palmer amaranth control and resulted in a similar LD50 for Palmer
amaranth in both runs (Table 1).

Desmedipham caused an unacceptable level of sugarbeet injury
at the 1× field rate, resulting in nearly 50% mortality (Figure 1).
The estimated LD10 for cotyledon sugarbeet treated with phenme-
dipham and desmedipham þ phenmedipham is greater than
the 1× field rate for both herbicides, indicating that a lowmortality
rate is expected from these treatments (Table 1). However, sugar-
beet injury was greater in the second run, indicated by reduced
LD50 and LD10 (Table 1). Desmedipham þ phenmedipham
showed themost potential for effective control of Palmer amaranth

Table 1. Parameter estimates and SEs of the two-parameter log-logistic model of survival of sugarbeet and Palmer amaranth treated at the cotyledon growth stage in
a greenhouse experiment in 2019.

Herbicide Runa

Sugarbeeta Palmer amarantha

b (SE)b LD50 (SE) LD10 (SE) b (SE) LD50 (SE) LD90 (SE) SIc

—————g ai ha−1————— ————g ai ha−1————

Desmedipham 1 — — — 0.6 (0.4) 19 (35) 663 (557) —

2 2.3 (0.7) 612 (110) 232 (62) 3.8 (1.1) 81 (12) 144 (37) 1.6
Phenmedipham 1 — — — 1.5 (0.4) 572 (90) 2,370 (1,008) —

2 2.5 (0.6) 1,665 (176) 681 (161) 2.9 (0.8) 129 (13) 275 (65) 2.5
Desmedipham þ phenmedipham 1 16.7 (14,883) 2,235 (40,139) 1,959 (191,356) 2.7 (1.2) 232 (97) 528 (133) 3.7

2 17.3 (112) 1,069 (140) 941 (900) 4.7 (0.9) 193 (16) 308 (37) 3.1

aPlant species and two separate experiment runs, modeled separately.
bAbbreviations: —, no response of model; b, slope; SI, selectivity index.
cSugarbeet LD10/Palmer amaranth LD90.

Table 2. Parameter estimates (b, d, and e) and SEs of the three-parameter log-logistic model for sugarbeet and Palmer amaranth biomass treated with desmedipham
and phenmedipham at the cotyledon stage in a greenhouse experiment in 2019.

Herbicide Runa

Sugarbeeta Palmer amarantha

b (SE)b d (SE) GR50 (SE) b (SE) d (SE) GR50 (SE)

g ai ha−1 g ai ha−1

Desmedipham 1 — — — 0.8 (0.5) 1.1 (0.04) 3.5 (4.8)
2 1.3 (0.3) 0.4 (0.05) 117 (24) 4.6 (5.9) 0.7 (0.03) 52 (19)

Phenmedipham 1 0.9 (0.4) 0.5 (0.05) 612 (172) 0.9 (0.3) 1.1 (0.07) 78 (35)
2 1.4 (0.3) 0.4 (0.05) 231 (40) 2.8 (0.8) 0.7 (0.04) 57.9 (7.6)

Desmedipham þ phenmedipham 1 1.4 (0.3) 0.5 (0.03) 591 (98) 3.2 (4) 1.1 (0.04) 131 (123)
2 1.6 (0.2) 0.4 (0.05) 239 (26) 4.9 (5) 0.7 (0.03) 111 (24)

aPlant species and two separate experiment runs, modeled separately.
bAbbreviations: —, no response of model; b, slope; d, upper limit; GR50, 50% biomass reduction.
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at the cotyledon stage; the combination provided consistent weed
control and improved crop safety, compared to desmedipham and
phenmedipham applied alone.

Herbicide Dose-Response at Two True-Leaf Application Stage

At the two true-leaf application timings, desmedipham and
phenmedipham did not cause significant death in sugarbeet at
the highest application rate in either run of the experiment
(Table 3). Desmedipham þ phenmedipham caused sugarbeet
death, but only when applied at rates far exceeding labeled guide-
lines (Table 3). The estimated LD50 and GR50 were considerably
lower in the first run compared to the second, which can be
partially attributed to the additional higher rate in the second
run improving model fit. The LD50 of both sugarbeet and Palmer
amaranth at the two true-leaf application was increased for all
herbicides compared with the cotyledon application timing.
This observation agrees with the conclusions of Dexter (1994)
andWeinlaeder and Dexter (1972) that both sugarbeet and redroot
pigweed gain tolerance to desmedipham and phenmedipham as
plants increase in size.

Desmedipham resulted in the lowest LD50 and GR50 of Palmer
amaranth (Tables 3 and 4). The higher efficacy of desmedipham to
control 7-cm tall Palmer amaranth follows the pattern of greater
efficacy observed with desmedipham when applied at the coty-
ledon stage. Desmedipham þ phenmedipham resulted in a higher
LD50 for Palmer amaranth than desmedipham (Table 3). The
1× field rate of desmedipham þ phenmedipham did not provide
effective Palmer amaranth control in either run of the experiment;
the highest level of control observed was near 50% (Figure 2).
Phenmedipham did not cause Palmer amaranth death in the first
run, and in the second run resulted in the highest estimated LD50

(Table 3). Phenmedipham applied at four times the equivalent of a
field rate only provided 50% Palmer amaranth control (Figure 2).

None of the herbicides provided effective control of 7-cm tall
Palmer amaranth at equivalent labeled field rates. Desmedipham
resulted in lower LD50 and lower GR50 values compared to
phenmedipham, indicating that desmedipham provides greater
efficacy in controlling Palmer amaranth, but desmedipham also
caused greater sugarbeet injury compared with phenmedipham
(Tables 3 and 4). Desmedipham contributed to more of the
observed weed control activity compared to phenmedipham in
the formulated Betamix product. The increased weed control
efficacy of desmedipham compared to phenmedipham has been
observed at the field level. Adbollahi and Ghadiri (2004) found

Figure 1. Survival of sugarbeet and Palmer amaranth treated at the cotyledon
stage 2 wk after desmedipham and phenmedipham were applied alone or together.
A two-parameter log-logistic model was used to determine the response. Horizontal
error bars represent the SE of the e parameter (LD50).

Table 3. Parameter estimates and SEs of the two-parameter log-logistic model of survival of sugarbeet and Palmer amaranth treated at the two true-leaf stage
and 7 cm height, respectively, in a greenhouse experiment in 2019.

Herbicide Runa

Sugarbeeta Palmer amarantha

b (SE)b LD50 (SE) LD10 (SE) b (SE) LD50 (SE) LD90 (SE) SIc

————g ai ha−1———— ————g ai ha−1————

Desmedipham 1 — — — 5 (1.6) 876 (163) 1,361 (320) —

2 — — — 2.4 (0.7) 331 (37) 813 (204) —

Phenmedipham 1 — — — — — — —

2 — — — 2.4 (0.9) 1,766 (251) 4,392 (1,637) —

Desmedipham þ phenmedipham 1 3.2 (1.1) 2,285 (821) 1,158 (427) 2.7 (0.6) 1,545 (141) 3,439 (726) 0.3
2 3.5 (1.2) 4,379 (316) 2,334 (494) 3.6 (1) 590 (49) 1,082 (190) 2.2

aPlant species and two separate experiment runs, modeled separately.
bAbbreviations: —, no response of model; b, slope; SI, selectivity index.
cSugarbeet LD10/Palmer amaranth LD90.
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the control of common lambsquarters and redroot pigweed
improved when desmedipham þ phenmedipham was applied,
compared with phenmedipham applied alone. Hendrick et al.
(1974) reported that redroot pigweed could metabolize phenme-
dipham at an accelerated rate compared to desmedipham, and a
similar mechanism may be responsible for the increased efficacy
of desmedipham compared to phenmedipham for control of
Palmer amaranth.

Selectivity

A selectivity index greater than 2 indicates there is potential selec-
tivity for a product to be used safely in a crop (Bartley 1993). At the
cotyledon application stage, all three herbicide treatments achieved
selectivity between Palmer amaranth and sugarbeet, meaning that
the rate estimated to cause 90% mortality in Palmer amaranth was
lower than the rate estimated to cause 10% mortality in sugarbeet.
Achieving selectivity in a controlled dose-response experiment
indicates there is potential for a field application of the herbicide
at specific rates that will cause acceptable control of a weed species
without excessive crop injury.

At the cotyledon application timing, desmedipham þ
phenmedipham had the highest calculated selectivity index
(3.7 to 3.1), whereas desmedipham had the lowest (1.6) (Table 1).
Palmer amaranth treated with desmedipham resulted in the lowest
LD90, indicating desmedipham can provide 90% Palmer amaranth
control at a lower rate than phenmedipham or desmedipham þ
phenmedipham (Table 1). However, sugarbeet treated with desme-
dipham resulted in a lower LD10 compared with other treatments,
reducing the selectivity (Table 1). Phenmedipham provided less
control of Palmer amaranth at equivalent rates to desmedipham
but resulted in a greater selectivity index (2.5), due to reduced
injury in sugarbeet, indicated by a higher LD10 (Table 1).

At the two true-leaf application timing, selectivity could only be
calculated for desmedipham þ phenmedipham, because an LD10

of sugarbeet could not be estimated for other treatments (Table 3).
Selectivity of desmedipham þ phenmedipham was not achieved
in the first run of the experiment between Palmer amaranth and
sugarbeet, and the resulting selectivity index was less than 1, which
indicates the application rate required to achieve control of
Palmer amaranth is greater than the rate causing 10% mortality
in sugarbeet (Table 3). In the second run of the experiment, the
selectivity index for desmedipham þ phenmedipham is 2.2
(Table 3). Although a value greater than 2 demonstrates potential
for use in the crop, an LD10 in sugarbeet and an LD90 in Palmer

Table 4. Parameter estimates (b, d, and e) and SEs of the three-parameter log-logistic model for sugarbeet and Palmer amaranth biomass treated with desmedipham
and phenmedipham at the two true-leaf sugarbeet growth stage in a dose-response experiment in 2019.

Herbicide Runa

Sugarbeeta Palmer amarantha

b (SE)b d (SE) GR50 (SE) b (SE) d (SE) GR50 (SE)

g ai ha−1 g ai ha−1

Desmedipham 1 0.5 (0.2) 1.3 (0.3) 257 (144) 1.1 (0.2) 2.3 (0.1) 216 (35)
2 1.3 (0.3) 0.6 (0.08) 930 (233) 1.7 (0.3) 1.6 (0.1) 62 (11)

Phenmedipham 1 0.8 (0.2) 1.3 (0.3) 914 (463) 1.4 (0.4) 2.4 (0.1) 980 (184)
2 1.8 (0.7) 0.6 (0.1) 1,415 (357) 0.6 (0.1) 1.6 (0.1) 163 (52)

Desmedipham þ phenmedipham 1 0.6 (0.2) 1.3 (0.3) 647 (310) 1.1 (0.2) 2.3 (0.1) 416 (71)
2 1.2 (0.3) 0.6 (0.1) 1,430 (347) 1.4 (0.2) 1.6 (0.1) 145 (19)

aPlant species and two separate experiment runs, modeled separately.
bAbbreviations: b, slope; d, upper limit; GR50, 50% biomass reduction.

Figure 2. Survival of sugarbeet at the two true-leaf stage and Palmer amaranth when
7 cm tall at 2 wk after desmedipham or phenmedipham were applied alone or
together. A two-parameter log-logistic model was used to determine the response.
Horizontal error bars represent the SE of the e parameter (LD50).
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amaranth were achieved at a use rate of 1,082 g ai ha−1, which is
twice the maximum labeled rate.

The selectivity of desmedipham þ phenmedipham at the two
true-leaf application was reduced compared with the cotyledon
application (Tables 1 and 3). The tolerance of sugarbeet to
desmediphamþ phenmediphamwas increased at the two true-leaf
stage compared to the cotyledon stage, as evidenced by the
increased LD50 and GR50. However, the tolerance of Palmer ama-
ranth to desmedipham þ phenmedipham also increased from the
cotyledon stage and required a higher rate to reach 90% mortality.
This increase in the rate required to control Palmer amaranth
reduced the range between rates that would selectively control
Palmer amaranth and not cause excessive injury in sugarbeet.

Practical Implications

The 1× rate of desmedipham þ phenmedipham controlled
Palmer amaranth and resulted in a low mortality rate in sugarbeet
when applied at the cotyledon stage (Figure 1). However, death
is not a complete indication of crop injury; growers applied
desmedipham þ phenmedipham knowing that substantial injury
would occur. Figure 3 shows desmedipham þ phenmedipham
applied to cotyledon sugarbeet 10 d after treatment. Sugarbeet
treated with the 1× labeled field rate had a high amount of foliar
injury and severe stunting compared to the nontreated control.
Sugarbeet treated with the 1× field rate were considered as surviv-
ing if they began regrowth; however, yield loss is expected from this
level of crop injury. The estimated GR50 for cotyledon sugarbeet
treated with desmediphamþ phenmediphamwas near the 1× field
rate in the first run and lower that the 1× field rate in the second

run, revealing the high amount of growth reduction and crop
injury caused (Table 3).

The potential for effective Palmer amaranth control at the two
true-leaf application was not evident, because none of the herbicide
treatments provided effective Palmer amaranth control without
risking unacceptable rates of plant mortality. The 1× rate of
desmedipham þ phenmedipham resulted in 50% Palmer
amaranth mortality, whereas the 1× desmedipham rate resulted
in 75% Palmer amaranth mortality (Figure 2), neither of which
is an acceptable level of control. The phenmedipham treatment
provided the poorest control of Palmer amaranth, as indicated
by the higher LD50 and GR50 values (Tables 3 and 4).

The level of sugarbeet injury sustained from the 1×
desmedipham þ phenmedipham treatment at the two true-leaf
application shows improved crop tolerance, in comparison to
the cotyledon stage (Figures 3 and 4). However, a labeled applica-
tion at two true leaves does cause crop injury without providing an
effective level of Palmer amaranth control. The maximum applica-
tion rate of desmedipham and desmedipham þ phenmedipham
increased to 820 g ai ha−1 when sugarbeet reached four true leaves;
however, the possibility of control at this rate is not evident on the
basis of the performance of equivalent applications to 7-cm tall
Palmer amaranth. Furthermore, Palmer amaranth that emerged
at the same time as sugarbeet would be taller than 7 cm when
the four true-leaf stage is reached, further diminishing control.

The lack of control achieved on 7-cm tall Palmer amaranth
reveals that the success of a rescue treatment with desmedipham,
phenmedipham, or desmedipham þ phenmedipham is not
possible even when applying rates exceeding label recommenda-
tions. In a rescue situation, Palmer amaranth will be 10–20 cm tall

Figure 3. Palmer amaranth and sugarbeet, treated with desmedipham þ phenmedipham at the cotyledon stage, 10 d after application. Plants are arranged starting with
nontreated control at the left, moving to the right up to the 8× rate.
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when glyphosate failure is identified and a rescue treatment can be
made. Anecdotally, growers in the Panhandle of Nebraska have
attempted late-season rescue treatments with desmedipham þ
phenmedipham at rates exceeding 1,457 g ai ha−1 and failed to
control glyphosate-resistant Palmer amaranth. There is potential
for desmedipham þ phenmedipham to control cotyledon-sized
Palmer amaranth. However, application timing would be highly
critical to the success of control, and growers would have to
accept the potential of a high level of crop injury. Desmedipham þ
phenmediphammay still be effective when used in a split application
or microrate program in which single application rates were reduced
to improve crop injury (Dale et al. 2006; Dexter 1994); however,
returning to such intensive weed management is likely unpalatable
after years of relying on glyphosate for broadleaf weed control in
sugarbeet.

Sugarbeet growers using desmedipham or phenmedipham in
any type of POST program will have to accept the increased crop
injury and herbicide cost compared to glyphosate (Kniss et al.
2004; Wilson 1999). Desmedipham and phenmedipham have lim-
ited utility for controlling Palmer amaranth in western Nebraska
and will not provide control of Palmer amaranth as a rescue
treatment. With desmedipham and phenmedipham no longer
labeled for US sugarbeet, there is a critical need for alternative
herbicides to control glyphosate-resistant weeds, especially early
in the season.
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