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Abstract: PPO-inhibiting herbicides in combination with glyphosate for postemergence applications
is a common approach to manage glyphosate- and ALS-inhibitor-resistant weeds. PPO-inhibitors
can reduce glyphosate translocation when applied in tank-mixtures, but adjuvants may be used to
overcome this effect. Additionally, optimal droplet size may be affected by tank-mixtures of different
herbicides and it can be crucial to herbicide efficacy. Field and greenhouse studies were conducted
to investigate the impact of nozzle selection and adjuvants on weed control and interactions when
applying PPO-inhibitors (fomesafen or lactofen) alone or in tank-mixture with glyphosate to five
weed species using six nozzle types. Ultra-coarse droplets were just as effective as medium droplets
regardless of the spray solution, but have a lower likelihood of off-target movement. Tank-mixtures
applied were consistently antagonistic to common lambsquarters, horseweed, and Palmer amaranth.
Only fomesafen was antagonistic to kochia whereas synergistic interactions were observed when
glyphosate plus lactofen were applied in combination with COC, DRA + COC, or NIS. Separate
applications are advisable with herbicide- and weed-specific situations to avoid antagonism, which is
necessary to achieve optimum weed control and maintain the effectiveness of PPO-inhibitors. Future
research should continue to look at these important interactions across a wide range of weed species.

Keywords: air inclusion nozzle; crop oil concentrate; drift reducing adjuvant; methylated seed oil;
non-air inclusion nozzle; non-ionic surfactant; soybeans

1. Introduction

Glyphosate is the most widely used non-selective herbicide worldwide due to its excel-
lent efficacy, low toxicity, and unique mode-of-action (inhibits the enzyme 5-enolpyruvyl-
shikimate-3-phosphate synthase; EPSPS) [1]. The repeated use of glyphosate has created a
single selection pressure on weed populations [2], increasing the occurrence of glyphosate-
resistant (GR) weeds. Amongst them, resistant populations of Palmer amaranth [Ama-
ranthus palmeri S. Watson], kochia [Bassia scoparia (L.) A. J. Scott.], common lambsquarters
(Chenopodium album L.), and horseweed [Erigeron canadensis L.] (four of the ten most trou-
blesome weeds in broadleaf crops) [3] have been reported in the United States [4]. EPSPS-,
acetolactate synthase (ALS)-, and protoporphyrinogen oxidase (PPO)-inhibiting herbi-
cides are the primary three postemergence (POST) herbicide sites-of-action to manage
broadleaf weeds in a glyphosate-tolerant (GT) only soybean production system. Many
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weeds, including the aforementioned species, have also been confirmed to be resistant to
ALS-inhibiting herbicides [4].

Although the use of different traits which confers soybean tolerance to different
herbicides is an option to manage GR weeds in soybean, the use of dicamba or 2,4-D traits
for POST applications face an uncertain future as large areas of sensitive vegetation have
been injured in the past few years as result of off-target movement [5]. Repeated exposure
to sublethal doses of dicamba and 2,4-D has resulted in many weed species with evolved
resistance [6–8]. It is important to maximize the effectiveness of PPO-inhibiting herbicides
to manage problematic broadleaf weeds in GT only and conventional soybean systems
when resistance to both glyphosate and ALS-inhibiting herbicides is present in the field.

PPO-inhibiting herbicides have many advantages such as low toxicity, low effective
rates, quick onset of action, long residual effect, and activity against both monocotyle-
don and dicotyledon weeds [9]. In addition, resistance to PPO-inhibiting herbicides has
been slow to evolve with only thirteen weed species worldwide and four weed species
in the US [4]. PPO-inhibiting herbicides applied in tank-mixture with glyphosate for
POST applications is a common approach to manage GR weed populations and delay
the evolution of herbicide resistance. However, antagonistic interactions to specific weed
species have been reported in literature when those herbicides were applied in combina-
tion [10–12]. Glyphosate activity is often antagonized by fast-acting herbicides such as
glufosinate and several PPO-inhibiting herbicides [13] because contact herbicides can limit
glyphosate translocation [12].

Additive and antagonistic interactions have been reported in literature to occur more
often than synergistic interactions when glyphosate is applied in tank-mixture with other
herbicides [13]. Furthermore, tank-mixture effectiveness may be reduced when mixtures
do not show similar efficacy [14]. Adjuvants such as surfactants and oil concentrates are
used in tank-mixtures or pre-mixtures with foliar-applied herbicides to enhance herbicide
activity [15] or modify the action of herbicides [16] as well as to increase spray droplet
retention on leaf surface and penetration of herbicide active ingredient through the cu-
ticle [17]. Furthermore, they have been reported to potentially overcome antagonism
between two herbicides [17,18]. Previous research has shown that the performance of
adjuvants is dependent on the herbicide being applied, the plant species targeted, and
environmental conditions [19,20].

In addition, spray application factors such as nozzle selection play a crucial role in
spray performance [21–23]. Smaller droplets from XR (extended range) flat fan nozzle have
been reported to be more effective than larger droplets when applying POST herbicides at
a constant carrier volume [24]. In contrast, no differences in control were observed when
fomesafen or lactofen were applied to different weed species using XR or air-induction (AI)
nozzles [25,26]. Although non-air inclusion flat fan nozzles provide more coverage than air
inclusion flat fan nozzles, recent research has shown that herbicide efficacy is not solely
affected by droplet size. Herbicide efficacy is highly dependent on nozzle type, nozzle
orifice size, spray operating pressure, carrier volume, adjuvants, herbicides, weed size,
weed species, and environmental conditions [21,22,26–30].

Spray applications are a complex process and studies showing nozzle selection by
tank-mixture interactions on herbicide efficacy and weed control are crucial to assure
effective and sustainable weed management recommendations. Field and greenhouse
studies were conducted including multiple nozzle designs, herbicide treatments with
or without adjuvants on single or herbicide tank-mixtures to investigate the following
objectives: (1) determine the impact of nozzle selection on weed control when systemic
and contact herbicides are used in tank-mixtures, (2) evaluate the response of several
weed species to glyphosate and PPO-inhibiting herbicides (fomesafen or lactofen) applied
alone or in combination, (3) determine the type of interaction (additive, synergistic, or
antagonistic) when these herbicides were applied in tank-mixtures, and (4) determine the
impact of adjuvants on the type of interaction when tank-mixtures were used.
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2. Materials and Methods
2.1. Experimental Design and Establishment
2.1.1. Field Studies

Study location, GPS coordinates, application date, weather conditions during applica-
tion, weed densities, and weed heights are summarized in Table 1. Two field experiments
were established in a fallow environment infested with Palmer amaranth during the sum-
mer of 2016. The experiment at each location was arranged in a randomized complete
block design with factorial arrangement of treatments with four replications. Treatments
were arranged in a five by three factorial plus a nontreated control consisting of five spray
solutions and three nozzle types (Table 2). Spray treatments consisted of POST applications
of glyphosate (Roundup PowerMax®, Monsanto Company, St Louis, MO 63167, USA) at
1260 g ae ha−1, fomesafen (Flexstar®, Syngenta Crop Protection, Greensboro, NC 27419,
USA) at 130 g ai ha−1, or lactofen (Cobra®, Valent USA Corporation, Walnut Creek, CA
94596, USA) at 220 g ai ha−1 alone and glyphosate in tank-mixture with either fomesafen
or lactofen. Liquid ammonium sulfate (Bronc®, Wilbur-Ellis Company, Fresno, CA 64596,
USA) at 2.5% v/v was added to all treatments and crop oil concentrate-COC (R.O.C®,
Wilbur-Ellis Company, Fresno, CA 64596, USA) at 1% v/v was used in all treatments, except
for glyphosate applied alone. Herbicide treatments were applied using a CO2 sprayer
mounted to a Bobcat 3400 UTV (Bobcat Company, West Fargo, ND 58078, USA) equipped
with a four-nozzle boom with nozzles spaced 50 cm apart and 50 cm above the plants
delivering 187 L ha−1 at 276 kPa at speed of 9.6 kph.

Table 1. Description of the locations used to evaluate the response of Palmer amaranth to glyphosate
and PPO-inhibiting herbicides (fomesafen or lactofen) applied alone or in tank-mixtures.

Parameters
Field Experiments

Site 1 Site 2

City Beaver City, Nebraska Beaver City, Nebraska
GPS coordinates 40.16◦ N, 99.91◦ W 40.13◦ N, 99.88◦ W
Application date 30 June 2016 6 July 2016
Temperature (◦C) 28 33

Relative humidity (%) 50 45
Weed density (plants m−2) 50–70 60–80

Weed height (cm) 58 31
Soil type Ulysses silt loam Holdrege silt loam

2.1.2. Greenhouse Studies

Greenhouse experiments were conducted at the Pesticide Application Technology
Laboratory (PAT Lab) located at the West Central Research and Extension Center in North
Platte, NE, during 2016 and 2017. Seeds from putative glyphosate-susceptible (GS) popu-
lations of common lambsquarters and sorghum [Sorghum bicolor (L.) Moench ssp. bicolor]
and GR populations of horseweed (ED50 of 639 g ae ha−1 based on dry biomass, collected
at 40.01◦ N, W95.44◦ W) [31] and kochia (ED50 of 1608 g ae ha−1 based on dry biomass,
collected at 41.16◦ N, W101.99◦ W) [31] were used in both years. Although sorghum is
not considered a weedy species, it was selected because it is representative of other grass
weed species due to its similarity in biology and morphology and was easier to cultivate in
the greenhouse.

For the greenhouse experiment conducted in 2016, plants were seeded between June
and July and grown in D40H cone-tainer cells (Stuewe and Sons, Inc., Corvallis, OR 97389,
USA) filled with Berger BM7 Bark Mix (Berger.ca, Saint-Modeste, QC Gol 3W0, USA),
which is a growing medium limed to 5.5 to 6.5 pH. Plants were watered with overhead irri-
gation as needed and fertilized weekly by watering with 1:500 ratio injected 10-4-3 fertilizer
(Nature’s Source® Professional Plant Food, Ball Food, Ball DPF, LLC Sherman, TX 75090,
USA). The greenhouse was maintained at a daytime temperature between 25–30 ◦C and a
nighttime temperature between 16–24 ◦C. No supplemental lighting was used. Common
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lambsquarters and kochia plants were treated with Bacillus thurigiensis (Thuricide®, Bonide
Products, Inc., Oriskany, NY 13424, USA) to avoid Trichoplusia ni (Cabbage looper). For
the greenhouse experiment conducted in 2017, plants were seeded between May and July
and grown in the same D40H cone-tainer cells filled with Pro-Mix BX (Premier Tech Horti-
culture Ltd., Rivière-du-Loup, QC G5R 6C1, Canada) general purpose growing medium.
Plants were overhead irrigated and fertilized daily with a commercial fertilizer (Wilbur-
Ellis Agribusiness, 3300 South Parker Road, Suite 500, Aurora, CO 80014, USA) blended
with water at 0.2% v/v. The greenhouse was maintained at a daytime temperature between
26–30 ◦C and a nighttime temperature between 18–23 ◦C. LED growth lights (Philips Light-
ing Holding B.V., Somerset, NJ 08873, USA) at 520 µmol s−1 were used as supplemental
lighting 8-h per day. Plants were treated with Bacillus thuringiensis (DiPel®, Valent, 1600,
Riviera Avenue, Suite 200, Walnut Creek, CA 94596, USA); in addition, common lamb-
squaters and kochia plants were treated with a second Bacillus thuringiensis (Thuricide®) to
avoid Trichoplusia ni (Cabbage looper).

Both greenhouse experiments were arranged as a randomized complete block design
with factorial arrangements of treatments. Each experiment had five replications for each
species and two independent experimental runs. Herbicide treatments were applied to
10–15 cm plants height and to 10 cm diameter horseweed rosettes. Spray herbicide appli-
cations were made using a three-nozzle research track sprayer (DeVries Manufacturing,
Hollandale, MN 56045, USA) with nozzles spaced 50 cm apart and 50 cm above the plants,
meeting the manufacturers’ boom height recommendation to ensure appropriate spray
pattern uniformity, delivering 187 L ha−1 at 276 kPa at a speed of 9.6 kph.

For the greenhouse experiment conducted in 2016, the treatments were arranged in
a fivebysix factorial plus a nontreated control consisting of five spray solutions and six
nozzle types (Table 2). Spray treatments consisted of POST applications using glyphosate
(Roundup PowerMax®) at 630 g ae ha−1, fomesafen (Flexstar®) at 65 g ai ha−1, or lactofen
(Cobra®) at 110 g ai ha−1 alone and glyphosate in tank-mixture with either fomesafen or
lactofen. Liquid ammonium sulfate (Bronc®) at 2.5% v/v was added to all treatments and
COC (R.O.C®) at 1% v/v was used in all treatments, except for glyphosate applied alone.
For the greenhouse experiment conducted in 2017, the treatments were arranged in a ten
by two factorial plus a nontreated control consisting of ten spray solutions and two nozzle
types (Table 2). Spray treatments consisted of POST applications of glyphosate (Roundup
PowerMax®) at 630 g ae ha−1 or lactofen (Cobra®) at 110 g ai ha−1 alone, lactofen at
110 g ai ha−1 with the adjuvants COC at 1% v/v, drift retardant adjuvant-DRA (IntactTM,
Precision Laboratories LLC, Waukegan, IL 60085, USA) at 0.5% v/v, methylated seed oil-
MSO (High Load®, Wilbur-Ellis Company, Fresno, CA 6459, USA) at 1% v/v, or non-ionic
surfactant-NIS (R-11®, Wilbur-Ellis Company, Fresno, CA 64596, USA) at 0.25% v/v, and
herbicides applied in tank-mixture with each of the adjuvants aforementioned. Liquid
ammonium sulfate (Bronc®) at 2.5% v/v was added to all treatments. COC was added to
the tank-mixture when DRA was used. Half-labeled rates of herbicides were used for the
greenhouse studies to avoid complete plant death to be able to account for differences
among treatments.

Table 2. Nozzle selection used in the field and/or greenhouse experiments as classified by their manufacturer and the spray
droplet classification category in accordance with ASABE S572.1. guidelines.

Experiment Common Name Nozzle Type a Droplet Size
Classification b,c Manufacturer

Field; Greenhouse
2016/2017 Extended Range XR M Teejet Technologies, Spraying Systems Co.,

Wheaton, IL 62703

Field; Greenhouse 2016 Air-Induction Extended AIXR XC Teejet Technologies, Spraying Systems Co.,
Wheaton, IL 62703

Greenhouse 2016 GuardianAIR GA C Pentair Hypro, New Brighton, MN 55112
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Table 2. Cont.

Experiment Common Name Nozzle Type a Droplet Size
Classification b,c Manufacturer

Greenhouse 2016 TurboDrop® XL TDXL VC Greenleaf Technologies, Covington,
LA 70434

Greenhouse 2016 Ultra Lo-Drift ULD UC Pentair Hypro, New Brighton, MN 55112

Field; Greenhouse
2016/2017 Turbo Teejet® Induction TTI UC Teejet Technologies, Spraying Systems Co.,

Wheaton, IL 62703
a The listed nozzle types were all orifice size “04” with a manufacturer-rated angle of 110◦ except for ULD nozzles that were 120. b Based
on water at 40 psi. c Abbreviations: M = Medium, C = Coarse, VC = Very Coarse, XC = Extremely Coarse, and UC = Ultra Coarse.

2.2. Data Collection
2.2.1. Field Studies

After the plants were treated, percent of Palmer amaranth control evaluations based
on visual estimations of injury were collected at 28 days after treatment (DAT) using a scale
of 0 to 100%, with 0% being no herbicidal damage and 100% being complete plant death.

2.2.2. Greenhouse Studies

Treated plants were clipped at the soil surface at 28 DAT and placed in a dryer at
65 ◦C until plants reached a constant mass. Dry biomass was recorded and converted into
percent biomass reduction using Equation (1):

100 −
(

X ∗ 100
Y

)
(1)

where X is the biomass of an individual experimental unit after being treated and Y is the
mean biomass of the nontreated control replicates. Hereafter, percent of biomass reduction
will be referred to as percent of control.

2.3. Tank-Mixture Interaction

Percent of weed control can be predicted using the responses of herbicides applied
singularly [30]. After applications, observed responses based on the biomass reduction at
28 DAT from herbicides applied alone were used to calculate the expected responses of
applied in tank-mixtures. Expected responses were only calculated for greenhouse studies
since dry biomass was not collected for field studies. Colby’s equation was used to obtain
the expected percent of control responses when herbicides were applied in tank-mixtures
and to describe the type of interaction [32]. If E is the expected response as a percent
of control using two herbicides in tank-mixture (A + B), and X and Y are the observed
responses as a percent of control when herbicide (A or B) was applied alone, then, according
to Colby:

E = 100 − (100 − X) ∗ (100 − Y)
100

(2)

2.4. Statistical Analyses

Data from field and greenhouse studies were subjected to ANOVA using R software
(R Foundation for Statistical Computing, Wien, Austria) with mean separations made
at α = 0.05 level using Fisher’s protected LSD test and the Tukey post-hoc test. For the
greenhouse experiments conducted either in 2016 or 2017, each species was analyzed
separately. A significant run by treatment interaction was not observed for each plant
species within a year; therefore, data were pooled over experimental runs and spray
solution and nozzle selection were analyzed as fixed effects while replication (block) was
considered a random effect. For field experiments, spray solution and nozzle selection
were analyzed as fixed effects whereas block was analyzed as a random effect, data were
pooled over across locations because of lack of significant run by treatment interaction.
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A t-test was performed to compare observed and expected responses to determine the
statistical significance of the differences between them using the following equation [33]:

t =
(m̂ − A)

s(m̂)
(3)

where: m̂ = the expected value; A = the observed value; and s(m̂) = the standard error of
the mean.

Using this formula, the level of significance of t (p) could be determined to classify
the type of interaction. When the observed percent control from the tank-mixture was
less than, equivalent to, or greater than the expected percent control, the response was
considered antagonistic, additive, or synergistic, respectively.

3. Results
3.1. Nozzle Selection

No interaction between spray solution and nozzle was observed in the field study for
Palmer amaranth control at 28 DAT (Supplementary Materials Table S1) or for sorghum,
common lambsquarters, horseweed, and kochia control at 28 DAT from the greenhouse
study conducted in 2016 (Supplementary Materials Table S2). Similarly, no interaction
between spray solution and nozzle was observed for sorghum, common lambsquarters,
horseweed, and kochia control at 28 DAT from the greenhouse study conducted in 2017
(Supplementary Materials Table S3). Although the main effect of nozzle was significant
for kochia control from the greenhouse study containing adjuvants conducted in 2017
(Supplementary Materials Table S3), applications using the XR nozzle were 5% greater than
the TTI (Supplementary Materials Table S4). Nozzles used in this study produced droplet
size classifications ranging from Medium to Ultra Coarse according to their manufacturer
catalogs (Table 2).

3.2. Percent of Control by Plant Species

The main effect of spray solution was significant for Palmer amaranth from the
field study conducted in 2016 (Supplementary Materials Table S1). Percent of Palmer
amaranth control to treatments of glyphosate and PPO-inhibiting herbicides (fomesafen
or lactofen) applied alone and in tank-mixtures at 28 DAT are shown in Figure 1. These
field populations had not been screened for herbicide resistance, but it is likely there was
only a low level of glyphosate resistance [34]. Therefore, the application of glyphosate
alone resulted in the greatest control (74%). When applied in combination with fomesafen,
control decreased to 61% but there was no difference in control when lactofen was used in
tank-mixture with glyphosate. Applications of PPO-inhibiting herbicides alone resulted in
the lowest control with 33% for fomesafen and 42% for lactofen.

The main effect of the spray solution was significant for sorghum, common lambsquar-
ters, horseweed, and kochia from the greenhouse study conducted in 2016 (Supplementary
Materials Table S2; Figure 2). Applications of glyphosate alone resulted in the greatest
control of common lambsquarters and sorghum (98 and 93%, respectively) and the lowest
control of horseweed and kochia (27 and 19%, respectively) as the latter species were GR
populations. When glyphosate was applied in tank-mixture with either PPO herbicide,
control of sorghum and common lambsquarters was not different. Lactofen alone provided
the greatest control of horseweed (53%) but when applied in tank-mixture with glyphosate,
the control was reduced (42%). No differences were observed when fomesafen was applied
alone or in combination with glyphosate to horseweed. The greatest kochia control (93%)
was observed when lactofen was applied in combination with glyphosate, but it was not
different compared to lactofen applied alone (92%). Differences in control of sorghum
and kochia were not observed when using applications of fomesafen or lactofen alone. In
contrast, fomesafen applied alone to common lambsquarters and horseweed resulted in
10% greater and 14% lower control, respectively, compared to lactofen.
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Figure 1. Percent of Palmer amaranth control based on visual estimations of injury at 28 DAT treated
with different herbicide tank-mixtures averaged across nozzle types evaluated from a field study
conducted in 2016. Bars with same letter do not differ using Tukey post-hoc test at α = 0.05.

Figure 2. Percent of (a) sorghum, (b) common lambsquarters, (c) horseweed, and (d) kochia control
based on dry biomass at 28 DAT treated with different herbicide tank-mixtures averaged across
nozzle types evaluated from a greenhouse study conducted in 2016. Bars with same letter do not
differ using Tukey post-hoc test at α = 0.05.

The main effect of spray solution was significant for sorghum, common lambsquarters,
horseweed, and kochia from the greenhouse study conducted in 2017 (Supplementary
Materials Table S3). Percent of control to applications of glyphosate and lactofen applied
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alone and in tank-mixtures with or without the adjuvants COC, DRA plus COC, MSO,
or NIS at 28 DAT are shown in Figure 3. No differences were observed when glyphosate
was applied alone or in tank-mixture with lactofen plus any adjuvant for sorghum control.
Lactofen applied in combination with adjuvants did not improve sorghum control com-
pared to lactofen applied alone, except for the spray solution lactofen plus DRA plus COC.
In contrast, glyphosate applied in combination with lactofen plus an adjuvant reduced
common lambsquarters control by a minimum of 19% compared to glyphosate applied
alone, except for the tank-mixture containing NIS. In addition, no differences were ob-
served when lactofen was applied alone or in combination with any of the adjuvants. For
horseweed, no differences were observed for glyphosate or lactofen applied alone resulting
in the lowest controls with 30% and 36%, respectively. Improved control was observed
when lactofen was applied in combination with COC, DRA plus COC, or MSO compared
to lactofen alone. In contrast, no differences were observed when applying lactofen alone
or in combination with NIS. Greatest horseweed control was observed when glyphosate
was applied in tank-mixture with lactofen plus DRA plus COC with 60%, but it was not
different from the tank-mixtures (glyphosate plus lactofen) containing either COC only
(55%) or MSO (53%). For kochia, the lowest control was observed when glyphosate was
applied alone (7%) followed by lactofen applied alone (44%). Spray solutions of lactofen
plus an adjuvant or glyphosate in tank mixture with lactofen plus an adjuvant improved
kochia control (>78%).

Figure 3. Percent of (a) sorghum, (b) common lambsquarters, (c) horseweed, and (d) kochia control
based on dry biomass at 28 DAT treated with different herbicide tank-mixtures as affected by the
addition of different adjuvants and averaged over nozzle types evaluated from a greenhouse study
conducted in 2017. Bars with same letter do not differ using Tukey post-hoc test at α = 0.05.
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3.3. Tank Mixture Interactions

In the field experiments, glyphosate in tank-mixture with either PPO-inhibiting herbi-
cide reduced Palmer amaranth control compared to glyphosate alone. Tank-mixtures con-
taining fomesafen reduced the control from 74% to 61% (Figure 1) compared to glyphosate
alone suggesting that glyphosate was antagonized by fomesafen.

Observed and expected responses and the type of interaction calculated for the tank-
mixtures used in the greenhouse study conducted in 2016 are summarized in Table 3. The
addition of fomesafen or lactofen into the tank-mixture did not improve the control of
sorghum or common lambsquarters compared to glyphosate applied alone and antagonistic
interactions were observed for both species. Differences among responses (observed and
expected) were minimal regardless of which PPO-inhibiting herbicide was applied to
sorghum. This is likely to occur because of the extremely high observed responses for
glyphosate alone (99% sorghum control) and limitations when using Colby’s equation
to predict responses. In contrast, differences were present for horseweed as observed
responses were less than the expected by 18% and 24% for the tank-mixtures, including
fomesafen or lactofen, respectively. An antagonistic interaction was observed for fomesafen
applied in tank-mixture with glyphosate for kochia control (11% less control), whereas an
additive interaction was observed for lactofen applied in the tank-mixture.

Table 3. Interaction of glyphosate plus fomesafen or lactofen based on dry biomass in glyphosate-susceptible populations
of sorghum and common lambsquarters and glyphosate-resistant populations of horseweed and kochia from a greenhouse
study conducted in 2016.

Species Herbicide Observed Response Expected Response a t-Value p b Interaction
————— % ————–

Sorghum Fomesafen 97 99 14.82 <0.0001 Antagonistic
Lactofen 97 99 15.25 <0.0001 Antagonistic

Common lambsquarters Fomesafen 90 98 5.86 <0.0001 Antagonistic
Lactofen 89 97 6.23 <0.0001 Antagonistic

Horseweed Fomesafen 37 55 9.57 <0.0001 Antagonistic
Lactofen 42 66 9.40 <0.0001 Antagonistic

Kochia Fomesafen 77 88 3.88 <0.0001 Antagonistic
Lactofen 93 93 0.99 <0.0001 Additive

a Expected responses calculated according to Colby model. b Level of significance of p.

Observed and expected responses and the type of interaction calculated for the tank-
mixtures containing adjuvants used in the greenhouse conducted in 2017 are summarized
in Table 4. For sorghum, antagonistic interactions were observed when glyphosate was
applied in tank-mixture with lactofen plus COC or MSO whereas additive interactions
were observed when glyphosate was applied in tank-mixture with lactofen plus DRA plus
COC or NIS. No differences among treatments were observed as explained previously.
In contrast, observed responses of common lambsquarters were less than the expected
by 29, 29, 30, and 11% when glyphosate was applied in tank-mixture with lactofen plus
COC, DRA plus COC, MSO, or NIS, respectively, resulting in antagonistic interactions.
Likewise, antagonistic interactions were observed regardless of the spray solution applied
to horseweed with 7, 4, 11, and 15% reductions when glyphosate was applied in tank-
mixture with lactofen plus COC, DRA plus COC, MSO, or NIS, respectively. For kochia,
there was no antagonistic interactions observed. Applications of glyphosate in tank-
mixture with lactofen plus COC, DRA plus COC, or NIS resulted in synergistic interactions
for kochia control, whereas an additive interaction was observed when glyphosate in
tank-mixture with lactofen plus MSO was used.
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Table 4. Interaction of glyphosate plus lactofen influenced by the addition of different adjuvants based on dry biomass
in glyphosate-susceptible populations of sorghum and common lambsquarters and glyphosate-resistant populations of
horseweed and kochia from a greenhouse study conducted in 2017.

Species Adjuvant Observed Response Expected Response a t- Value p b Interaction
————— % ————–

Sorghum COC 96 99 5.03 <0.0001 Antagonistic
DRA + COC 96 99 1.39 0.173 Additive

MSO 97 99 3.30 0.002 Antagonistic
NIS 99 99 0.12 0.898 Additive

Common lambsquarters COC 63 92 13.81 <0.0001 Antagonistic
DRA + COC 65 94 15.43 <0.0001 Antagonistic

MSO 64 94 23.44 <0.0001 Antagonistic
NIS 82 93 10.57 <0.0001 Antagonistic

Horseweed COC 55 62 4.63 <0.0001 Antagonistic
DRA + COC 60 64 2.61 0.013 Antagonistic

MSO 53 64 4.84 <0.0001 Antagonistic
NIS 45 60 7.05 <0.0001 Antagonistic

Kochia COC 88 85 3.27 0.002 Synergistic
DRA + COC 84 73 3.22 0.003 Synergistic

MSO 79 80 0.18 0.859 Additive
NIS 85 79 6.94 <0.0001 Synergistic

a Expected responses calculated according to Colby model. b Level of significance of p.

4. Discussion

Consistent results across field and greenhouse experiments showed that nozzle selec-
tion (and thereby, droplet size) was not the major contributing factor on herbicide efficacy,
as similar results were observed regardless of the nozzle being used. Smaller droplets
from non-air inclusion nozzles for POST herbicide applications at a constant volume have
been reported to be more effective than larger droplets [24]. In contrast, many studies
have reported no differences in weed control regarding droplet size when PPO-inhibiting
herbicides [11,25,26,28,35] were applied to several weed species. Conflicting results found
in the literature shows that herbicide efficacy is not solely dependent on droplet size.
Differences in control are related to nozzle type, carrier volume, herbicide, and weed
species [21,22,26–28,30], showing the complexity of optimizing pesticide applications.

In general, less control was observed when using applications of fomesafen alone
compared to lactofen alone (except for common lambsquarters). Observations from this
research using fomesafen versus lactofen have been consistent with other findings. For
example, less control was reported using fomesafen at 280 g ha−1 compared to lactofen at
213 g ha−1 in four pigweed species across two locations at 21 DAT [36]. Higher fomesafen
rates have been reported to increase the control of Palmer amaranth [37] and common
waterhemp [38]. For instance, Bond et al. [39] reported 96% Palmer amaranth control based
on visual ratings at 21 DAT using fomesafen at 420 g ha−1 when plants were 15 cm.

Very large Palmer amaranth plants as well as high densities present at both locations
where field studies were conducted likely caused reduced efficacy of the herbicide applica-
tions. Whitaker et al. [40] reported 100% control at 30 DAT with glyphosate at 1000 g ha−1

when Palmer amaranth was between 10 and 15 cm tall. In contrast, Gower et al. [41]
reported reduced weed control, including pigweed species, from 94 to 79% when plants
were 10 and 30 cm tall, respectively, with a single glyphosate application at 840 g ha−1 at
14 to 21 DAT. Palmer amaranth control using applications of PPO-inhibiting herbicides
is dependent on weed height and environmental conditions showing poor control with
plants >10 cm tall [42]. Berger et al. [25] reported reduced Palmer amaranth control with
lactofen at 210 g ha−1 as weed height increased.

Tank-mixture interactions were consistent across greenhouse experiments support-
ing the hypothesis that glyphosate is antagonized by either PPO-inhibiting herbicide
when applied to Palmer amaranth plants in the field. Similarly, combinations of several
PPO-inhibiting herbicides in tank-mixtures with glyphosate were antagonized on several
broadleaf weeds [10,12,13,28]. Interestingly, antagonism was only observed in kochia when
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glyphosate was in tank-mixture with fomesafen. Adding COC, DRA plus COC, or NIS
to the glyphosate plus lactofen tank-mixture improved the control of kochia resulting in
synergistic interactions. Likewise, the addition of NIS to the glyphosate plus lactofen
tank-mixture increased common lambsquarters control. Although interaction remained
classified as antagonistic, greater than 80% control was observed with no differences when
compared to glyphosate applied alone. Additive and antagonistic herbicide interactions
have been reported in literature to occur more often than synergistic interactions when
glyphosate is applied in tank-mixture with other herbicides [13]. Observations from this
research are in consensus with Kammler et al. [43], who observed that the antagonism was
weed species- and adjuvant-specific.

Based on these results, it would be advisable to apply glyphosate and fomesafen
separately for weed species such as common lambsquarters, horseweed, kochia, and Palmer
amaranth. Glyphosate and lactofen should also be applied separately for weed species such
as common lambsquarters, horseweed, and Palmer amaranth but for other weed species
such as kochia they may be tank-mixed to save an additional application. To effectively
address this issue, future research should continue to look at these important interactions
across a wide range of weed species and spray application techniques. The herbicide
application method using separate booms may avoid glyphosate being antagonized by
PPO-inhibitors as it could reduce the antagonism of grass weed control when using acetyl-
CoA carboxylase (ACCase)-inhibiting herbicides in combination with glyphosate or auxinic
herbicides [44].

5. Conclusions

Nozzles that produce larger droplets can be used effectively without compromis-
ing herbicidal efficacy at rates and carrier volumes used in this study to control Palmer
amaranth, sorghum, common lambsquarters, horseweed, and kochia. Spraying contact her-
bicides (fomesafen or lactofen) with ultra coarse droplets was just as effective as medium
droplets. These larger droplet producing nozzles will reduce the likelihood of off-target
movement. None of the POST applications using the herbicides alone or in tank-mixtures
provided Palmer amaranth control of 90% or more at 28 DAT. Glyphosate and PPO-
inhibiting herbicides (fomesafen or lactofen) in tank-mixture had antagonism on Palmer
amaranth control. Glyphosate and PPO-inhibiting herbicides in tank-mixtures applied
with or without adjuvants consistently had antagonism on common lambsquarters and
horseweed. The potential of adjuvants to overcome antagonistic interactions was de-
pendent on the weed species. Avoiding antagonism of glyphosate and PPO-inhibiting
herbicides is necessary to achieve optimum weed control and to maintain the effectiveness
of these herbicides.

Supplementary Materials: The following are available at https://www.mdpi.com/article/10.339
0/agronomy11040754/s1, Table S1: ANOVA probability values for spray solution, nozzle, and
interaction between spray solution and nozzle with respect to visual estimations of injury of Palmer
amaranth at 28 DAT following applications of glyphosate, lactofen and fomesafen alone or in tank-
mixtures from a field study conducted in 2016, Table S2: ANOVA probability values for spray solution,
nozzle, and interaction between spray solution and nozzle with respect to dry biomass reduction
of sorghum, common lambsquarters, horseweed and kochia at 28 DAT following applications of
glyphosate, lactofen and fomesafen alone or in tank-mixtures from a greenhouse study conducted
in 2016, Table S3: ANOVA probability values for spray solution, nozzle, and interaction between
spray solution and nozzle with respect to dry biomass reduction of sorghum, common lambsquarters,
horseweed and kochia at 28 DAT following applications of glyphosate or lactofen alone, lactofen
with COC, DRA plus COC, MSO, or NIS or glyphosate in tank-mixture with lactofen plus each of the
adjuvants previously mentioned from a greenhouse study conducted in 2017, Table S4: Percent of
control of plants species based on dry weights according to the nozzle type used from the greenhouse
experiment conducted in 2017.
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