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Abstract

Recent research reported synergism between glufosinate plus very low rates of protoporphyri-
nogen oxidase (PPO)–inhibiting herbicides on select broadleaf weeds. Two field studies, each
consisting of four trials, were conducted in 2020 and 2021 in commercial fields with glyphosate-
resistant (GR) horseweed in Ontario, Canada. Study 1 evaluated GR horseweed control with
glufosinate plus five PPO inhibitors at 5% of the label rate; study 2 evaluated what dose of saflu-
fenacil is needed when co-applied with glufosinate to improve GR horseweed control. In study
1, glufosinate plus very low rates of PPO-inhibiting herbicides provided lowGR horseweed con-
trol. At site 1, despite the synergistic increase in GR horseweed control with saflufenacil (1.25 g
ai ha–1) plus glufosinate (300 g ai ha–1), the level of control did not exceed 42% at 2 and 4wk after
application (WAA); the interaction was additive at 8 WAA. The co-application of glufosinate
(300 g ai ha–1) with pyraflufen-ethyl (0.34 g ai ha–1), pyraflufen-ethyl/2,4-D (26.4 g ai ha–1),
flumioxazin (5.35 g ai ha–1), fomesafen (12 g ai ha–1), or sulfentrazone (7 g ai ha–1) resulted
in an additive interaction for GR horseweed control at 2, 4, and 8 WAA. However, glufosinate
plus pyraflufen-ethyl or sulfentrazone was antagonistic at 8 WAA. In study 2, similar doses of
saflufenacil were required for 50%, 80%, and 95% GR horseweed control whether glufosinate
was included in the mixture or not. Interactions between glufosinate (300 g ai ha–1) plus
saflufenacil at 1.56, 3.13, 6.25, and 12.5 g ai ha–1 were antagonistic at 2, 4, and 8 WAA at sites
1, 2, and 3; all other interactions were additive. The results of this research indicate there was
little to no benefit of adding very low rates of PPO-inhibiting herbicides to glufosinate to
improve GR horseweed control under field conditions.

Introduction

Horseweed is a weed commonly found in no-tillage crop production systems. Horseweed has an
elongated emergence period (Nandula et al. 2006), is a prolific seed producer (Bhowmik and
Bekech 1993; Davis et al. 2009), and produces wind-disseminated seeds that can move long
distances (Shields et al. 2006). Horseweed seed is nondormant and can germinate within
0.3 cm of the soil surface (Buhler and Owen 1997), which makes it well-adapted to
no-tillage crop production systems (Nandula et al. 2006). The ruderal nature of horseweed
allows it to colonize undisturbed land, including fields with reduced or no tillage, vineyards,
orchards, roadsides, or pastures (Weaver 2001). Horseweed emergence occurs primarily during
two periods: April to May or September to October in Ontario, Canada (Koger et al. 2005; Tozzi
and Van Acker 2014). Horseweed was the first broadleaf weed to evolve glyphosate resistance
(VanGessel 2001) and is among the top 10 most troublesome and common weeds found in
broadleaf crops in Canada and the United States (VanWychen 2016). Ontario farmers consider
horseweed to be one of the most challenging weeds to manage (Fraser 2019).

Soybean is a valuable crop in Canada. In the 2021 growing season, over 2 million hectares
were seeded in Canada; nearly 1.2 million hectares were seeded in Ontario (SOY Canada 2021).
If GR horseweed is left uncontrolled in soybean, up to 93% yield loss can result (Byker et al.
2013a). Mechanical control such as tillage can be used as a weed management strategy in
conventional tillage systems, but in no-tillage systems, chemical control is commonly used.
Postemergence herbicides provide limited and inconsistent GR horseweed control in
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identity-preserved (IP, non-genetically modified) or GR soybean
(Byker et al. 2013b). Improved GR horseweed control has been
reported with preplant (PP) or preemergence herbicides in soy-
bean (Byker et al. 2013b).

Glufosinate is a glutamine synthetase–inhibiting herbicide from
the organophosphorus chemical family (Zhou et al. 2020).
Glufosinate is a fast-acting, nonselective herbicide (Feng et al.
2010) with activity on young annual grass and broadleaf weeds
(Dayan et al. 2009; Steckel et al. 1997). As glufosinate has contact
activity, thorough spray coverage is crucial for effective weed con-
trol, especially when weed density is high (Eubank et al. 2008). The
fast phytotoxicity of glufosinate has recently been attributed to the
production of reactive oxygen species driven by light-dependent
reactions, leading to lipid peroxidation of the cell membranes
and subsequent plant death (Takano et al. 2019, 2020a). Studies
have shown that glufosinate is most efficacious when applied at
midday (Cánovas et al. 1986; Martinson et al. 2005; Sellers et al.
2004), under warm air temperatures (Kumaratilake and Preston
2005), high humidity (Coetzer et al. 2001), and full-sunlight con-
ditions (Takano et al. 2019, 2020b).

Protoporphyrinogen oxidase (PPO)–inhibiting herbicides are
also known as protox-inhibiting herbicides. PPO is an essential
enzyme for catalyzing the synthesis of protoporphyrin IX from
protoporphyrinogen IX and subsequent biosynthesis of heme
and chlorophyll (Lermontova et al. 1997). The PPO enzyme has
two isoforms, PPXI and PPXII, found in the chloroplasts andmito-
chondria, respectively (Dayan et al. 2018; Watanabe et al. 2001).
PPO inhibition results in a buildup and leakage of protoporphyri-
nogen IX into the cytoplasm, where it is converted to protopor-
phyrin IX and forms singlet oxygen radicals in the presence of
light (Matringe et al. 1989). The formation of singlet oxygen rad-
icals and subsequent lipid peroxidation of the cell membranes
drives the fast activity of the PPO-inhibitors (Dayan et al. 2019).
PPO-inhibitors provide broad-spectrum control of young annual
dicots and some monocot species (Hao et al. 2011).

Recent research by Takano et al. (2020c) demonstrated
improved control of kochia [Bassia scoparia (L.) A.J. Scott] and
Palmer amaranth [Amaranthus palmeri (S.) Watson] when glufo-
sinate was mixed with very low rates (≤5% of field rates) of PPO-
inhibiting herbicides. The mixture of glufosinate (420 g ai ha–1)
with pyraflufen-ethyl (0.2 g ai ha–1), saflufenacil (1 g ai ha–1), flu-
mioxazin (2.5 g ai ha–1), lactofen (4.2 g ai ha–1), or fomesafen (7.1 g
ai ha–1) enhanced injury on kochia relative to glufosinate and the
PPO-inhibiting herbicides applied alone. Glufosinate (420 g ai ha–
1) plus saflufenacil (1 g ai ha–1) provided the greatest level of injury
to kochia in field, greenhouse, and lab; the herbicides applied indi-
vidually provided approximately 25% control of kochia, whereas
the mixture improved control to approximately 80% (Takano
et al. 2020c). Takano et al. (2020c) reported enhanced control of
Palmer amaranth when glufosinate (280 g ai ha–1) was mixed with
saflufenacil (1 g ai ha–1); the mixture required a lower effective rate
to achieve 50% control compared to glufosinate and saflufenacil
applied individually. In the same study, Takano et al. (2020c)
reported that adding saflufenacil (1 g ai ha–1) to glufosinate (280
g ai ha–1) enhanced Palmer amaranth control during unfavorable
environmental conditions relative to glufosinate applied alone.
During favorable conditions (25 C air temperature and 70% rela-
tive humidity), 100% control of Palmer amaranth was reported
with glufosinate and glufosinate plus saflufenacil, whereas <10%
control was reported with saflufenacil applied alone. During unfav-
orable conditions (13 C air temperature and 30% relative humid-
ity), <10% and 60% control was reported with saflufenacil and

glufosinate, respectively, whereas 100% control was reported with
glufosinate plus saflufenacil. This indicates that the addition of a
very low rate of saflufenacil can improve glufosinate efficacy
and can improve efficacy under unfavorable conditions on some
weed species. Takano et al. (2020c) suggest the synergism between
glufosinate plus PPO-inhibiting herbicides is a result of increased
formation of protoporphyrin IX in the chlorophyll pathway when
glutamine synthetase and PPO are inhibited simultaneously,
resulting in increased formation of reactive oxygen species and
catastrophic lipid peroxidation of cell membranes.

There is limited research on glufosinate plus PPO-inhibiting her-
bicides for the control of GR horseweed. Eubank et al. (2008)
reported up to 88% and 93%GR horseweed control with glufosinate
(470 g ai ha–1) plus flumioxazin (70 g ai ha–1) and glufosinate (470 g
ai ha–1) plus sulfentrazone (360 g ai ha–1), respectively, applied PP
to soybean at 4 WAA. Budd et al. (2016a) reported 93% GR horse-
weed control with glyphosate (900 g ae ha–1) plus glufosinate (500 g
ai ha–1) plus saflufenacil (25 g ai ha–1) applied PP to soybean at 8
WAA. Waggoner (2010) reported 83% GR horseweed control with
glufosinate (450 g ai ha–1) plus saflufenacil (25 g ai ha–1) applied PP
to cotton (Gossypium hirsutum L.) at 5 WAA. There are few studies
investigating GR horseweed control with glufosinate plus PPO-
inhibiting herbicides and no studies with very low rates of the
PPO-inhibiting herbicides. Therefore, the objectives of this research
were (i) to ascertain if the addition of very low rates of PPO-inhib-
iting herbicides to glufosinate will improve GR horseweed control
applied PP to soybean, and (ii) to identify the effective dose of saflu-
fenacil that will enhance GR horseweed control when mixed with
glufosinate, applied PP, in soybean.

Materials and Methods

Experimental Methods

Two field studies, each consisting of four trials, were conducted in
2020 and repeated in 2021 in southwestern Ontario, Canada. The
resistance level of the horseweed populations at each site was con-
firmed through greenhouse screening. Study 1 investigated GR
horseweed control with glufosinate plus very low rates (5% of field
rates) of PPO-inhibiting herbicides (pyraflufen-ethyl, pyraflufen-
ethyl/2,4-D, saflufenacil, sulfentrazone, flumioxazin, or fomesa-
fen). Study 2 investigated the effective dose of saflufenacil to
enhance GR horseweed control when mixed with glufosinate.

In both studies, treatments were organized as a randomized
complete block design with four blocks. Study 1 was a 2 × 7 fac-
torial with 13 treatments plus a nontreated weedy control: Factor 1
was control and glufosinate, and factor 2 was control, pyraflufen-
ethyl, pyraflufen-ethyl/2,4-D, flumioxazin, fomesafen, sulfentra-
zone, and saflufenacil. In study 2, saflufenacil was applied at
various doses (1.56, 3.13, 6.25, 12.5, 25, 50, and 100 g ai ha–1) and
co-applied with glufosinate (1.56þ 300, 3.13þ 300, 6.25þ 300,
12.5þ 300, 25þ 300, 50þ 300, and 100þ 300 g ai ha–1). All treat-
ments with saflufenacil included Merge (surfactant blend [50%],
petroleum hydrocarbons solvent [50%]) surfactant (1 L ha–1).
Both studies included a nontreated weedy control. Experimental
plots were 2.25 m wide (three soybean rows spaced 75 cm apart)
by 8 m long. Treatments were applied PP once the GR horseweed
reached an approximate diameter/height of 10 cm. Treatments
were applied with a CO2-pressurized backpack sprayer calibrated
to deliver 200 L ha–1 at 240 kPa. The boom measured 1.5 m wide
and included four ultra–low dose flat-fan spray nozzles (Hypro,
New Brighton, MN) spaced 50 cm apart, which produced a 2-m
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spray width. A postemergence application of glyphosate (450 g ae
ha–1) was made to the research area at each site to remove other
weed species. GR horseweed control was assessed using a 0 to
100% scale; 0% indicated no GR horseweed control, 100% indi-
cated complete GR horseweed control (Canadian Weed Science
Society 2018). Visible control ratings were conducted at 2, 4,
and 8 WAA. At 8 WAA, two 0.25-m2 quadrats were placed
between the soybean rows approximately 1 m inward from the
front and 1 m inward from the back of each plot. GR horseweed
density was collected by counting all plants within each quadrat.
GR horseweed biomass was determined for each plot by removing
the aboveground portion of plants within each quadrat, drying the
samples in a kiln to constant moisture, and taking the dry weights
of each sample to ascertain GR horseweed biomass.

Glyphosate/dicamba-resistant soybean (DKB12-16; Bayer Crop
Science Canada) was planted to approximately 400,000 seeds ha–1

at a 3.75-cm depth. Planting occurred 1 to 16 d after the PP applica-
tions (Table 1), depending on the site. Crop injury was assessed 2 and
4wk after emergence using a 0 to 100% scale; 0% indicated no soybean
injury, 100% indicated complete soybean necrosis (Canadian Weed
Science Society 2018). Once the glyphosate/dicamba-resistant soy-
bean reached harvest maturity, two soybean rows were harvested
per treatment. Soybean moisture content and yield were recorded;
before statistical analysis, the yield was adjusted to a 13.5% moisture
content. Year, location, soil attributes, herbicide application dates, and
soybean seeding and emergence dates are listed in Table 1. GR horse-
weed height and density at the time of application and the resistance
profile for each site are listed in Table 2. Herbicides used in both stud-
ies are listed in Table 3.

Statistical Analysis

All analyses were conducted in SAS 9.4 (Statistical Analysis
Systems Institute 2020). In study 1, PROC GLIMMIX was used
to assess the data. There was a treatment-by-site interaction, so
the sites were partitioned into different groups for the analysis; site
1 and sites 2, 3, and 4. The fixed effects included glufosinate,
PPO-inhibiting herbicides, and glufosinate-by-PPO-inhibiting
herbicides, and the random effects included site, block within
the site, and the interaction of the site with glufosinate and
PPO-inhibiting herbicides. Normality was confirmed after con-
ducting the Shapiro-Wilk test and reviewing studentized residual
plots. An arc-sine square root transformation was used for control
at 2, 4, and 8 WAA, and a log-transformation (dist = log-normal)
was used for density and biomass; the back-transformedmeans are
presented in the current presentation. The Tukey-Kramer test was
used to compare the least-square means.

In study 2, a nonlinear regression (PROCNLIN)was conducted in
SAS 9.4 (Statistical Analysis Systems Institute 2020). The weedy con-
trol was removed from the analysis. Scatter plots were created to
obtain a visual representation of the response curve for each param-
eter. The sumof squares reduction test was used to ascertain if the sites
could be pooled together for the regression analysis (Schabenberger
and Pierce 2002). The sum of squares reduction test investigates
two models: the full model (assumes different responses under the
four sites) and the separate model (assumes similar responses under
the four sites). If P≤ 0.05, then the full model was used and the sites
were partitioned accordingly; if P≥ 0.05, then the separate model was
used, and the sites were pooled (Schabenberger and Pierce 2002).

All parameters were regressed against herbicide rate. A log-
logistic model (Seefeldt 1995) with four parameters was the equa-
tion used for control at 2, 4, and 8 WAA:

Y ¼ C þ D� Cð Þ = 1þ exp½ ½ � b lnRate� lnI50ð Þ� [1]

where C indicates the lower limit, D indicates the upper limit, b
indicates the slope, and I50 is the rate half-way between C and D.

A log-logistic model with four parameters was the equation
used for density and biomass:

Y ¼ C þ D� Cð Þ = ½1þ exp b lnRate� ln50ð Þð � [2]

The parameters were the same as Equation 1, but b is positive to
represent the direction of the response. Parameters calculated from
the regression were used to determine the predicted doses (PD50,
PD80, PD95) of saflufenacil or saflufenacil plus glufosinate required
for 50%, 80%, and 95% GR horseweed control or for a 50%, 80%,
and 95% reduction of density or biomass. When the predicted dose
of PD50, PD80, or PD95 could not be computed or if it was beyond
the range of doses in this study, ‘Non-est.’was used to represent the
data in Tables 4, 5, 6, and 7.

The fit of the model was determined by calculating the root
mean squared error (RMSE) (Equation 3) and the modeling effi-
ciency (ME) (Equation 4) (Mayer and Butler 1993):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RSS
n� p� 1

s
[3]

where RSS represents the residual sum of squares, n represents the
quantity of observations used, p represents the quantity of param-
eters from the model.

ME ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1 Oi � Pið Þ2P
n
i¼1 Oi � i

� �
2

s" #
[4]

where n represents the number of observations used, Oi is the
observed value, Ōi is the observed value of the mean, Pi is the pre-
dicted value. RMSE andME values closer to 1 indicate a better fit to
the model.

Colby’s equation (Equation 5) is a common method to evaluate
herbicide interactions and was used in both studies to calculate the
expected control means. The observed control means were used in
the equation (A, Glufosinate and B, PPO-inhibiting herbicide).

Expect ¼ Aþ Bð Þ � A � B
100

� �
[5]

An altered Colby’s equation (Equation 6) was used to calculate
the expected density and biomass data (W, nontreated weedy con-
trol mean).

Expected ¼ A � B
W

� �
[6]

A paired t-test (P < 0.05) was used to compare the observed and
expected means. If the observed mean was greater than or less than
the expected mean, then the interaction was considered synergistic
or antagonistic, respectively. If the observed mean was similar to
the expected, the interaction was considered additive. If the
observed biomass or density means were less than or greater than
the expected means, then the interaction was considered synergis-
tic or antagonistic, respectively (Colby 1967).
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Results and Discussion

Study 1: Control of Glyphosate-Resistant Horseweed with
Glufosinate Plus Very Low Rates of PPO-Inhibiting Herbicides

A treatment-by-site interaction was significant for GR horseweed
visible control, density, biomass, and soybean yield, mainly
because site 1 responded differently than the other sites; therefore,
sites 2, 3, and 4 were pooled for the analyses, and site 1 was ana-
lyzed separately. Sites 1, 2, 3, and 4 had 748, 19, 78, and 92 plants
per m–2, respectively, within the nontreated weedy control at the
time of herbicide application (Table 2). Because glufosinate is a
contact herbicide and has minimal translocation in plants,
thorough coverage is essential to achieve acceptable weed control
(Anonymous 2021). Previous research reported poor weed control

with glufosinate on high weed densities (Steckel et al. 1997; Tharp
and Kells 2002). The high GR horseweed densities, especially at
site 1, could have contributed to the low GR horseweed control
at this site.

Site 1
There was no interaction between glufosinate and the PPO-inhibiting
herbicides on GR horseweed control or for GR horseweed density or
biomass at site 1, so themain effects are presented (Table 4). Averaged
across the PPO-inhibiting herbicides, glufosinate controlled GR
horseweed 18% and 14% at 2 and 4 WAA, respectively, and reduced
biomass 14%. The application of glufosinate (300 g ai ha–1) did not
improve GR horseweed control at 8 WAA, and there was no reduc-
tion in density. When averaged across glufosinate rates, pyraflufen-
ethyl, pyraflufen-ethyl/2,4-D, flumioxazin, fomesafen, and sulfentra-
zone applied at 5% of the label rate did not improve GR horseweed
control at 2, 4, and 8WAA and did not reduce GR horseweed density
and biomass. When averaged across glufosinate rates, saflufenacil
(1.25 g ai ha–1) controlled GR horseweed 29% and 24% 2 and 4
WAA, respectively; there was no improvement in control at 8
WAA and no decrease in density and biomass. The Colby’s equation
and a paired t-test suggested there was a synergistic increase in GR
horseweed control when glufosinate (300 g ai ha–1) was co-applied
with saflufenacil (1.25 g ai ha–1) at 2 and 4WAA; however, synergism
was temporary and the interaction was additive at 8 WAA.
Glufosinate (300 g ai ha–1) plus pyraflufen (0.34 g ai ha–1) or sulfen-
trazone (7 g ai ha–1) was antagonistic at 8 WAA; all remaining inter-
actionswere additive (Table 5). In the present study, when saflufenacil
(1.25 g ai ha–1) was averaged across glufosinate rates (0 and 300 g ai
ha–1), the level of GR horseweed control was much lower at 29% and
24% at 2 and 4 WAA, respectively (Table 4).

Table 1. Site, year, nearest town to the site location, location coordinates, soil traits, treatment spray date, and soybean seeding and emergence dates for field trials
conducted in Ontario, Canada in 2020 and 2021.

Soil traits Agronomic information

Site Year Location Texture Sand Silt Clay
Organic
matter pH

Study 1:
Treatment spray
date

Study 2:
Treatment spray
date

Soybean
seeding
date

Soybean
emergence
date

—————— % ——————

S1 2020 Ridgetown
(42.46° N,
81.85° W)

Sandy
loam

75 17 7 1.9 7.1 May 26 May 28 June 5 June 11

S2 2020 Moraviantown
(42.55° N,
81.84° W)

Loamy
sand

87 7 5 2.5 6.6 June16 June 12 June 18 July 2

S3 2021 Kintyre
(42.56° N,
81.77° W)

Sandy
loam

53 29 18 4.4 6.9 May 18 May 13 May 19 May 25

S4 2021 Bothwell
(42.62° N,
81.91° W)

Loamy
sand

85 11 4 3.3 6.8 May 31 May 27 June 12 June 18

Table 2. Site, year, location, glyphosate-resistant (GR) horseweed height and density at the time of the preplant application, and the resistance profile for site
locations in Ontario, Canada in 2020 and 2021.

GR horseweed Resistance

Site Year Location Study 1 height Study 2 height Study 1 density Study 2 density Glyphosate Cloransulam-methyl

————cm———— ————No. plants m–2
———— —————— % —————

S1 2020 Ridgetown 7 8 748 786 100 99
S2 2020 Moraviantown 10 9 19 207 79 100
S3 2021 Kintyre 8 7 78 123 98 85
S4 2021 Bothwell 9 8 92 133 – –

Table 3. The herbicides and surfactants that were used in both studies
conducted in Ontario, Canada in 2020 and 2021.

Active ingredient Trade name Manufacturer

Herbicides
Glufosinate Liberty BASF Canada Inc., Mississauga, ON
Pyraflufen-ethyl NUP 6D 04 Nufarm Canada, Calgary, AB.
Pyraflufen-ethyl/2,4-D Blackhawk Nufarm Canada
Fomesafena Reflex Nufarm Canada
Flumioxazin Valtera Syngenta Canada Inc. Guelph, ON
Sulfentrazone Authority FMC Canada, Mississauga, ON.
Saflufenacilb Eragon LQ BASF Canada Inc. Mississauga, ON
Surfactants
Surfactant/solvent Turbocharge Syngenta Canada Inc.
Oil/surfactant blend Merge BASF Canada Inc.

aAll treatments with fomesafen included the surfactant Turbocharge, 0.5% v/v.
bAll treatments with saflufenacil included the surfactant Merge, 1 L ha–1.
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In contrast to the current study, Bolte (2015) reported a mini-
mum of 29%GR horseweed control with glufosinate (594 g ai ha–1)
at 5 WAA. In contrast to the current study, Takano et al. (2020c)
reported enhanced control of Palmer amaranth when glufosinate
(280 g ai ha–1) was mixed with a very low rate of saflufenacil (1 g ai
ha–1); the mixture required a lower rate to reach 50% control com-
pared to glufosinate and saflufenacil applied individually.
Synergism was also reported between glufosinate (420 g ai ha–1)
plus a very low rate of saflufenacil (1 g ai ha–1) for kochia control
(Takano et al. 2020c). The herbicides applied individually provided

approximately 25% control of kochia, whereas the mixture
improved control to approximately 80% (Takano et al. 2020c).
In the present study, when saflufenacil (1.25 g ai ha–1) was averaged
across glufosinate rates (0 and 300 g ai ha–1), the level of GR horse-
weed control was much lower at 29% and 24% at 2 and 4 WAA,
respectively (Table 4). Takano et al. (2020c) reported enhanced
control of kochia when glufosinate (420 g ai ha–1) was mixed with
pyraflufen (0.2 g ai ha–1). However, in the current study, this mix-
ture was antagonistic on GR horseweed at 8 WAA (Table 5), pos-
sibly suggesting that this interaction is species-specific.

Table 4. Main effects for glyphosate-resistant (GR) horseweed control 2, 4, and 8 wk after application (WAA), density, biomass, and soybean yield for glufosinate plus
protoporphyrin oxidase (PPO) inhibitors from study 1 conducted in Ontario, Canada, in 2020 and 2021.a–c

GR horseweed control

2 WAA 4 WAA 8 WAA Densityd Biomassd Soybean yield

Main effects Dose S1
S2, S3,
S4 S1

S2, S3,
S4 S1

S2, S3,
S4 S1

S2, S3,
S4 S1

S2, S3,
S4 S1

S2, S3,
S4

g ai/ae
ha–1

———————————% ——————————— No. plants m–2 g m–2 kg ha–1

Glufosinate * NS * NS NS NS NS NS * * NS NS
None – 1b 18 1b 17 1 13 1031 45 310b 155b 190 1,390
Glufosinate 300 18a 50 14a 46 4 42 828 5 268a 94a 430 1,540
PPO inhibitors * * * NS NS NS NS NS NS NS NS NS
None – 4b 12b 4b 11 3 11 1020 49 253 114 300 1,480
Pyraflufen-ethyl 0.34 4b 34ab 4b 29 2 22 1065 38 276 117 270 1,390
Pyraflufen-ethyl/2,4-D 26.4 5b 42a 4b 35 2 29 982 41 274 125 290 1,340
Flumioxazin 5.35 3b 40ab 3b 35 1 29 990 32 344 112 320 1,470
Fomesafene 12 3b 35ab 3b 33 3 28 1036 34 301 165 180 1,440
Sulfentrazone 7 4b 34ab 4b 35 1 30 788 44 321 122 260 1,610
Saflufenacilf 1.25 29a 42a 24a 40 4 39 620 30 260 117 620 1,460
Glufosinate × PPO
inhibitors

NS NS NS NS NS NS NS NS NS NS NS NS

aAbbreviations: NS, nonsignificant; S1, site 1; S2, site 2; S3, site 3; S4, site 4.
b* Significant at P< 0.05.
cMeans accompanied by a different letter in a column (a–b) significantly differ based on Tukey-Kramer’s LSD (α= 0.05).
dDensity and biomass were collected 8 WAA.
eAll treatments with fomesafen included the surfactant Turbocharge, 0.5% v/v.
fAll treatments with saflufenacil included the surfactant Merge, 1 L ha–1.

Table 5. Observed and predicted means for glyphosate-resistant (GR) horseweed control 2, 4, and 8 wk after application (WAA) for glufosinate plus protoporphyrin
oxidase (PPO) inhibitors from study 1 conducted in Ontario, Canada in 2020 and 2021.a–c

GR horseweed control

2 WAA 4 WAA 8 WAA

Treatments Dose S1 S2, S3, S4 S1 S2, S3, S4 S1 S2, S3, S4

g ai/ae ha–1 ——————————————————— % ——————————————————

Weedy control – 0 0 0 0 0 0
Pyraflufen-ethyl 0.34 0 19 0 16 1 6
Pyraflufen-ethyl/2,4-D 26.4 0 28 1 24 1 16
Flumioxazin 5.35 0 31 1 27 0 21
Fomesafend 12 0 21 0 20 3 16
Sulfentrazone 7 0 23 1 25 0 25
Saflufenacile 1.25 14 28 8 25 1 26
Glufosinate 300 16 41 15 38 10 37
Glufosinate þ pyraflufen-ethyl 300þ 0.34 13 (16) 51 (47) 13 (15) 43 (47) 1 (13)* 43 (44)
Glufosinate þ pyraflufen-ethyl/2,4-D 300þ 26.4 19 (16) 57 (51) 10 (16) 48 (50) 4 (12) 45 (48)
Glufosinate þ flumioxazin 300þ 5.35 12 (16) 50 (54) 6 (17) 42 (54) 1 (10) 38 (53)
Glufosinate þ fomesafend 300þ 12 12 (16) 51 (48) 10 (15) 47 (50) 3 (13) 42 (50)
Glufosinate þ sulfentrazone 300þ 7 14 (16) 46 (50) 9 (17) 46 (51) 1 (10)* 37 (54)
Glufosinate þ saflufenacile 300þ 1.25 46 (30)* 57 (48) 45 (24)* 48 (49) 12 (11) 54 (49)

aAbbreviations: S1, site 1; S2, site 2; S3, site 3; S4, site 4.
bValues in parentheses are the expected means calculated by Colby’s equation.
c*Significant at P < 0.05 based on a paired t-test conducted on observed and expected values.
dAll treatments with fomesafen included the surfactant Turbocharge, 0.5% v/v.
eAll treatments with saflufenacil included the surfactant Merge, 1 L ha–1.
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Sites 2, 3, and 4
There was no interaction between glufosinate and the PPO-
inhibiting herbicides on GR horseweed control or for GR horse-
weed density or biomass at sites 2, 3, and 4, so the main effects
are presented (Table 4). Averaged across PPO-inhibiting herbi-
cides, glufosinate did not improve GR horseweed control at 2, 4,
and 8 WAA, and there was no reduction in density; averaged

across PPO-inhibiting herbicides, glufosinate decreased GR
horseweed biomass 39%. Similarly, Bolte (2015) reported a
37% decrease in GR horseweed biomass with glufosinate (594
g ai ha–1) compared to the untreated control. Averaged across
glufosinate rates, the PPO-inhibiting herbicides at 5% of the
label rate did not improve GR horseweed control at 4 and 8
WAA, and there was no reduction in density or biomass.

Table 6. Regression parameters and predicted dose of saflufenacil for 50%, 80%, and 95% GR horseweed control at 2, 4, and 8 wk after application (WAA) and the
predicted dose (PD) to achieve a 50%, 80%, and 95% reduction in GR horseweed density or biomass from study 2 conducted in Ontario, Canada in 2020 and 2021.a

Regression parameters (± SE)b,c Predicted dosed

Site no. ME RMSE c d b I50 PD50 PD80 PD95

Saflufenacil alone at 2 WAAe
————— g ai ha–1—————

S1 0.9 6.7 58 (3.2) 98 (3.7) 3.0 (1.3) 22 (3.3) Non-est. 23.5 51.9
S2, S3 0.6 18.6 25 (14.0) 100 (0) 1.4 (0.5) 8 (3.2) 4.9 16.5 53.0
S4 0.8 9.7 0 (0) 53 (3.8) 1.8 (0.5) 5 (1.0) 23.4 Non-est. Non-est.

Saflufenacil alone at 4 WAAe

S1 0.8 6.4 57 (7.9) 100 (0) 0.9 (0.3) 16 (8.2) Non-est. 19.4 129.2
S2, S3 0.8 14.2 6 (29.1) 100 (0) 1.1 (0.4) 4 (2.4) 3.5 11.6 43.5
S4 0.9 10.7 0 (0) 95 (6.5) 1.5 (0.3) 10 (1.7) 11.1 31.5 Non-est.

Saflufenacil alone at 8 WAAe

S1 0.8 7.7 60 (3.8) 98 (8.2) 2.3 (1.3) 31 (9.2) Non-est. 32.5 89.7
S2, S3 0.8 14.4 18 (10.3) 100 (0) 1.7 (0.4) 7 (1.6) 5.3 13.7 36.4
S4 0.5 27.0 0 (0) 95 (5.5) 1.7 (0.3) 9 (1.3) 9.7 24.5 Non-est.

Densityc

S1 0.6 48.7 12 (78.0) 306 (0) 5.9 (20.9) 23 (9.5) 22.4 28.4 37.0
S2, S3, S4 0.7 45.8 0 (0) 200 (0) 1.3 (0.3) 23 (9.1) 2.0 8.1 39.1

Biomassc

S1 0.5 46.0 7 (25.9) 115 (16.1) 7.4 (19.3) 42 (20.7) 41.2 50.1 61.9
S2, S3, S4 0.6 49.4 0 (0) 246 (56.1) 1.3 (0.4) 6 (3.0) 6.2 18.5 63.7

aAbbreviations: ME, modeling efficiency; Non-est., non-estimable; RMSE, root mean squared error; SE, standard error; S1, site 1; S2, site 2; S3, site 3; S4, site 4.
bRegression parameters control: Y= cþ (d – c)/[1þ exp(–b(lnRate – lnI50)]; c= lower asymptote, d= upper asymptote, b= slope, I50= effective dose to achieve a 50% response (see Equation 1);
values in parentheses represent the standard errors of each regression parameter.
cRegression parameters density and biomass, inverse of Equation 1, Y = c þ (d – c)/[1 þ exp(b(lnRate – lnI50)] (see Equation 2).
dPDx, predicted dose to achieve X% GR horseweed control or the predicted dose to reduce GR horseweed density or biomass by X.
eAll treatments with saflufenacil included the surfactant Merge, 1 L ha–1.

Table 7. Regression parameters and predicted dose of saflufenacil when mixed with glufosinate for 50%, 80%, and 95% GR horseweed control at 2, 4, and 8 wk after
application (WAA) and the predicted dose to achieve a 50%, 80%, and 95% reduction in GR horseweed density or biomass from study 2 conducted in Ontario, Canada in
2020 and 2021.a

Regression parameters (± SE)b, c Predicted dosed

Site no. ME RMSE c d b I50 PD50 PD80 PD95

Glufosinate þ saflufenacil at 2 WAAe
————— g ai ha–1 ————

S1, S2, S3 0.6 15.1 38 (14.3) 100 (0) 1.0 (0.3) 8 (4.4) 2.0 15.5 78.8
S4 0.7 9.6 0 (0) 64 (6.8) 0.9 (0.3) 3 (1.1) 12.9 Non-est. Non-est.
Glufosinate þ saflufenacil at 4 WAAe

S1, S2, S3 0.6 12.9 52 (8.0) 100 (5.9) 1.4 (0.7) 10 (3.1) Non-est. 12.9 48.6
S4 0.8 13.2 5 (30.7) 100 (0) 0.9 (0.3) 7 (6.2) 6.1 31.0 185.5
Glufosinate þ saflufenacil at 8 WAAe

S1, S2, S3, S4 0.7 13.3 34 (9.0) 100 (5.9) 1.4 (0.6) 9 (2.3) 4.0 16.5 55.0
Densityc

S1 0.4 56.8 104 (77.0) 986 (89.5) 33.5 (96.3) 7 (8.2) 6.9 7.3 7.6
S2, S3, S4 0.5 32.1 0 (0) 200 (0) 1.3 (0.3) 4 (0.8) 9.7 18.1 36.4
Biomassc

S1, S2, S4 0.6 49.5 55 (9.2) 211 (14.1) 2.8 (1.0) 9 (1.4) 7.1 13.1 23.6
S3 0.6 55.7 17 (7.5) 150 (0) 2.2 (0.8) 2 (0.4) 2.1 4.1 8.6

aAbbreviations: ME, modeling efficiency; Non-est., non-estimable; RMSE, root mean squared error; SE, standard error; S1, site 1; S2, site 2; S3, site 3; S4, site 4.
bRegression parameters control: Y= cþ (d – c)/[1þ exp(–b(lnRate – lnI50)]; c= lower asymptote, d= upper asymptote, b= slope, I50= effective dose to achieve a 50% response (see Equation 1);
values in parentheses represent the standard errors of each regression parameter.
cRegression parameters density and biomass, inverse of Equation 1, Y = c þ (d – c)/[1 þ exp(b(lnRate – lnI50)] (see Equation 2).
dPDx, predicted dose to achieve X% GR horseweed control or the predicted dose to reduce GR horseweed density or biomass by X.
eAll treatments with saflufenacil included the surfactant Merge, 1 L ha–1.
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Averaged across glufosinate rates, pyraflufen-ethyl/2,4-D and
saflufenacil controlled GR horseweed 42%. The Colby’s equa-
tion and a paired t-test suggested all interactions were additive
(Table 5).

Soybean Injury and Yield
Soybean injury wasminimal (≤5%) at all sites (data not presented).
There was no interaction between glufosinate and the PPO-inhib-
iting herbicides on soybean yield for site 1 or sites 2, 3, and 4, so
the main effects are presented (Table 4). There were no differences
in soybean yield from the main effect of glufosinate rate or
PPO-inhibiting herbicide at site 1 or sites 2, 3, and 4.

Study 2: Biologically Effective Dose of Saflufenacil Alone and
Glufosinate Plus Saflufenacil for the Control of Glyphosate-
Resistant Horseweed

Saflufenacil Alone
Based on the sums of squares reduction test, the sites were parti-
tioned into groups for the analysis of GR horseweed control at 2, 4,
and 8 WAA and for density and biomass reduction with saflufe-
nacil applied alone.

At 2 WAA, the predicted doses of saflufenacil for 50% GR
horseweed control at sites 2 and 3, and site 4 were 4.9 and 23.4
g ai ha–1, respectively. At site 1 the dose could not be estimated
(Table 6). Similar to the control observed at site 2 and 3, 42%
GR horseweed control with 1.25 g ai ha–1 saflufenacil was reported
in study 1 at 2 WAA. The predicted doses of saflufenacil for 80%
GR horseweed control at site 1, and sites 2 and 3 were 23.5 and 16.5
g ai ha–1, respectively; at site 4 the dose could not be estimated. The
predicted doses of saflufenacil for 95% GR horseweed control at
site 1, and sites 2 and 3 were 51.9 and 53.0 g ai ha–1, respectively;
at site 4 the dose could not be estimated.

At 4 WAA, the predicted doses of saflufenacil for 50% GR
horseweed control at sites 2 and 3, and site 4 were 3.5 and
11.1 g ai ha–1, respectively; at site 1 the dose could not be esti-
mated (Table 6). The predicted doses of saflufenacil for 80% GR
horseweed control at site 1, sites 2 and 3, and site 4 were 19.4,
11.6, and 31.5 g ai ha–1, respectively. The predicted doses of
saflufenacil for 95% GR horseweed control at site 1 and sites
2 and 3 were 129.2 and 43.5 g ai ha–1, respectively; at site 4
the dose could not be estimated. In contrast, Budd et al.
(2016b) reported 95% GR horseweed control with 15 g ai ha–1

of saflufenacil.
At 8 WAA, the predicted doses of saflufenacil for 50% GR

horseweed control at sites 2 and 3, and 4 were 5.3 and 9.7 g ai
ha–1, respectively; at site 1 the dose could not be estimated
(Table 6). The predicted doses of saflufenacil for 80% GR horse-
weed control at site 1, sites 2 and 3, and site 4 were 32.5, 13.7,
and 24.5 g ai ha–1, respectively. The predicted doses of saflufenacil
for 95% GR horseweed control at site 1 and sites 2 and 3 were 89.7
and 36.4 g ai ha–1, respectively; at site 4 the dose could not be
estimated.

The predicted doses of saflufenacil to reduce GR horseweed
density by 50%, 80%, and 95% at site 1 were 22.4, 28.4, and 37.0
g ai ha–1, and to reduce biomass were 41.2, 50.1, and 61.9 g ai
ha–1, respectively (Table 6). A similar trend was observed at sites
2,3 , and 4, although much lower doses were predicted for a 50%

and 85% reduction. Budd et al. (2016b) reported a 95% decrease in
GR horseweed density and biomass with 22 and 36 g ai ha–1 of
saflufenacil, respectively.

Glufosinate Plus Saflufenacil
Based on the sums of squares reduction test, the sites were parti-
tioned into groups for the analysis of GR horseweed control at 2
and 4 WAA, and for density and biomass with glufosinate plus
saflufenacil. The sites were pooled for the analysis of GR horseweed
control with glufosinate plus saflufenacil at 8 WAA.

At 2 WAA, the predicted doses of saflufenacil when applied
with glufosinate for 50%, 80%, and 95% GR horseweed control
were 2.0, 15.5, and 78.8 g ai ha–1, respectively (Table 7). At sites
1, 2, and 3, the predicted doses for 80% and 95% control could
not be estimated.

At 4WAA, the predicted dose of saflufenacil when applied with
glufosinate for 50%GR horseweed control at site 4 was 6.1 g ai ha–1;
at sites 1, 2, and 3 the dose could not be estimated (Table 7). The
predicted doses of saflufenacil required when mixed with glufosi-
nate for 80% GR horseweed control at sites 1, 2, 3, and site 4 were
12.9 and 31.0 g ai ha–1 and for 95% control were 48.6 and 185.5 g ai
ha–1, respectively.

At 8 WAA, the predicted doses of saflufenacil when applied
with glufosinate for 50%, 80%, and 95% GR horseweed control
were 4.0, 16.5, and 55 g ai ha–1, respectively (Table 7). Budd et al.
(2016a) reported 93% GR horseweed control when saflufenacil
(25 g ai ha–1) plus glufosinate (500 g ai ha–1) was mixed with glyph-
osate (900 g ae ha–1) at 8 WAA.

Colby’s equation and a paired t-test suggested all interactions were
antagonistic or additive (Table 8). At 2 and 4 WAA, glufosinate plus
1.56, 3.13, 6.25, 12.5, or 25 g ai ha–1 of saflufenacil was antagonistic at
sites 1, 2, and 3. At 8WAA, glufosinate plus 1.56, 3.13, 6.25, or 12.5 g
ai ha–1 of saflufenacil was antagonistic. All remaining interactions at
sites 1, 2, and 3 and all interactions at site 4 were additive. In contrast,
Takano et al. (2020c) reported a synergistic response between a very
low dose of saflufenacil (1 g ai ha–1) plus glufosinate (280 g ai ha–1) or
glufosinate (420 g ai ha–1) onPalmer amaranth or kochia, respectively.
Jhala et al. (2013) reported saflufenacil (37 to 50 g ai ha–1) plus glu-
fosinate (1,000 to 1,033 g ai ha–1) had an additive effect on broadleaf
weeds in citrus. Damalas (2004) andTakano et al. (2020c) suggest that
synergism is weed species-dependent and is more commonly
observed in broadleaf weeds compared to grasses. This may be the
case in the present study, in that synergism was not reported in
GR horseweed but has been reported on other broadleaf weeds
(Takano et al. 2020c).

The predicted doses of saflufenacil when co-applied with glu-
fosinate to reduce GR horseweed density by 50%, 80%, and 95%
at site 1 were 6.9, 7.3, and 7.6 g ai ha–1, and at sites 2, 3, and 4 were
9.7, 18.1, and 36.4 g ai ha–1, respectively. The Colby’s equation and
a paired t-test suggested glufosinate plus 50 and 100 g ai ha–1 of
saflufenacil was antagonistic at site 1 and glufosinate plus 12.5,
25, 50, and 100 g ai ha–1 of saflufenacil was also antagonistic at sites
2,3 , and 4 (Table 9). All remaining interactions were additive.
The predicted doses of saflufenacil when co-applied with glufosi-

nate to reduce GR horseweed biomass by 50%, 80%, and 95% at sites
1, 2, and 4 were 7.1, 13.1, and 23.6 g ai ha–1 and at site 3 were 2.1, 4.1,
and 8.6 g ai ha–1, respectively. Colby’s equation and a paired t-test sug-
gested glufosinate plus 50 and 100 g ai ha–1 of saflufenacil was antago-
nistic at sites 1, 2, and 4; remaining interactions at sites 1, 2, and 4 and
all interactions at site 3 were additive (Table 9).

Similar predicted doses of saflufenacil were needed to achieve 50%,
80%, and 90% GR horseweed control and to reduce GR horseweed
density by 50%, 80%, and 95% whether glufosinate was included in
the mixture or not. Lower doses of saflufenacil were predicted to
reduce GR horseweed biomass when saflufenacil was co-applied with
glufosinate compared to saflufenacil applied alone.
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Soybean Injury and Yield
Treatments with saflufenacil at 100 g ai ha–1 had up to 12% soybean
injury (data not presented). Injury symptoms included chlorosis,
necrosis, and stunting. Despite the injury, treatments with saflufe-
nacil (100 g ai ha–1) yielded similarly to the other treatments.
Similarly, Soltani et al. (2010) reported 6% and 22% injury when
saflufenacil was applied at 100 and 200 g ai ha–1, respectively 4 wk
after emergence; however, yield reduction was less than 5%.

Based on the sums of squares reduction test, the sites were ana-
lyzed individually for soybean yield with saflufenacil and when
saflufenacil was co-applied with glufosinate (Table 10). At sites

2 and 4, the predicted doses of saflufenacil to achieve a 50%,
80%, and 95% soybean yield compared to the highest yielding
treatment were 0.5 to 0.6, 6.4, and 20.5 to 20.6 g ai ha–1, respec-
tively; the predicted doses were much higher at site 1 and much
lower at site 3. At site 1, the predicted doses of saflufenacil when
co-applied with glufosinate for a 50%, 80%, and 95% soybean yield
relative to the highest yielding treatment were 4.6, 13.8, and 24.6 g
ai ha–1, respectively. The predicted dose of saflufenacil when
co-applied with glufosinate for 50% soybean yield could not be esti-
mated at sites 2, 3, and 4. The predicted dose of saflufenacil when
co-applied with glufosinate for 80% soybean yield could not be

Table 8. Observed and predicted means for glyphosate-resistant (GR) horseweed control 2, 4, and 8 wk after application (WAA) for glufosinate plus saflufenacil from
study 2 conducted in Ontario, Canada in 2020 and 2021.a–c

GR horseweed control

Treatment Dose

2 WAA 4 WAA 8 WAA

S1, S2, S3 S4 S1, S2, S3 S4 S1, S2, S3, S4

g ai/ae ha–1 —————————————————————— % ——————————————————————

Weedy control – 0 0 0 0 0
Saflufenacild 1.56 36 3 35 0 22
Saflufenacil 3.13 50 13 57 10 33
Saflufenacil 6.25 52 38 62 40 50
Saflufenacil 12.5 72 36 79 46 69
Saflufenacil 25 87 53 90 79 85
Saflufenacil 50 93 50 94 85 93
Saflufenacil 100 99 57 98 93 97
Glufosinate 300 60 23 65 33 53
Glufosinate þ saflufenacil 300þ 1.56 46 (74)* 20 (25) 54 (77)* 24 (33) 38 (63)*
Glufosinate þ saflufenacil 300þ 3.13 62 (80)* 35 (33) 63 (85)* 41 (40) 47 (69)*
Glufosinate þ saflufenacil 300þ 6.25 63 (81)* 36 (52) 66 (87)* 48 (60) 56 (77)*
Glufosinate þ saflufenacil 300þ 12.5 78 (89)* 52 (51) 82 (93)* 65 (64) 76 (85)*
Glufosinate þ saflufenacil 300þ 25 82 (95)* 58 (64) 87 (97)* 77 (86) 83 (93)
Glufosinate þ saflufenacil 300þ 50 96 (97) 56 (62) 97 (98) 84 (90) 94 (97)
Glufosinate þ saflufenacil 300þ 100 97 (100) 63 (67) 97 (99) 95 (95) 97 (99)

aAbbreviations: S1, site 1; S2, site 2; S3, site 3; S4, site 4.
bValues in parentheses are the expected means calculated by the Colby’s equation.
c*Significant at P < 0.05 based on a paired t-test conducted on observed and expected values.
dAll treatments with saflufenacil included the surfactant Merge, 1 L ha–1.

Table 9. Observed and predicted means for density and biomass for glufosinate plus saflufenacil from study 2 conducted in Ontario, Canada in 2020 and 2021.a–c

Treatment Dose

Densityd Biomassd

S1 S2, S3, S4 S1, S2, S4 S3

g ai/ae ha–1 —————— No. plants m–2
—————— ————————— g m–2

————————

Weedy control – 1,128 240 237 108
Saflufenacile 1.56 248 168 224 108
Saflufenacil 3.13 – 108 221 38
Saflufenacil 6.25 515 75 158 37
Saflufenacil 12.5 292 52 103 34
Saflufenacil 25 117 14 79 14
Saflufenacil 50 24 5 19 12
Saflufenacil 100 3 3 7 0
Glufosinate 300 515 60 196 84
Glufosinate þ saflufenacil 300þ 1.56 986 (113) 84 (42) 188 (185) 120 (184)
Glufosinate þ saflufenacil 300þ 3.13 – 90 (27) 207 (183) 78 (30)
Glufosinate þ saflufenacil 300þ 6.25 967 (235) 67 (19) 178 (131) 44 (29)
Glufosinate þ saflufenacil 300þ 12.5 64 (133) 33 (13)* 100 (85) 12 (26)
Glufosinate þ saflufenacil 300þ 25 289 (53) 18 (4)* 79 (65) 7 (11)
Glufosinate þ saflufenacil 300þ 50 51 (11)* 8 (1)* 23 (16)* 3 (9)
Glufosinate þ saflufenacil 300þ 100 11 (1)* 2 (1)* 8 (6)* 0 (0)

aAbbreviations: S1, site 1; S2, site 2; S3, site 3; S4, site 4.
bValues in parentheses are the expected means calculated by the Colby’s equation.
c*Significant at P < 0.05 based on a paired t-test conducted on observed and expected values.
dDensity and biomass were collected 8 wk after the preplant application.
eAll treatments with saflufenacil included the surfactant Merge, 1 L ha–1.
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estimated at site 3. Similar doses of saflufenacil were required to
maintain a 50%, 80%, and 95% soybean yield in contrast to the
highest yielding treatment whether glufosinate was included
or not.

In summary, there was no benefit of adding very low rates of
PPO-inhibiting herbicides (pyraflufen-ethyl, pyraflufen-ethyl/
2,4-D, sulfentrazone, flumioxazin, or fomesafen) to glufosinate
to improve the control of GR horseweed. Despite the synergistic
increase in GR horseweed control with the addition of saflufenacil
at 5% of the label rate to glufosinate, the level of control did not
exceed 42% at 2 and 4 WAA. Overall, the co-application of glufo-
sinate plus low doses of PPO-inhibiting herbicides did not enhance
the control of GR horseweed. Similar doses of saflufenacil were
needed to achieve 50%, 80%, and 90% GR horseweed control
and to reduce GR horseweed density by 50%, 80%, and 95% when
applied alone or co-applied with glufosinate. In contrast to study 1,
there was an antagonistic response when glufosinate was
co-applied with saflufenacil at 1.56, 3.13, 6.25, and 12.5 g ai ha–1

at 2, 4, and 8 WAA at sites 1, 2, and 3; antagonism also occurred
with glufosinate plus 25 g ai ha–1 of saflufenacil at 2 and 4 WAA.
Lower doses of saflufenacil were predicted to reduce GR horseweed
biomass when saflufenacil was co-applied with glufosinate com-
pared to saflufenacil applied alone. Previous research indicated
that glufosinate plus very low doses of PPO-inhibiting herbicides
can lead to enhanced herbicidal activity on certain broadleaf weeds
(Takano et al. 2020c). This study suggests this interaction may be
species-specific, in that glufosinate applied with low doses of PPO-
inhibiting herbicides does not result in a synergistic improvement
in GR horseweed control.
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