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Prior to the launch of Roundup Ready Xtend soybean, a genetically modified soybean with
transgenes that express resistance to glyphosate and dicamba, several knowledge gaps existed
regarding weed control, tank-mix compatibility, profitability, and environmental impact. The
addition of dicamba (300 or 600 g ae ha-1) to quizalofop-p-ethyl (24, 30, or 36 g ai ha-1) or
clethodim (30, 37.5 or 45 g ai ha-1), applied postemergence (POST), reduced the control of
glyphosate-resistant volunteer corn by 11 to 20%, however, the antagonism could be overcome
by increasing the rate of graminicide 25-50%. The addition of dicamba (600 g ae ha-1) to
glyphosate (900 g ae ha-1), applied POST, increased broadleaf weed control by 3 to 14% 8 weeks
after application (WAA). Dicamba, applied POST, provided poor control of grasses resulting in
soybean seed yield loss of 30 to 33% compared to dicamba plus glyphosate. When applied
preemergence (PRE) in a conventional tillage production system, dicamba (600 g ae ha-1)
provided similar control of annual broadleaf weeds compared to several industry standards.
Dicamba provided poorer broadleaf weeds in no-till production systems than several pre-plant
(PP) herbicides which provided good to excellent control of broadleaf and grass weed species.
The reduced broadleaf weed control with dicamba was likely due to the short residual activity in
the soil.
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1.0 Literature Review - Determining the Fit for Dicamba-Resistant Soybean for Ontario
Agriculture

1.1 Importance of Weed Control
1.1.1 Background
In the early stages of crop production, the influence of weeds on crop development and
yield was not known, but over time the impact of weed interference has become better
understood. What once started out as a non-issue, weed management has now become one of the
most important components of successful crop production. It wasn’t until 1000 A.D. that the
competitive effects of weeds were documented (Clark & Fletcher, 1909), although little was
done about agricultural weeds until laws were introduced in Britain in the 1200s that required the
removal of some weed species from the land (Clark & Fletcher, 1909). The concept of
intentional weed management arose in the 1700s when it was discovered that tillage assisted in
the control of weeds (Gadd, 1777). During the 1800s and 1900s the first chemicals were used for
weed control (Timmons, 1970). During the 1800s, compounds such as lime, sodium chloride, or
sulfuric acid were among the first chemicals used for weed control (Hildebrand, 1946; Groh,
1922) but little progress was made in herbicide development until the mid-1900s (Timmons,
1970; Blackman, 1948). The discovery of the phenoxy carboxylic acids marked the beginning of
the “Chemical Era of Weed Control” (Blackman, 1948). Timmons (1970) estimated that 80% of
the progress made in weed science occurred between 1941 and 1968 while it only accounted for
0.35% of the time of crop production. Over the course of 200 years, weed management, a
seemingly small aspect of crop husbandry has now grown into a major component of successful
crop production.
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In modern agriculture, timely and effective weed management has been, and continues to
be, one of the key requirements to optimize crop development and yield. The crop protection
industry has developed into a large component of the agricultural industry. The technology
surrounding and influencing successful weed management has improved and so has knowledge
of crop quality and yield benefits that can be realized when successful weed control tactics are
employed. As our understanding and success of weed management grows, crop yield losses due
to weed interference will be minimized.
1.1.2 Yield
Competition between weeds and soybean can have negative effects on crop quality and
yield (Vollman et al. 2010). Many factors play a role in determining the yield loss due to weed
interference in soybean including, but not limited to, weed species composition, weed density,
relative time of soybean and weed emergence, timing of weed control, soybean seeding rate,
soybean row spacing and tillage (Vollman et al. 2010; Ontario Ministry of Agriculture Food and
Rural Affairs (OMAFRA), 2009; Swanton et al. 2000). While these factors may vary in the
magnitude that they impact the crop, they all can negatively impact soybean quality and yield.
The weed species present will influence soybean yield loss. Studies conducted in Ontario
have concluded that giant ragweed (Ambrosia trifida L.), common ragweed (Ambrosia
artemisiifolia L.), pigweed spp. (Amaranthus spp.), and common lamb’s-quarters (Chenopodium
album L.) can reduce soybean yield up to 14% at a density of one plant m-2 while weeds such as
velvetleaf (Abutilon theophrasti Medic.) lady’s-thumb (Polygonum persicaria L.) reduce yields
by 4 to 6% at the same densities. Similar results were discovered for grass species. Volunteer
corn and giant foxtail (Setaria faberi (L.) Beauv.) can reduce soybean yields by 3 to 4% while
crabgrass (Digitaria spp.) and yellow foxtail (Setaria glauca (L.) Beauv.) may reduce yields by
2

1%, all at one plant m-2 (OMAFRA, 2009). The total weed species composition and density of
each species will influence the yield loss in soybean. OMAFRA (2009) found that if broadleaf
species are present at five plants m-2 instead of one plant m-2, the potential soybean yield loss
increased to 33 to 41%. Similarly with grass species, the potential yield loss could rise to 12 to
15% at five plants m-2 (OMAFRA, 2009). Yield loss in soybean is influenced by weed species
composition and density.
1.1.3 Importance of proper timing of control
The timing of herbicide application is critical to minimize soybean yield loss due to weed
interference (Mulugeta & Boerboom, 2000; Knezevic et al. 2002; Nurse et al. 2006; Payne &
Oliver, 2000). The optimal herbicide application timing is influenced by, but not limited to, weed
species, weed density, weed size, the relative time of weed and soybean emergence, weather
conditions, soil health and soil nutrient availability (Knezevic et al. 2003; Van Acker et al.
1993). The optimal herbicide application is field specific and dependent on a number of factors.
The critical weed free period is the length of time that a crop must be weed free to
prevent any yield losses due to weed interference (Van Acker et al. 1993; Chandler et al. 2001;
Knezevic et al. 2002; Knezevic et al. 2003). There is no definitive critical weed free period in
soybean since it is influenced by many factors including, but not limited to, weed species
composition, weed density, weather conditions, relative time of soybean and weed emergence,
soybean seeding rate and soybean row spacing (Knezevic et al. 2003; Mulugeta & Boerboom,
2000). Knezevic et al. (2003) found that the critical weed free period for narrow-row soybeans
was V1 to V3. Other studies found that the end of the critical weed free period varied between
V2 to V4, depending on weed density, seeding date, and environmental conditions (Van Acker et
al. 1993; Abusteit, 1993; Mulugeta & Boerboom, 2000). Several studies have found that the
3

critical weed free period ends at V3 when yield loss caused by weed interference no longer
reaches 5%, although the actual end of the critical weed free period varies based on acceptable
yield loss (Van Acker et al. 1993; Abusteit, 1993; Knezevic et al. 2003). When the acceptable
yield loss was reduced from 5 to 2.5%, the critical weed free period extended from V2 or V3 to
the R1, R3, or R5 stages (Van Acker et al. 1993).
Implementing weed management tactics based on crop staging can be difficult.
Guidelines for the critical period of weed control can be useful but they fail to take into account
the size and density of the weeds relative to the soybean growth stage (Payne & Oliver, 2000).
Many of the recommendations regarding the critical weed free period are for annual weed
species but do not consider perennial weed species (Halford et al. 2001; Knezevic et al. 2003).
Perennial species have a different growth habit, they are vegetatively propagated, and have an
extended period of competition which is not as well understood (Lemieux et al. 1993;
Schimming & Messersmith, 1988) and may not be accurately accounted for when farmers follow
the critical period of weed control based on studies with annual weeds. Weed interference during
the critical weed free period may result in substantial soybean yield loss (Van Acker et al. 1993;
Swanton et al. 2000; Mulugeta & Boerboom, 2000; Fickett et al. 2013; Vangessel et al. 2000).
Gonzini et al. (1999) reported that delayed application of glyphosate in glyphosate-resistant
soybean from the V3 stage to the V5 stage reduced yield by 1050 kg to 2900 kg ha-1. Research
conducted by Vangessel et al. (2000) and Swanton et al. (2000) demonstrated that soybean yield
loss could exceed 980 kg ha-1 when weeds were not controlled during the critical weed free
period, however, the yield losses were not as great as those documented by Gonzini et al. (1999).
Delayed weed management in soybean may result in lower soybean yield (Payne & Oliver,
2000). The benefits of controlling weeds during the critical weed free period are quite evident,
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however, the ideal weed management strategy is less clear. Nurse et al. (2007) found that there is
no benefit to applying a preplant(PP) residual herbicide prior to an in-crop application of
glyphosate in glyphosate-resistant soybean, however, Stewart et al. (2011) and Gonzini et al.
(1999) found that a PP herbicide followed by a herbicide applied postemergence (POST)
improved control of several broadleaves and grasses compared to one or two in-crop applications
of glyphosate. Even if there is not an increase in weed control by applying a PP herbicide,
Vangessel et al. (2000) and Nurse et al. (2006) found that applying a PP herbicide could delay
the timing of the glyphosate applied POST to V2 or V3. Other benefits to using a two-pass weed
control program is reduced dependence on glyphosate thereby decreasing the selection intensity
for glyphosate-resistant weeds (Monsanto, 2005; Nurse et al. 2006; Young, 2006; Jasieniuk et al.
1996), more consistent weed control (Gonzini et al. 1999), and improved control of glyphosateresistant weeds (Chahal & Johnson, 2012). Although, there is no agreement on the perfect
herbicide program, it is clear that an effective herbicide must be applied early in the season to
control weeds during the critical weed free period.

1.2 Glyphosate
1.2.1 History
Glyphosate [N-(phosphonomethyl) glycine] is a broad spectrum, non-residual, systemic
herbicide that controls over three hundred weed species (Dill et al. 2010; Franz et al. 1997).
Glyphosate was first synthesized in 1950 by Dr. Henri Martin in Switzerland who worked for
Cilag, a small Swiss pharmaceutical company (Franz et al. 1997). After its initial synthesis in
1950, glyphosate was first patented in 1964 by Stauffer Chemical Company (Patent Number
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3,160,632), although the patent did not mention claims of glyphosate’s herbicidal properties. The
Inorganic Division of Monsanto first studied aminomethylphosphonic acid (AMPA) compounds
for their potential use as water softening agents. Concurrently, these chemicals were evaluated
for their herbicidal properties (Franz et al. 1997). After having little success finding a compound
with strong herbicidal properties, Dr. Phillip Hamm and Dr. John Franz devised a new method to
synthesize herbicide compounds (Franz et al. 1997; Franz, 1985). This new method, called the
metabolism hypothesis, was successful in creating glyphosate along with multiple other AMPA
compounds; however, glyphosate was the only compound with potential as a herbicide (Franz et
al. 1997). Following initial greenhouse testing, glyphosate was patented in 1970 by Monsanto
(Patent Number 3,799,758) and developed as a POST, non-selective herbicide.
Glyphosate is the most widely used herbicide globally and is considered to be the most
important herbicide of the current era (Duke and Powles, 2008). The total amount of glyphosate
used for production of soybean, corn, and cotton in 1996 was 7 million kilograms which
increased to 80 million kilograms by 2008 (Fernandez-Cornejo et al. 2014). A similar trend of
increasing glyphosate use occurred in Canada following the introduction of glyphosate-resistant
crops in the late 1990s (Beckie et al. 2011). From 2005 to 2011, glyphosate use in Canada tripled
from 34 million litres to 102 million litres (Beckie et al. 2014). In soybean, glyphosate use in the
USA increased from 5 million kilograms in 1996 to 43 million kilograms applied in 2008
(Fernandez-Cornejo et al. 2014). By 2008, glyphosate represented 38 per cent of total pesticides
applied to soybean in the USA; this occurred less than 50 years after the initial development of
the herbicide and 12 years after glyphosate-resistant soybean were first commercialized in the
USA (Fernandez-Cornejo et al. 2014; Duke and Powles, 2008; Franz et al. 1997). The
subsequent introduction of glyphosate-resistant cotton cultivars and corn hybrids in 1997 and
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1998, respectively dramatically increased the use of glyphosate. The use of glyphosate for weed
management increased rapidly with the introduction of glyphosate-resistant crops.
Glyphosate has a number of desirable attributes which contribute to its wide spread use
around the globe. Much of the increase in glyphosate use can be attributed to the rapid adoption
of glyphosate-resistant crops. In glyphosate-resistant crops, glyphosate provides broad spectrum
weed control, has a wide window of application, there are no residues affecting future crops in
the rotation, and it is low cost. Although glyphosate provides broad spectrum weed control, it is a
relatively slow acting herbicide with control ocurring one to two weeks after application (Baylis,
2000; Sprankle et al. 1975). Because of its superior effectiveness and low cost, it has saved USA
farmers over $1.2 billion in herbicide expenses (Gianessi, 2005). Glyphosate is also an attractive
herbicide because it is non-toxic to mammals, birds, fish, and most bacteria (Franz et al. 1997).
The low environmental impact, low cost, and efficient broad spectrum weed control all
contributed to the increased use of glyphosate.
1.2.2 Chemistry
Glyphosate is a phosphonomethyl derivative of the amino acid glycine (Dill et al. 2010).
The molecule is comprised of an amine base and three acid groups (Bromilow et al. 1993). It is a
white crystalline solid which is odourless and can be synthesized either as an acid or a soluble
salt. The acid formulation has very low solubility in water due to very strong hydrogen bonding
forces that occur between the acid molecules (Dill et al. 2010; Franz et al. 1997). As a result,
glyphosate is typically prepared as a monobasic salt which is more water soluble (Dill et al.
2010; Franz et al. 1997). Glyphosate is a metal-chelator so it can bind tightly with iron,
manganese, calcium and other metal ions that may be present in water (Nilsson, 1985). The
absorption of glyphosate into plant matter can be compromised if glyphosate binds with metal
7

ions (Ramsdale et al. 2003; Bernards et al. 2005). As a result, glyphosate provides most effective
control of weeds when it is applied with low water volumes as it may reduce the exposure to
metal ions (Ramsdale et al. 2003; Bernards et al. 2005; Thelen et al. 1995). Glyphosate efficacy
is influenced by water carrier volume and quality.
1.2.3 Mode of action
Glyphosate is quickly absorbed by the foliage of most plants; however, rates of uptake
vary among plant species which may contribute to the variation in species susceptibility to
glyphosate (Duke & Powles, 2008). The glyphosate solution is diffused across the cuticle of the
plant and is transported through the plant via the phloem (Duke & Powles, 2008; Bromilow &
Chamberlain, 2000). Glyphosate is translocated to areas of high metabolic activity such as leaf
tips, roots, and rhizomes (Duke & Powles, 2008; Sprankle et al. 1975).
The shikimate acid pathway is a multi-step process which occurs in plants, fungi, and
microorganisms used to biosynthesize aromatic amino acids (Franz et al. 1997). The enzyme, 5enol-pyruvylshikimate-3-phosphate synthase (EPSPS), plays a crucial role in facilitating the
reactions within the shikimate acid pathway (Cole, 1985; Franz et al. 1997). Glyphosate controls
plants by inhibiting the function of EPSPS (Devine & Shukla, 2000; Cole, 1985). EPSPS is
responsible for catalyzing the reaction between carbohydrates [shikimate-3-phosphate (S3P)] and
phosphates [phosphoenol pyruvate (PEP)] which produces 5-enol-pyruvylshikimate-3-phosphate
(EPSP) (Franz et al. 1997; Jawkorski, 1972). During normal plant function, the S3P and PEP
would bind to EPSPS to create EPSP and the subsequent steps in the shikimic acid pathway
continue normally (Franz et al. 1997; Amrheim et al. 1980; Jawkorski, 1972). However,
glyphosate binds with EPSPS and S3P to form a complex which undergoes a conformational
change (Duke & Powles, 2008). The change of shape of the EPSPS prevents PEP from binding
8

to S3P and EPSPS since glyphosate has stronger binding affinity than PEP (Sikorski & Gruys,
1997). The blockage of EPSP production then interferes with the entire chain of processes in the
shikimate acid pathway (Duke & Powles, 2008; Sikorski & Gruys, 1997). The disruption of
EPSPS by glyphosate limits a series of reactions that follows the production of EPSP. Following
the blockage of EPSP production, EPSP is no longer available to be dephosphorylated into
chorismate (Franz et al. 1997; Jawkorski, 1972; Steinrucken & Armheim, 1980) which is an
intermediate compound that is created prior to the synthesis of aromatic amino acids
phenylalanine, tryptophan, and tyrosine (Steinrucken & Armheim, 1980). Plant death begins to
occur when these amino acids can no longer be synthesized. These amino acids are necessary for
the synthesis of proteins and secondary metabolites including folates, naphthoquinone, and
ubiquinones (Steinrucken & Armheim, 1980). As a result of the disruption of the normal
function of EPSPS in the shikimic acid pathway, the production of compounds required for
signaling photosynthesis, auxin transport, and chlorophyll use is also affected (Baylis, 2000).
1.2.4 Environmental Impact
While much of glyphosate’s success as a herbicide is due to its effective, broad spectrum
weed control, its relatively safe environmental profile has also contributed to its widespread use.
The EPSPS enzyme does not exist in birds, fish, insects, and mammals, so glyphosate is nontoxic to many of the earth’s living species (Sikorski & Gruys, 1997; Dill et al. 2010). The
mammalian LD50 of glyphosate is >5000 mg kg-1 so it is classified as a Category IV herbicide
which means it is slightly- to non-toxic (Monsanto, 2002; Franz et al. 1997). Glyphosate is also
listed as a Category E (non-carcinogenic) herbicide for carcinogenic properties in mammals
(Franz et al. 1997). It is important to note, however, that the toxicity of commercial glyphosate
formulations may be higher than technical glyphosate due to the presence of surfactants and
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other materials (Dill et al. 2010). Franz et al. (1997) reported that glyphosate does not
bioaccumulate; therefore the risk of ingestion due to consuming treated food would be minimal.
Even when livestock were fed up to 400 parts per million of glyphosate, the traces of glyphosate
in their muscle and fat was practically non-existent (Franz et al. 1997). Glyphosate's low toxicity
to non-plant organisms reduces its environmental impact.
Glyphosate is relatively persistent in the soil with a half-life of approximately 47 days;
however, it is biologically unavailable due to strong adsorption to soil. Because of its strong
adsorption to soi colloids and its rapid degradation, glyphosate has little soil activity. Upon
release from soil colloids, glyphosate is broken down by microbial degradation (Duke, 2011).
The degradation of glyphosate in the soil can occur in two different ways. Glyphosate can be
broken down into AMPA and glyoxylate through a glyphosate oxidoreductase reaction where the
bond between the carbon and nitrogen atoms is broken (Duke, 2011). Although AMPA is not
inert like inorganic phosphorus, it is broken down into phosphoric acid (Forlani et al. 1999).
Glyphosate can also be broken down in a different manner where the molecule is split at the
carbon-phosphorus bond which yields inorganic phosphorus and sarcosine (Duke, 2011). These
degradation products pose no environmental risk because sarcosine is a natural amino acid found
in our bodies (Rebelo et al. 2014).

1.3 Dicamba
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1.3.1 History
Dicamba (3,6-dichloro-2-methoxybenzoic acid) is a systemic herbicide that controls a
wide range of annual, biennial and perennial broadleaf weed species (Heap, 2007; Krueger et al.
1989). It is classified as a growth regulator and belongs to the Group 4 herbicides (Fedtke, 1982;
BASF, 1995). It has the same mode-of-action as phenoxy herbicides such as 2,4-D but is
classified as a benzoic acid herbicide (Krueger et al. 1989). Dicamba was discovered and
patented in 1958 by R.A. Darrow and R.H. Haas (Patent # US3013054) who were employees of
Velsicol Chemical Co. (Darrow & Haas, 1961; Velsicol Chemical Co., 1967). It was first
registered as a herbicide in 1965 (CAS # 1918-00-9) by Velsicol Chemical Co. under the trade
name Banvel (Fletcher & Kirkwood, 1982; WSSA, 1970). It is considered an attractive broadleaf
herbicide because it is applied at lower rates than 2,4-D and provides superior control of many
broadleaf weed species (Devine et al. 1993; Zimdahl, 1993). Depending on weed density and
population dynamics, dicamba is the preferred Group 4 herbicide because it can be applied PP,
PRE or POST, depending on the crop grown, and is more efficacious on many broadleaf weed
species (Devine et al. 1993; Zimdahl, 1993).
Dicamba is a very effective herbicide for broadleaf weed control in monocot crops
including corn, sugar cane, and cereals including wheat, barley and oats (Devine et al. 1993;
Zimdahl, 1993; Subramanian et al. 1997). Dicamba is also registered for use in turf grass and
conifer tree nurseries for broadleaf weed control (Devine et al. 1993; Zimdahl, 1993; Fletcher &
Kirkwood, 1982). Dicamba is registered in the USA and Canada for the control of 250 and 40
broadleaf weeds, respectively (BASF, 1995; BASF, 2010).
The release of dicamba came at a very important time in agricultural production. Between
1960 and 1980 there was a significant increase in herbicide use as the agricultural industry began
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to adopt farming practices which included reduced tillage (Fernandez-Cornejo et al. 2014). The
use of herbicides in row crops jumped from 0.1 kg ha-1 in 1960 to 0.4 kg ha-1 in 1980
(Fernandez-Cornejo et al. 2014). A year after its release in 1966, only 90700 kilograms of
dicamba were used by American farmers (Andrilenas & Anderson, 1978). Ten years later, in
1976, the use of dicamba rose to 1.6 million kilograms annually in the USA (Eichers et al. 1978).
After 1980, the use of herbicides began to plateau (Fernandez-Cornejo et al. 2014), and so did
the use of dicamba (Wheeler, 2002). The benzoic acid herbicide class which included
chloramben, dicamba, and naptalam had its peak use for row crop weed control in the late 1960’s
when 10% of all herbicides used in the USA were from the benzoic acid family (Wheeler, 2002).
Since then, the amount of benzoic acid herbicides applied has declined to only 3% (1997) of all
herbicides used in row crop agriculture in the USA (Wheeler, 2002). While the overall use rates
of dicamba and other growth regulators have declined in recent years, 2,4-D and dicamba
continue to be the most widely used growth regulator herbicides in the USA and are still heavily
relied upon for broadleaf weed control in corn and cereals (Kruger et al. 2010; Young, 2006).
The popularity of dicamba in Ontario rose through the late 1960’s and into the 1970’s
and then declined in subsequent years (Roller, 1979; McGee, 1984; Hunter & McGee, 1993;
McGee et al. 2010). By 2008, the use of all auxinic herbicides had declined to account for only
7% of all herbicides applied in Ontario; dicamba accounted for just 1.6% of all herbicides used
(McGee et al. 2010). It is important to note, however, that the use of most herbicides has
declined over the last 30 years. The amount of herbicides applied on row crops in Ontario has
declined from 5.4 x 106 kg in 1983 to 3.6 x 106 kg in 2008 (McGee et al. 2010).
1.3.2 Chemistry
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Dicamba is a halogenated benzoic acid derivative which contains a central benzene ring
with a branching carboxyl group, two chlorine atoms, and a methoxy group (Fedtke, 1982). It is
an odourless crystalline solid but depending on its formulation, it can have a white, clear, or
brown colour (Harp, 2001; Melnikov, 1971). Based on the specific formulation the pH of
dicamba can range from 5.0 to 8.9 (Tomlin, 2009). The variations in its physical properties are
due to the range of formulations that can be produced. Dicamba can be synthesized as an acid or
as one of many salts including a dimethyl amine salt, diglycolamine, potassium, sodium or bisaminopropyl methyl amine (Harp, 2001; Melnikov, 1971). The production of dicamba requires a
multi-step reaction chain which involves multiple intermediate chemicals. Dicamba is
synthesized by exposing 1,2,4-trichlorobenzene to methanol and sodium hydroxide which yields
2,5-dichlorphenol (British Crop Protection Council, 1971). The 2,5-dichlorphenol is then
carboxylated, producing 3,6-dichlorosalicylic acid, then methylated using dimethyl sulfate which
results in dicamba (British Crop Protection Council, 1968). The dimethyl amine salt is the most
common formulation of dicamba (Melnikov, 1971). It is more water soluble as a salt formulation
and is more resistant to hydrolysis and oxidation than the acid formulation (Harp, 2001;
Melnikov, 1971). According to BASF (2014) it is classified as highly soluble in the salt form at
500 000 µg mL-1. Dicamba is produced as a number of different salt formulations.
1.3.3 Mode of action
Dicamba controls broadleaf weeds because it mimics plant auxins (Grossman, 2000;
Harp, 2001). It is a synthetic mimic of the natural plant hormone indole-3-acetic acid (IAA)
which is one of the principal natural auxins found in plants (Subramanian et al. 1997; Devine et
al. 1993; Grossman, 2000). Auxins play a critical role in plant growth. They are responsible for
regulating growth by inducing cell elongation and division when present in low concentrations
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(Grossman, 2000; Devine et al. 1993). At higher concentrations, however, the induced growth
occurs more rapidly and plant function homeostasis can be altered (Kelley & Riechers, 2007).
Symptoms of rapid growth can include leaf and stem epinasty, inhibition of root growth, leaf
chlorosis, reduced stomatal function, and decreased elongation of leaf internodes (Bromilow &
Chamberlain, 1991; Fedtke, 1982; Grossman, 2000). These symptoms can cause a reduction in
transpiration, carbon assimilation, and stomatal aperture (Bromilow & Chamberlain, 1991;
Grossman, 2000). The resulting effects can be described as an auxin overdose and lead to the
destruction of vascular tissue and plant membrane integrity, damage to chloroplasts, desiccation,
and plant death (Devine et al. 1993; Grossman, 2000). It is also important to note that dicamba
and other growth regulating herbicides mainly control broadleaf weeds because of variances in
the vascular structure of grass plants and differences in the plants' ability to metabolize growth
regulating herbicides (Kelley & Riechers, 2007; Sterling & Hall, 1997; Subramanian et al. 1997).
Dicamba controls broadleaf weeds through the degradation of repressor genes which results in
uncontrolled plant growth.
Dicamba is a systemic herbicide that is absorbed by both the roots and shoots. When
dicamba is applied, it can be taken up either by root or leaf tissue depending on time of
application (Devine et al. 1993). Once absorbed by the plant, it is translocated throughout the
plant to the nutrient sinks within the plant including the apical buds, new leaves, and root tips.
(Chang & Vanden Born, 1971; Devine et al. 1993). The herbicide is distributed through the plant
mainly within the phloem, but can also move through the plant in the xylem (Chang & Vanden
Born, 1971; Devine et al. 1993). Devine et al. (1993) found that it is more mobile within the
phloem than some other benzoic acids because it is moderately lipophilic. Although dicamba can
be translocated it in the apoplast it is primarily symplastically translocated.
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Once translocated through the plant, dicamba binds to the plasma membrane receptor,
also known as the IAA receptor on auxin-membrane proteins (Hertel, 1983; Devine, 1993). The
free carboxy group on the dicamba molecule is critical for engaging the binding between the
herbicide and the plasma membrane receptor (Fedtke, 1982; Thimman, 1977). The negatively
charged carboxy group is attracted to the positively charged binding site. Thimman (1977) noted
that beyond the negative charge on the carboxy group of the dicamba molecule, the
characteristics of the rest of the dicamba molecule have little significance in the binding process.
Once bound to the IAA receptor, the dicamba molecule forces a conformational change of the
binding site which prevents further binding of IAA (Fedtke, 1982; Kaethner, 1977). Fedtke
(1982) found that dicamba and other IAA mimics can completely replace IAA within a plant if
exposed to a high enough dose. Following the binding of dicamba to the IAA binding site, two
responses have been found to occur. The first response occurs quickly after the absorption of
dicamba. The high concentration of dicamba induces a rapid excretion of positively charged
hydrogen ions into the plant cells which in turn induces the first stages of cell elongation
(Fedtke, 1982). Dicamba also induces an increased rate of RNA synthesis in the plant (Fedtke,
1982; Hanson & Slife, 1969). The increase in RNA synthesis takes longer to initiate but once the
process begins, the concentration of RNA present within the plant can increase to as much as
800% (Guilfoyle et al. 1975). The rapid increase in RNA synthesis leads to a drastic change in
the protein-RNA ratio (Chen et al. 1972; Fedtke, 1982). It is this disproportionate ratio of RNA
to protein which causes excess growth followed by depletion of resources, and death in plants
(Fedtke, 1982). More recent research has found evidence that suggests that dicamba induces
increased gene expression within the target plant. Instead of being broken down by auxinregulating enzymes, the dicamba molecule can remain intact resulting in overstimulation of the
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auxin response thus causing phytotoxicity and eventually plant death (Kelley & Riechers, 2007;
Staswick et al. 2005).
1.3.4 Environmental Impact
Dicamba is a relatively safe herbicide when used according to label directions, however,
proper precautions must be taken when handling and applying the product. The LD50 of dicamba
in rats is 3512 mg kg-1 which equates to a classification of being a moderately toxic herbicide
(National Library of Medicine, 2011; BASF, 2014). According to the Canadian Material Safety
Data Sheet for Banvel II which contains the diglycolamine salt of dicamba at 480 g ae L-1,
Banvel II is listed as only slightly toxic (BASF 2014). Dicamba does not have any known
carcinogenic properties and is classified as a Category D, non-carcinogenic herbicide (National
Library of Medicine, 2011; EPA, 2013; BASF, 2014; Samanic et al. 2006). Oehler & Ivie (1980)
conducted a test on lactating dairy cows to determine the metabolism of dicamba within a
mammal. The study found that 89% of the dicamba administered was excreted within six hours
following treatment (Oehler & Ivie, 1980). The research also revealed that only half of the
remaining chemical in the liver was found to be in its original form and less than 0.02% of the
total administered dicamba was found in the cow’s milk (Oehler & Ivie, 1980). Tye & Engle
(1967) studied dicamba metabolism and excretion in rats with similar results. When dicamba was
administered with food 90 and 96% was excreted within 24 and 48 hours, respectively. Dicamba
does not pose undue risks to mammals when used according to label directions.
Dicamba has a half-life in the soil of 17 to 59 days (Grover, 1988). Persistence in the soil
is dependent on several factors including pH, soil temperature, soil moisture and soil microbial
activity (Grover, 2000; Kearney & Kaufman, 1976; National Library of Medicine, 2011).
Contamination of ground and surface water can occur because dicamba can rapidly leach
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through the soil profile in certain soil types and has a high risk of off-target movement (Canadian
Council for Ministers of the Environment, 1991; Kearney & Kaufman, 1976). While there is a
moderate risk for contamination, dicamba is quickly degradated by water microbes (Canadian
Council for Ministers of the Environment, 1991).

1.4 Glyphosate-Resistant Soybean
1.4.1 History
Soybean was first cultivated in China between 1500 and 1100 B.C.E (Pathan and Sleper,
2008), however soybean production did not spread to Europe until the 1600s and was first
cultivated in North America and South America in the 1700s and 1900s, respectively (Pathan &
Sleper, 2008). Conventional, non-GMO, soybean production grew in North America and
globally. In 1996 a new technology was introduced that revolutionized global soybean
production.
Monsanto Company began testing herbicide-resistant soybean in the mid-1980s (Green,
2009). Several attempts were made at developing a glyphosate-resistant soybean which would
allow farmers to apply glyphosate in soybean after crop emergence. Some of the methods used to
develop glyphosate-resistant soybean included using genetic material from sources such as
mutated corn genes and various bacterium strains (Green & Owen, 2011). Ultimately, cultivar
‘A5403’ was developed (Padgette et al. 1995) using a transgene which promoted the expression
of a form of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme; this unique
enzyme demonstrated strong glyphosate insensitivity (Green & Owen, 2011; Swanton et al.
2000; Padgette et al. 1995; Feng et al 2010). The transgene employed was the CP4 EPSPS gene

17

derived from a Agrobacterium tumefaciens strain CP4 (Green & Owen, 2011; Padgette et al.
1995; Feng et al. 2010). Field trials began in 1991 in the U.S.A. to evaluate the level of
resistance in several transgenic soybean lines (Padgette et al. 1995). Following the approval of
the soybean trait by each country’s governing bodies, the first glyphosate-resistant soybean was
released for commercial production in 1996 (Owen & Zelaya, 2005; Dill et al. 2008). The
glyphosate-resistant soybean was marketed as the Roundup Ready soybean (Feng et al. 2010).
Glyphosate-resistant soybean and canola (Brassica napus L.) were the first plant species
to be commercially marketed; however, several other species had been developed for testing
purposes including Petunia hybrida Juss., Arabidopsis thaliana (L.) Heynh., and Nicotiniana
tobacum L. (Dill, 2005; Feng et al. 2010; Padgette et al. 1995). Following the introduction of the
glyphosate-resistant soybean, many other glyphosate-resistant plant species have also been
developed. Currently, the five most widely grown glyphosate-resistant crops include soybean,
canola, cotton (Gossypium hirsitum L.), corn (Zea mays L.), and sugar beet (Beta vulgaris L.),
which were released for commercial production in 1996, 1997, 1997, 1998, and 2007,
respectively (Beckie & Hall, 2014; Green, 2012). While these five crops account for most
glyphosate-resistant crops, close to 100 species have been developed with resistance to
glyphosate since the release of the glyphosate-resistant soybean (Wenzel, 2006).
1.4.2 Biology
Many attempts were made at developing the glyphosate-resistant soybean during the
1980s. Three distinct methods of introducing glyphosate resistance were attempted (Dill, 2005).
These strategies included: a) inducing an over-expression of the enzyme which was targeted by
glyphosate, b) detoxification of glyphosate within the plant, and c) coding for the expression of a
form of the targeted enzyme which was insensitive to glyphosate (Dill, 2005; Feng et al. 2010).
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While several attempts were made at developing a glyphosate-resistant soybean, not all strategies
were successful.
One of the first methods used to develop glyphosate-resistant soybean was to increase the
level of expression of the native EPSPS enzyme within the plant (Dill, 2005). The theory behind
this method of gene modification was that by increasing the expression of the EPSPS enzyme,
the plant would still maintain normal function of enough EPSPS enzyme that sufficient aromatic
amino acids would continue to be produced (Dill, 2005). This concept was moderately successful
in exhibiting glyphosate resistance in tobacco cell cultures where the EPSPS enzyme expression
was 800 times greater than a non-resistant plant, however, the same level of success could not be
achieved at the whole-plant level (Dill, 2005; Widholm et al. 2001). While plants did exhibit
some resistance to glyphosate, significant reductions in growth did occur, and as a result, no
commercial crops were produced using this technology (Dill, 2005).
Glyphosate resistance via metabolic detoxification was also studied. The goal of this
method of resistance was to induce the breakdown of glyphosate into phosphate and sarcosine, or
convert glyphosate into aminomethylphosphonic acid (AMPA), also known as Nacetylglyphosate, and glyoxylate via a glyphosate oxidase (GOX) enzyme derived from a
bacteria, Ochrobactrum anthropi (Dill, 2005; Feng et al. 2010; Green & Owen, 2011). Neither
AMPA nor glyoxylate are herbicidal, nor are they inhibitors of the EPSPS enzyme (Castle et al.
2004). Similar to attempts made in developing a glyphosate-resistant plant using the overexpression method, moderate success was achieved with the glyphosate detoxification technique
(Dill, 2005). Initial canola varieties did utilize the GOX enzyme, but its efficiency was not robust
enough to be relied upon solely, so this technology was paired with the third more effective
method for introducing glyphosate-resistance into the plant (Dill, 2005). Although the
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detoxification method was not fully successful in producing glyphosate-resistant plant species,
Castle et al. (2005) thought there was potential for success if the detoxification method was
further refined. Castle et al. (2004) noted that potential benefits of the detoxification method
include breaking down the glyphosate molecule so that it does not persist in the plant, and
negatively impact plant growth and grain development. It was found that a derivative of Acetyl
coenzyme A (AcCoA), glyphosate N-acetyltransferase (GAT) does demonstrate potential;
however, when tested on corn plants, reductions in plant growth occurred when treated with four
times the field rate (Castle et al. 2004). Metabolic detoxification of glyphosate provides
resistance to glyphosate, but by its self, the level of resistance was not high enough to be
commercially successful.
The final and most successful method of inducing glyphosate resistance in plants
involved the modification of plant genes to express a glyphosate-insensitive form of the EPSPS
enzyme (Feng et al. 2010; Green, 2009). The goal of this method of resistance was to reduce the
binding affinity of glyphosate molecules to the phosphoenol pyruvate (PEP) binding sites on the
EPSPS enzyme while maintaining binding affinity of PEP (Feng et al. 2010). Initial testing of
glyphosate-resistant plant species involved the introduction of a mutated corn EPSPS enzyme,
zm-2mepsps, which contained two mutations in the genetic material (Feng et al. 2010; Green &
Owen, 2011); however, more effective EPSPS enzymes have been discovered from other
sources.
A strain of glyphosate-resistant Agrobacterium tumefaciens, the CP4 strain, was
accidentally discovered by employees of Monsanto while monitoring waste water ponds outside
a glyphosate production plant located near Luling, Louisiana (Green & Owen, 2011; Feng et al.
2010). After initial testing, it was found that this bacterium demonstrated a high level of
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glyphosate resistance at the cellular level. The EPSPS enzyme of the Agrobacterium tumefaciens
CP4 strain was successful in reducing the binding affinity of glyphosate to the PEP binding sites
on the CP4 EPSPS enzyme (Feng et al. 2010; Padgette et al. 1995). Prior to the introduction of
the glyphosate-insensitive EPSPS enzyme into plants, supplementary testing of the success of the
CP4 EPSPS enzyme was determined in modified Escherichia coli bacterium to further study the
resistance characteristics (Padgette et al. 1995). In order to achieve successful expression in
plants, the resistant CP4 EPSPS gene was modified to include an e35s promoter region derived
the cauliflower mosaic virus (CaMV) and a transit peptide chain from Petunia hybrida Juss.
(Green, 2009; Padgette et al. 1995). These two additions to the EPSPS gene were crucial in
ensuring extended expression and accurate placement of the gene within the soybean genome.
The CaMV promoter region was required in order to ensure the CP4 EPSPS gene was expressed
throughout the whole life of the plant (Green, 2009). The transit peptide chain on the other hand
was required to focus the delivery of the CP4 EPSPS gene to the chloroplasts within the plant
cells where the shikimate pathway is located (Green, 2009; Padgette et al. 1995). Delivery of the
glyphosate-resistant gene into plant DNA was completed by integrating the CP4 EPSPS gene
with a plasmid vector derived from Escherichia coli (Padgette et al. 1995). The final introduction
of the CP4 EPSPS gene into the plant material was completed using biolistic particle acceleration
transformation to fire DNA-coated gold particles into the ‘A5403’ soybean cultivar (Green,
2009; Padgette et al. 1995). The insertion of the CP4 EPSPS gene into soybean was the only
method of introducing resistance which achieved a commercially acceptable level of resistance
to glyphosate (Feng et al. 2010). Feng et al (2010) did note, however, that there is the potential
for herbicide injury depending on the growth stage of the plant and the rate at which the plant
metabolizes glyphosate. In cases where plant species have a slow glyphosate metabolism,
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glyphosate can translocate through the plant via the phloem and accumulate in plant sink tissues
(Feng et al. 2010).
Since the initial introduction of glyphosate-resistant soybean, extensive research has been
completed to determine ways to improve the level of resistance to glyphosate. The second
generation glyphosate-resistant soybean was introduced in 2009 and marketed as Roundup
Ready 2 Yield soybean (Feng et al. 2010). These new resistant soybean cultivars utilized the
addition of promoter regions derived from the figwort mosaic virus 35S and the Arabidopsis
thaliana TSF1 genes (CaJacob et al. 2007; Feng et al. 2010; Green, 2009). Additionally, the use
of genetic mapping allowed for the focused integration of the second version of the CP4 EPSPS
gene into regions of the DNA responsible for determining yield (Feng et al. 2010). The new
placement of the CP4 EPSPS gene was very effective in improving soybean yield. Feng et al.
(2010) found that second generation glyphosate-resistant soybean cultivars yielded an average of
9% higher than the original glyphosate-resistant soybean cultivars.
1.4.3 Adoption Rate
There has been rapid adoption of glyphosate-resistant soybean following its introduction
in 1996. James (2014) reported that the introduction of the glyphosate-resistant soybean was the
most widely and quickly adopted technology in the history of agriculture. By 2002, just six years
after the commercialization of the glyphosate-resistant soybean, over 80% of soybean in the
U.S.A. was seeded to glyphosate-resistant cultivars (Green, 2012), and 93% in 2013 (Beckie &
Hall, 2014). Although the rate of adoption has slowed in the major soybean producing countries,
the popularity of glyphosate-resistant soybean continues to rise. The global adoption of
glyphosate-resistant soybean continues to increase by 10% per year, with most of the recent
adoption of this technology occurring in developing countries (Green, 2012).
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The rate of adoption of glyphosate-resistant soybean in Canada has been similar to that in
the USA. In 1997, just 4% of the 877 000 hectares of soybean in Canada was seeded with
glyphosate-resistant cultivars, however by 2004, the proportion of soybean seeded to glyphosateresistant cultivars increased to 64% (Stratus, personal communication; StatCan, 2006). Similar to
the global trend of producing a greater proportion of glyphosate-resistant soybean, by 2014 an
estimated 80% of the 2.25 million hectares of soybean grown in Canada were glyphosateresistant (StatCan, 2015; Hester, 2015).
Much of the initial success of the glyphosate-resistant soybean was due to the reduced
cost of weed management and increased farm productivity (Green, 2012). Additionally, farmers
valued the ease and efficiency of herbicide application while reducing the risk of herbicide injury
to their glyphosate-resistant soybean (Green, 2007; Green & Owen, 2011). Glyphosate-resistant
soybean also facilitated weed control in no-tillage soybean production systems (Dill, 2005).
Differences between conventional tillage and no-till practices have been discussed previously,
but the general benefits of no-till systems include reduced trips across the field, improved soil
stability, increased water use efficiency, less run off, and increased soil organic matter (Dill,
2005; Green, 2012).
The introduction of glyphosate-resistant crops has resulted in a dramatic shift in herbicide
use. From 1997 to 1998, glyphosate use increased by 81% (Green & Owen, 2011). Meanwhile,
from 1995 to 2002, the number of active ingredients applied on 10% of U.S.A. soybean acres
declined from 11 to 1 (Beckie & Hall, 2014; Green & Owen, 2011). The glyphosate-resistant
technology was initially hailed as an improvement in environmental safety as the total amount of
herbicide applied per hectare was expected to decline (Green, 2012; Owen & Zelaya, 2005).
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While the number of herbicides applied decreased, the overall volume of herbicides applied did
not decrease (Beckie & Hall, 2014).
As glyphosate-resistant weed biotypes began to appear, the benefits of the glyphosateresistant cropping system diminished. The number of active ingredients required for weed
control has increased, and there is a trend to increased tillage to control these highly competitive,
difficult to control weed biotypes (Beckie & Hall, 2014; Chahal & Johnson, 2012; Green, 2012).
Since the first glyphosate-resistant weed, rigid ryegrass (Lolium rigidum Gaud.) was confirmed
in 1996 in Australia (Heap, 2015), the number of species with confirmed resistance to glyphosate
has risen steadily. By the end of 2014 there were 32 weed species with biotypes that were
resistant to glyphosate globally (Heap, 2015). Within Canada, giant ragweed (Ambrosia trifida
L.) was the first glyphosate-resistant weed species, it was discovered in Ontario in 2008. There
are now five weed species which have been confirmed resistant to glyphosate in Canada (Heap,
2015). While it was expected that glyphosate resistance would develop in some weed species, the
rate of adoption of glyphosate-resistant crop production and the magnitude of increase in use of
glyphosate was not predicted (Beckie & Hall, 2014; Owen & Zelaya, 2005). The over reliance of
glyphosate has been the main cause in the selection for glyphosate-resistant weed biotypes
(Beckie & Hall, 2014; Owen & Zelaya, 2005).
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1.5 Dicamba-Resistant Soybean
1.5.1 Introduction
Herbicide resistance in agricultural crops has had a long and diverse past and continues to
evolve to this day. Genetic modification for the purpose of conferring resistance to herbicides
began in the mid to late-1980’s with the development of a crop cultivars/hybrids resistant to
herbicides including 2,4-D, glyphosate, sethoxydim, bromoxynil, and atrazine (Stalker et al.
1988; Lyon et al. 1989). While many different resistance genes have been developed, resistance
to glyphosate has garnered the most attention and market share since its introduction in 1996.
Following the introduction and rapid adoption of glyphosate-resistant technology, the evolution
of glyphosate-resistant weeds has stimulated the demand for new herbicide-resistant technology
(Behrens et al. 2007). Several new genetically modified herbicide resistant soybean are currently
being developed, with the expectation that some traits will be available for commercial
production as early as spring of 2016. One of these new genetically modified herbicide-resistant
soybean is Roundup Ready Xtend soybean developed by Monsanto. This novel herbicideresistant soybean contain genes which confer resistance to both glyphosate and dicamba. The
availability of Roundup Ready Xtend soybean cultivars will provide farmers with new weed
control opportunities.
1.5.2 History
Shortly after the commercialization of dicamba in 1964, it became apparent that dicamba
could degrade relatively quickly in soil and water. It was initially thought that the rate of
degradation of dicamba was highly dependent on soil moisture and soil temperature (Burnside &
Lavy, 1966; Smith & Cullimore, 1975), however, the degradative process was not elucidated
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until the 1970s and 1980s when it was determined that the breakdown of dicamba was
biologically mediated and influenced by soil moisture and temperature (Krueger et al. 1989;
Smith & Cullimore, 1975). Krueger et al. (1989) suggested that the degradative properties of
these bacteria could be used in the future to protect dicamba-sensitive crops. It was proposed that
the bacteria could be used as a seed treatment or soil amendment applied to the crop rhizosphere
in order to protect sensitive species including pea and soybean (Krueger et al., 1989; Krueger et
al. 1991). While the original intention was not to develop a dicamba-resistant plant, it was
suggested as a possible future target far before its development (Krueger et al. 1989).
1.5.3 Biology
Soil and water samples were collected from retention ponds at a dicamba production
plant near Beaumont, Texas. It was suspected that microbes within the soil and water of the
retention ponds had been exposed to moderate levels of dicamba over a long period of time, and
microbes evolved that had the ability to degrade dicamba (Krueger et al. 1989). These microorganisms were evaluated for their ability to breakdown dicamba by incubating them in sterile
environments and providing them with dicamba as the only carbon source. Their ability to
degrade dicamba was measured by the reduction in the amount of dicamba present within the
agar plates (Krueger et al. 1989). Several species were identified that demonstrated some level of
dicamba degradation however three strains were selected for more in-depth studies due to their
rapid growth following exposure to dicamba (Krueger et al. 1989). The three strains were later
identified to all belong to the Pseudomonas genus (Krueger et al. 1989). Stanier et al. (1966) had
previously noted that several members of the Pseudomonas family demonstrate degradative
properties, although not necessarily related to dicamba, members of this genus even have the
ability to rapidly develop new degradative properties (Kellog et al. 1981).
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The discovery and identification of microbes with the ability to degrade dicamba was
significant, however, the specific enzyme responsible for the breakdown of dicamba was not
discovered until 1997 (Subramanian et al.1997). Subramanian et al. (1997) found that in order to
develop a crop cultivar/hybrid with resistance to dicamba, the resistance must be conferred via
rapid metabolism of the herbicide rather than via target site modification. Modifying the target
sites of auxinic herbicides would be very difficult to achieve since they act at many different
target sites (Nandula 2010). Three enzymes derived from different organisms were found with
degradative properties. The dicamba O-demethylase (DODM) enzyme appeared to demonstrate
superiority due to its rapid metabolism of dicamba and greater potential for successful insertion
into crop cultivars/hybrids (Subramanian et al. 1997). Utilization of the DODM enzyme did pose
its own challenges. In order to facilitate the breakdown of dicamba into the non-herbicidal 3,6dichlorosalicylate (DCSA), genes coding for the production of ferredoxin and reductase proteins
along with dicamba mono-oxygenase (DMO) were all required (Nandula 2010; Subramanian et
al. 1997). The two intermediate proteins, ferredoxin and reductase are needed to shuttle electrons
from nicotinamide adenine dinucleotide (NADH) to DMO (Behrens et al. 2007; Nandula 2010;
Subramanian et al.1997). Natural ferredoxin and reductase proteins found within the plants do
have the ability to shuttle electrons to DMO, however, in order to increase the level of resistance
and the efficiency of dicamba breakdown in the plant, it is advantageous to locate these
intermediate proteins in the chloroplasts of the plant cells rather than the plastids where they are
naturally located (Paul et al. 2010).
The specific DODM enzyme used was derived from Pseudomonas maltophilia strain DI6 (Behrens et al. 2007; Wang et al., 1997). The genes coding for the DODM enzyme were
combined with promotor regions from peanut chlorotic streak virus, non-translated regions of the
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tobacco etch virus genome, chloroplast targeting sequences from the pea rubisco small subunit
gene, and border regions from Agrobacterium tumefaciens in order to properly insert the DODM
enzyme in the chloroplast and allow for DNA cloning (COGEM, 2011). Insertion of the DODM
expression cassette was completed using natural transformation via Agrobacterium tumefaciens
(Behrens et al. 2007).
Soybean cultivars that do not contain the trait conferring resistance to dicamba are very
sensitive to dicamba. Soybean treated with dicamba at a rate of 56 g ae ha-1 (less than 1/10 of the
high label rate of dicamba approved for application in corn in Ontario) had up to 90% injury and
45% yield loss (Al-Khatib & Peterson 1999). Anderson et al. (2004) recorded even higher levels
of injury and yield loss in soybean treated with low rates of dicamba. Soybean exposed to only
5.6 g ae ha-1 had 40% injury and 34% yield loss while soybean treated with 56 g ae ha-1 had 80%
injury and up to 83% yield loss (Anderson et al. 2004). Since soybean exhibits such a high level
of sensitivity to dicamba, it is very important for dicamba-resistant cultivars to rapidly detoxify
this herbicide. Behrens et al. (2007) reported that dicamba-resistant soybean, tobacco, tomato,
and Arabidopsis cultivars had no injury following the application of dicamba at 5.8 kg ae ha-1.
Dicamba-resistant crop cultivars have been developed with a high level of resistance.
1.5.4 Weed Control
As the number of glyphosate-resistant weed species continues to rise, commercially
acceptable weed control is becoming more difficult to achieve for farmers. The application of
dicamba either preemergence (PRE) or POST would provide the opportunity to control
glyphosate-resistant broadleaf weed species. Tank-mixes of glyphosate and dicamba have
demonstrated exceptional control of a wide range of broadleaf species, including many species
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resistant to glyphosate such as giant ragweed and Canada fleabane [Conyza canadensis (L.)
Cronq.](Vink et al. 2012; Byker et al. 2013; Chahal & Johnson 2012). The addition of dicamba
to glyphosate, applied PP, increased the control of glyphosate-resistant giant ragweed from 45 to
89% (Vink et al. 2012). Vink et al. (2012) recorded similar results for herbicide programs when
glyphosate and dicamba were applied PP and POST. Glyphosate resistant giant ragweed could be
controlled earlier in the season and to a higher degree when dicamba was applied with
glyphosate at both timings. The addition of the dicamba resistance gene to glyphosate-resistant
soybean will allow for PP, PRE or POST applications of dicamba for the control of some
troublesome broadleaf weed species in soybean.
In addition to the benefits that dicamba can provide for the control of broadleaf weed
species throughout the growing season, this technology will also have the potential to reduce the
selection for additional herbicide-resistant weed biotypes in the future. Having the ability to
apply dicamba to a soybean crop will facilitate the use of a greater herbicide rotation and will
allow for a wider variety of herbicide tank-mixes (Behrens et al. 2007). In addition to reducing
the selection intensity for herbicide resistance in weed species, the likelihood of selecting for
dicamba resistance is very low (Green 2014). The target sites and mode of action of auxinic
herbicides are very complex so it would be difficult for weed species to develop resistance
(Green 2014; Green and Owen 2010). This characteristic is supported by the fact that there are
only six weed species with resistance to dicamba after more than five decades of use (Heap
2015; Green and Owen 2010).
While evidence may suggest that it is unlikely that weed biotypes will evolve resistance
to dicamba, it is important that soybean producers do not take this new technology for granted as
they did with glyphosate-resistant soybean. Employing integrated weed management systems
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will be critical to ensure long-term success of the dicamba-resistant soybean. Utilizing herbicides
with different modes-of-action, along with a diverse crop rotation will go a long way to
protecting the value of the dicamba-resistant soybean.

1.6 Herbicide Antagonism
1.6.1 Introduction
Achieving adequate weed control is one of the fundamental requirements of producing a
profitable soybean crop. As modern farming practices have evolved, they have selected for the
presence of a diverse population of weed species including both monocotyledonous and
dicotyledonous weed species (Barnwell and Cobb 1994). As a result of the increased diversity in
weed species, herbicide tank-mixes are commonly used for the control of a wider variety of weed
species with one application (Greene 1989; Nelson et al. 1998). Tank-mixing graminicides,
herbicides designed to control graminaceous weeds, with broadleaf weed herbicides can provide
broad spectrum weed control in row crops (Barnwell and Cobb 1994). By combining both
herbicides in one application, a farmer can achieve control over a broad spectrum of weeds while
also saving time, fuel, and labour and mechanical costs (Barnwell and Cobb 1994; Culpepper et
al. 1999a; Vidrine et al. 1995).
1.6.2 Antagonism Background
Tank-mixing herbicides can result in one of three chemical interactions: additive,
synergistic, or antagonistic. Additive interactions occur when weed control remains constant as
one herbicide is replaced by another at an equivalent rate (Greene 1989). Synergistic
interactions, however, are experienced when the collective effect of the herbicides combined in
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the tank-mix is greater than if each herbicide had been applied separately (Zhang et al. 1995).
Lastly, antagonistic interactions are observed when the combined effect of the herbicides applied
is less than if they were applied separately (Greene 1989).
Multiple mechanisms of herbicide interaction have been identified as the cause of
antagonism and have been grouped into one of four distinct classes (Greene 1989). Biochemical
antagonism occurs when one herbicide reduces the delivery of the other herbicide by inhibiting
either penetration into the plant or translocation of the herbicide within the plant (Greene 1989).
Competitive antagonism may exist when the less active herbicide binds to the active binding site,
blocking the more active herbicide from successfully binding (Greene 1989). When two
herbicides are combined which exhibit opposite biological effects, the two herbicides counteract
each other, resulting in physiological antagonism (Greene 1989). The final class of antagonism is
called chemical antagonism which is induced by the occurrence of a reaction between the two
herbicides, often occurring in the tank prior to application on the target (Greene 1989). Herbicide
antagonism is caused by a number of factors which result in reduced weed control.
Some herbicide tank-mixes are incompatible resulting in reduced weed control and crop
injury (Barnwell and Cobb 1994; Culpepper et al. 1999a). The most common occurrences of
herbicide antagonism is when some graminicides (cyclohexanedione or
aryloxyphenoxypropionate) are co-applied with broadleaf herbicides resulting in reduced grass
control (Barnwell and Cobb 1994). Graminicides from the aryloxyphenoxypropionate and
cyclohexanedione families have been used extensively for the control of annual and perennial
grass species in row-crop agriculture (Barnes & Oliver 2004). It is important to note that
although the two chemical families are distinct from one another, they both achieve grass control
by preventing fatty acid biosynthesis through the inhibition of the acetyl-CoA carboxylase
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(ACCase) enzyme (Barnes and Oliver 2004; Soltani et al. 2006). The antagonistic effect of
several broadleaf herbicides from Groups 2, 4, 6, and 10 on annual grass control with the Group
1 herbicides has been documented in a number of studies (Aguero-Alvardo et al. 1991; Burke et
al. 2005; Culpepper et al. 1999a; Minton et al. 1989; Rhodes and Coble 1984).
1.6.3 Cause of Antagonism
Very little research has been conducted in recent years on the cause of antagonism from
broadleaf herbicides on graminicides; however, several theories have been suggested that may
explain the cause of antagonism between the graminicides and different tank-mix partners. The
most common cause of antagonism is due to a reduction in the rate of absorption of the
graminicide following application when tank-mixed with a broadleaf herbicide (Barnwell and
Cobb 1994; Culpepper et al. 1999a). While a reduction in absorption appears to be the main
cause of antagonism, it is also thought that there may be a reduction in the translocation of the
graminicide throughout the plant when combined with some broadleaf herbicides (Barnwell and
Cobb 1994; Mueller et al. 1990). Several other hypotheses have been suggested for the reduced
efficacy of grass control with graminicides when co-applied with broadleaf herbicides; these
include: competition for binding sites between auxinic herbicides and graminicides, the reduction
in activity of the cyclohexanediones, and the influence on the rate of metabolism of the
graminicide (Barnwell & Cobb 1994).
The addition of a broadleaf herbicide to a graminicide has resulted in reduced rate and
amount of absorption of the graminicide. Culpepper et al. (1999a) reported decreased control of
yellow foxtail (Setaria glauca (L.) Beauv.) when quizalofop-p-ethyl was tank-mixed with
bromoxynil. Interestingly, initially there was an increase in absorption of the graminicide half an
hour after application; however, by four hours after application the absorption rate of the
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graminicide in the tank-mix was reduced. Mueller et al. (1990) also reported a reduction in the
rate of absorption in Johnsongrass (Sorghum halepense (L.) Pers.), of haloxyfop-methyl, an
aryloxyphenoxypropionate, when applied in a tank-mix with 2,4-D however, the total amount of
haloxyfop-methyl absorbed 24 hours after treatment did not differ from treatments containing
only haloxyfop-methyl. Lastly, Rhodes and Coble (1984b) concluded that when sethoxydim was
co-applied with bentazon there was reduced total foliar absorption of sethoxydim into goose
grass (Eleusine indica (L.) Gaertn.) of 50%, resulting in reduced weed control. Combining some
broadleaf herbicides with a graminicide applied postemergence results in reduced absorption of
the graminicide and corresponding reduced grass control.
Antagonism between some broadleaf herbicides and graminicides is due to reduced
translocation of the graminicide within the grass species (Culpepper et al. 1999a; Mueller et al.
1990). Mueller et al. (1990) found that the addition of 2,4-D to haloxyfop-methyl reduced the
rate of translocation through the plant away from the treated leaf. Even 72 hours after
application, there was an 8% decrease in translocation away from the treated leaf when 2,4-D
was applied with haloxyfop-methyl compared to haloxyfop-methyl applied alone (Mueller et al.
1990). Olson & Nalewaja (1982) also reported a reduction in the basipetal translocation of
diclofop-methyl in wild oat (Avena fatua L.) when applied with MCPA. While these results may
suggest that the rate of graminicide translocation is affected, the cause is still up for debate. Hall
et al. (1982) reported no changes in the rate of translocation of diclofop-methyl in wild oat when
mixed with 2,4-D. Reduced translocation of graminicide when combined with a broadleaf
herbicide has resulted grass control in some studies.
Based on the research conducted to date, there is no conclusive explanation for the
mechanism of antagonism between graminicides and broadleaf herbicides. Much of the
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variability in results may be due to the wide variety of herbicides tested in these experiments
which have covered a multitude of different herbicide classes and families. Although antagonism
can have a significant negative effect on the control of monocotyledonous weed species, the
weeds can still be successfully controlled. Increasing the rate of the graminicide or applying
sequential treatments of the herbicides can result in acceptable control of the grass species
(Corkern et al. 1997; Culpepper et al. 1999a; Culpepper et al. 1999b).

1.7 Hypotheses and Objectives
Dicamba-resistant (Roundup Ready Xtend) soybean is registered in Canada (2014) and
will be launched commercially in the near future. However, there is little information available
on the value of this new technology for weed control in Ontario agriculture and how it can be
most effectively utilized by Ontario farmers. Research is needed to determine how this
technology can be best incorporated into weed management strategies for the Ontario soybean
industry.
The hypotheses of this research are:

1. Dicamba will not antagonize the control of volunteer corn when applied in a tank-mix with
Group 1 herbicides applied POST.
2. The addition of dicamba to a POST application of glyphosate on dicamba-resistant soybean
will increase the level of broadleaf weed control.
3. Preplant or PRE applications of dicamba plus a soil-applied grass herbicide on dicambaresistant soybean will provide equal weed control to current industry standards.
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The research objectives are:

1. To determine the interaction of dicamba with Group 1 herbicides applied POST for the control
of volunteer corn in dicamba-resistant soybean.
2. To ascertain the efficacy of dicamba and dicamba plus glyphosate applied POST in dicambaresistant soybean.
3. To compare the efficacy of dicamba plus a soil applied grass herbicide to the efficacy of
several industry standards when applied PP in a no-till or PRE in conventional tillage soybean.
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2.0 The Addition of Dicamba to POST Applications of Quizalofop-p-ethyl or Clethodim
Antagonizes Volunteer Glyphosate-Resistant Corn Control in Dicamba-Resistant Soybean

2.1 Abstract
Two studies consisting of six field experiments each were conducted at three locations in
southwestern Ontario in 2014 and 2015 to evaluate the possible antagonism when dicamba was
added to quizalofop-p-ethyl or clethodim for the control of volunteer glyphosate-resistant (GR)
corn. At 4 weeks after application (WAA), quizalofop-p-ethyl at 24, 30 or 36 g ai ha-1 provided
88, 94 and 95% control of volunteer GR corn, respectively. The addition of dicamba at 300 or
600 g ai ha-1 to quizalofop-p-ethyl (24 g ai ha-1) reduced the activity of quizalofop-p-ethyl on
volunteer GR corn by 12 and 20%. At 4 WAA, clethodim at 30, 37.5 and 45 g ai ha-1 provided
85, 91 and 95% control of volunteer GR corn, respectively. The addition of dicamba at 300 or
600 g ae ha-1 to clethodim (30 g ai ha-1) resulted in antagonism, causing a reduction in volunteer
GR corn by 12 and 11%. In general, there was greater antagonism when the high rate of dicamba
was tank-mixed with the lower rate of the graminicide. There was no antagonistic effect on
soybean yield by tank-mixing dicamba with either graminicide at all rates evaluated. Based on
these results, volunteer GR corn can be controlled effectively by increasing the rate of the
graminicide in the tank-mix.
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2.2 Introduction
Weed management is a critical requirement for profitable soybean Glycine max (L.) Merr.
production (Vollmann et al. 2010), the most widely grown annual crop in the province of
Ontario, Canada. Soybean was seeded on 1.2 million hectares in Ontario in 2014, which
accounted for 50% of the total grain and oilseed crops grown, accounting for 3.8 billion tonnes
produced valued at nearly $2 billion (Kulasekera 2015).
Weed management is an ongoing challenge for Ontario farmers who must contend with
difficult to control weeds, glyphosate-resistant (GR) weeds, and volunteer corn. While corn is
considered a crop when grown in monoculture, it can be viewed as a highly competitive weed
when present in soybean. Volunteer corn is one of the most common weed escapes in Ontario
soybean (Soltani et al. 2015) and is caused by shatter losses during harvest, stalk lodging,
dropped ears, insect damage, disease stress or poor weather conditions in the year of corn
production (Soltani et al. 2015). Soltani et al. (2006) reported that failure to successfully control
volunteer corn in soybean could reduce soybean yield by greater than 50%. Similar results were
reported by Anderson et al. (1982) where volunteer corn at a density of 0.4 plants m-1 of row
reduced soybean yield by 49%.
Although soil applied herbicides exist that are registered for the control of grass weed species
in soybean, these herbicides have poor activity on volunteer GR corn (Chahal et al. 2014).
Chahal et al. (2014) found that many soil-applied grass herbicides registered for use in the US
provided variable control (6 to 58%) of volunteer corn in GR soybean. Several post-emergence
(POST) acetyl-coenzyme A carboxylase (ACCase) inhibiting herbicides, commonly referred to
as graminicides, provide excellent control of volunteer GR corn in both conventional and GR
soybean (Deen et al. 2006; Soltani et al. 2006). These herbicides prevent the function of the
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ACCase enzyme which is required for fatty acid synthesis and the production of phospholipids
used in cell membranes of plants (Burton et al. 1987). Excellent control of volunteer GR corn
with the ACCase inhibitors has been well documented, with efficacy influenced by
environmental conditions and the growth stage of the volunteer GR corn at application (Chahal
et al. 2014; Wilson et al. 2010). In addition to controlling GR corn, graminicides control a range
of annual and perennial grass species (Kukorelli et al. 2013; OMAFRA 2013).
Monsanto has developed a new herbicide-resistant soybean with resistance to glyphosate and
dicamba and will be marketed as Roundup Ready 2 Xtend soybean. Dicamba is a systemic
broadleaf herbicide that is active on a wide range of broadleaf weed species. Dicamba controls
weeds by mimicking the natural plant hormone indole-3-acetic acid which causes an over
expression of the hormone, leading to rapid plant growth and subsequent death (Kelley and
Riechers, 2007). It is a member of the benzoic acid family and is classified as a Group 4
synthetic auxin.
Roundup Ready 2 Xtend soybean will allow for the use of dicamba either as a pre-plant (PP),
PRE, or POST weed control option. Dicamba- and glyphosate-resistant soybean can provide an
effective solution for the control of several GR broadleaf weeds and many difficult to control
broadleaf species found in Ontario. Antagonistic interactions have been observed between Group
4 auxinic herbicides and a Group 1 graminicide (Barnwell & Cobb 1994). Young et al. (1996)
reported a 9 to 23% reduction in the level of grass control when sethoxydim, a
cyclohexanedione, was tank-mixed with 2,4-D. Young et al. (1996) also found that dicamba
reduced the level of grass control with sethoxydim by 7 to 38% when the two herbicides were
tank-mixed. Olsen and Nalewaja (1981) reported similar findings where the level of control of
wild oat was reduced by 48 to 82% when diclofop-methyl was tank-mixed with MCPA, 2,4-D,
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or dicamba. Similarly, Blackshaw et al. (2006) reported reduced control of volunteer wheat when
2,4-D was tank-mixed with quizalofop-p-ethyl or clethodim.
Several mechanisms responsible for causing antagonism have been identified; the
mechanisms have been categorized into four classes (Greene 1989). The mechanism of
antagonism between dicamba and Group 1 herbicides is not yet known, although past research
has examined the mechanism of antagonism between 2,4-D and Group 1 herbicides which may
provide insight into the mechanism of antagonism between dicamba and Group 1 herbicides
given that they are both synthetic auxins. Mueller et al. (1990) reported reductions in both the
adsorption and translocation of haloxyfop-methyl when tank-mixed with 2,4-D and applied on
johnsongrass (Sorghum halepense (L.) Pers.). Studies involving additional synthetic auxins
combined with Group 1 herbicides have shown that the antagonism is caused by either a
reduction in adsorption or translocation (Culpepper et al. 1999; Olsen and Nalewaja 1981);
however, Mueller et al. (1990) has been the only one to report observing reductions in both
adsorption and translocation.
With the pending release of Roundup Ready 2 Xtend soybean, dicamba plus a graminicide
could be tank-mixed and applied POST for the control GR broadleaf weeds and volunteer GR
corn. Based on previous research, applying dicamba in combination with a graminicide may
antagonize the activity of the graminicide resulting in reduced volunteer GR corn control. While
extensive research exists on the interaction between graminicides and growth regulating
herbicides for the control of annual and perennial grass species, no research has been reported on
whether dicamba antagonizes the control of volunteer GR corn when applied with either an
aryloxyphenoxypropionate or a cyclohexanedione. Given the highly competitive nature of
volunteer GR corn, and its widespread presence throughout Ontario, research is needed to
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determine if antagonistic interactions occur when dicamba and graminicides are tank-mixed for
use on dicamba resistant soybean.
The objectives of this research were to: a) evaluate the level of volunteer GR corn control
provided by quizalofop-p-ethyl applied alone and in combination with dicamba, and b) evaluate
the level of volunteer GR corn control provided by clethodim applied alone and in combination
with dicamba.

2.3 Materials and methods
Twelve field experiments (6 with quizalofop-p-ethyl and 6 with clethodim) were conducted
over a two year period (2014, 2015) at three locations in southwestern Ontario. The experiments
were located at the University of Guelph – Ridgetown Campus, Ridgetown, Ontario, the Huron
Research Station, Exeter, Ontario, and the Woodstock Research Station, Woodstock, Ontario.
Seeding dates, application dates, soybean growth stage, volunteer corn leaf number, and density
at application are listed in Table 1.
The experiments were established as a randomized complete block design (RCBD) with four
replications. Each replicate included a weedy (untreated) and weed free control; weed free
control plots were kept weed free by hand hoeing as needed. A dicamba- and glyphosateresistant soybean was seeded at 400 000 seeds ha-1in plots that were 3.0-m wide (4 soybean rows
spaced 0.75 m apart) and 8-m long in Ridgetown, 10-m long in Exeter, and 5.75-m long in
Woodstock. Initial seedbed preparation was completed by making one pass across the field with
a field cultivator. F1 generation corn was spread on the soil surface with a fertilizer spreader at
approximately 50 g m-2, and was incorporated with a second pass of the field cultivator, followed
by a single pass with a field roller. S-metolachlor (1600 g ai ha-1) plus metribuzin (653 g ai ha-1)
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was applied PRE to the entire experimental area to remove the confounding effect of all other
weed species. If necessary, glyphosate (1800 g ae ha-1) was applied POST at the V6 soybean
stage for the control of weed escapes.
Herbicide treatments were applied with a CO2 pressurized backpack sprayer calibrated to
deliver 200 L ha-1 of spray solution at a pressure of 210 kPa with a 1.5-m wide spray boom with
4 ULD 120-02 nozzles (Hypro, New Brighton, MN, United States) spaced 50-cm apart. All
treatments were applied POST and contained glyphosate (Roundup WeatherMAX) at a rate of
900 g ae ha-1.
The first study was designed to document the interaction between quizalofop-p-ethyl and
dicamba. Treatments consisted of quizalofop applied at 24, 30 or 36 g ai ha-1 applied alone or in
combination with dicamba (XtendiMaxTM with VaporGripTM Technology Herbicide 349 SL
formulation) at 300 or 600 g ae ha-1 (Table 2). No additional surfactant was included in the
treatments because it is not required in Canada when quizalofop-p-ethyl is applied with Roundup
WeatherMax, as per the Roundup WeatherMax label.
The second study was designed to document the interaction between clethodim and dicamba.
Treatments consisted of clethodim applied at 30, 37.5 or 45 g ai ha-1 with Amigo at 0.5% v/v
applied alone or together with dicamba (XtendiMaxTM with VaporGripTM Technology Herbicide
349 SL formulation) at 300 or 600 g ae ha-1 (Table 3).
Volunteer GR corn control was rated visually 1, 2, 4 and 8 weeks after application (WAA) on
a scale of 0-100, where 0 indicated no control and 100 indicated complete control. Volunteer GR
corn density measurements were determined 6 WAA by counting the number of corn plants in a
one m2 area; these plants were then cut at ground level and dried at 60⁰ C for one week and the
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dry weight was recorded. Soybean yield was collected by harvesting the centre two rows using a
small plot combine and yields were adjusted to 13% moisture.
The data were subjected to an analysis of variance (ANOVA) using the PROC MIXED
procedure in SAS Version 9.4 (SAS Institute, Cary, NC). The data from each experiment were
combined across years and locations. Variances within the study were partitioned into fixed and
random effects. Herbicide treatment was considered a fixed effect, and site-year, block, and
treatment by site-year variances were considered random effects. The significance of the fixed
effect was determined by using the F-test while the significance of random effects was
determined using the Z-test. The PROC UNIVARIATE procedure was used to confirm that the
assumptions of the variance analyses were met. These assumptions were confirmed using
Shapiro-Wilk statistics and studentized residual plots. As a result, all weed control ratings were
subjected to an arcsine square root transformation, volunteer GR corn density data were
transformed using a log transformation, and volunteer GR corn dry weight and soybean yield
were treated with a square root transformation before analysis. All transformed means were
backtransformed to their original scale for presentation purposes, and separated using Fischer’s
protected LSD at P<0.05.
Expected values for the interaction between herbicides were calculated using Colby’s equation
𝑋𝑌

(Colby, 1967), 𝐸 = (𝑋 + 𝑌) − (100), where E is the expected level of control of volunteer GR
corn when two herbicides are applied in a tank-mix, and variables X and Y represent the level of
control of volunteer GR corn provided by each herbicide applied individually. The values
calculated for E were then subjected to the same statistical tests with the same transformations
applied where needed. Following transformation of the expected data, the observed and expected
values were compared using a two-sided T-test at P<0.05. Antagonistic effects were confirmed if
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E was significantly greater than the observed value. All data were analyzed for antagonism
including weed control ratings, weed density and biomass measurements, and soybean yield.

2.4 Results and Discussion
2.4.1 Quizalofop-p-ethyl plus dicamba.
At 1 WAA, quizalofop-p-ethyl at 24, 30 and 36 g ai ha-1 applied POST controlled volunteer
GR corn 46, 56 and 57%, respectively (Table 2); however, at 8 WAA, the control increased to
87, 96 and 96%. These findings are consistent with research conducted by Soltani et al. (2006)
and Deen et al. (2006) who reported 93 and 99% control of volunteer GR corn at 8 WAA with
quizalofop-p-ethyl applied POST, respectively. Dicamba (300 and 600 g ae ha-1) applied POST
provided no control of volunteer GR corn throughout the duration of the experiment (Table 2).
Postemergence applications of dicamba are registered for broadleaf weed control in corn, so it
was not expected that dicamba would provide control of volunteer GR corn (OMAFRA 2013).
The addition of dicamba (300 g ae ha-1) to quizalofop-p-ethyl (24 g ai ha-1) decreased volunteer
GR corn control at 2, 4 and 8 WAA (Table 2). At 8 WAA, a tank-mix of quizalofop (24 g ai ha-1)
and dicamba (300 g ae ha-1) provided 73% control of volunteer GR corn, or 14% less control
than the expected level of control calculated using Colby’s equation. Applying dicamba (300 g
ae ha-1) with quizalofop-p-ethyl (30 g ai ha-1) antagonized volunteer GR corn at 1 and 2 WAA
but not at 4 and 8 WAA with 92 and 93% control, respectively. Dicamba (300 g ai ha-1) applied
with quizalofop-p-ethyl (36 g ai ha-1) did not antagonize volunteer GR corn control with 91 and
97% control observed at 2 and 4WAA.
The addition of the high rate of dicamba (600 g ae ha-1) to quizalofop-p-ethyl antagonized
volunteer GR corn control to a greater degree. When dicamba (600 g ae ha-1) was applied in
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combination with quizalofop-p-ethyl (24 g ai ha-1) the control of volunteer GR corn was reduced
by 18 and 20% at 2 and 4 WAA (Table 2). The level of antagonism could be partially overcome
by increasing the rate of quizalofop-p-ethyl. Adding dicamba (600 g ae ha-1) to quizalofop-pethyl (30 g ai ha-1) decreased volunteer GR corn control by 10 and 8% at 2 and 4 WAA while
including dicamba (600 g ae ha-1) to quizalofop-p-ethyl (36 g ai ha-1) decreased the control of
volunteer GR corn by 2% at 4 WAA. Barnes and Oliver (2004) reported similar findings when a
synthetic auxin was mixed with graminicides, noting that the level of grass control was increased
as the rate of the graminicide used in the tank-mix was increased. Barnes and Oliver (2004) also
reported that the amount of antagonism of annual grass control increased as the rate of the
synthetic auxin increased, which is consistent with the findings of this study.
Quizalofop-p-ethyl (24, 30 and 36 g ai ha-1) applied POST reduced volunteer GR corn
density 90, 94 and 97% and biomass 90, 96 and 97%, respectively (Table 3). The addition of
dicamba (300 g ae ha-1) to quizalofop-p-ethyl (24 or 30 g ai ha-1) caused antagonism on volunteer
GR corn density but did not cause antagonism when quizalofop-p-ethyl was applied at 36 g ai ha1

(Table 3). Tank-mixes of quizalofop (36 g ai ha-1) plus dicamba (300 g ae ha-1) reduced

volunteer GR corn density 97%. However, when dicamba was included in the tank-mix at the
higher rate of 600 g ae ha-1, volunteer GR corn density increased. The addition of dicamba (600
g ae ha-1) to quizalofop-p-ethyl at 24, 30 or 36 g ai ha-1 resulted in antagonism of 13, 6 and 4%.
Dicamba (300 or 600 g ae ha-1) combined with quizalofop-p-ethyl (24, 30 or 36 g ai ha-1) did
not antagonize volunteer GR corn biomass (Table 3). These results are in contrast to Blackshaw
et al. (2006) who found that the addition of growth regulating herbicides to graminicide
increased volunteer wheat biomass. While no significant antagonistic effects were observed for
weed biomass measurements, dicamba (600 g ae ha-1) plus quizalofop-p-ethyl at 24, 30 or 36 g ai
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ha-1 reduced volunteer GR corn biomass 76, 88, and 95%, respectively. Volunteer GR corn
interference reduced soybean yield 40%. The reduction in weed interference with quizalofop-pethyl at 24, 30 and 36 g ai ha-1 applied POST reduced soybean yield loss to 17, 10 and 7% (Table
3). Dicamba (300 g ai ha-1) applied with quizalofop-p-ethyl did not adversely affect soybean
yield; however, when dicamba (600 g ai ha-1) was applied with quizalofop-p-ethyl (24 g ai ha-1),
soybean yield was reduced by 0.3 T ha-1 compared to the tank-mix including dicamba (600 g ae
ha-1) and quizalofop-p-ethyl (36 g ai ha-1). Deen et al. (2006) reported that soybean yield
increased by 4.2-4.4 t ha-1 with the use of quizalofop-p-ethyl for the control of volunteer GR
corn. Since dicamba did not provide any control of GR volunteer corn, soybean yield was
equivalent to the weedy control with dicamba (300 and 600 ae ha-1). No antagonistic effect on
soybean yield was detected when dicamba (300 or 600 g ae ha-1) was added to quizalofop-pethyl (24, 30 and 36 g ai ha-1).

2.4.2 Clethodim plus dicamba.
At 1WAA, clethodim (30, 37.5 and 45 g ai ha-1) applied POST provided 42, 47 and 49%
control of volunteer GR corn in Roundup Ready 2 Xtend soybean, respectively (Table 4). At 8
WAA, the level of control provided by clethodim at 30, 37.5 and 45 g ai ha-1 increased to 89, 93
and 97%. The results from this study are consistent with Deen et al. (2006) and Soltani et al.
(2006) who reported 80-95 and 88% control, respectively, when clethodim was applied at 30 g ai
ha-1. Dicamba (300 or 600 g ae ha-1) applied POST provided no control of volunteer GR corn.
The addition of dicamba (300 g ae ha-1) to clethodim (30, 37.5, and 45 g ai ha-1) antagonized
volunteer GR corn control by 7, 8 and 0% 2 WAA while it reduced volunteer corn control by 12,
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5 and 4% 4 WAA. Across all rating timings, the level of control was up to 12% less than the
predicted values based on Colby’s equation.
When the rate of dicamba was increased from 300 to 600 g ae ha-1, the level of antagonism
increased when clethodim was applied at the two lower rates (30 and 37.5 g ai ha-1) at all rating
timings (Table 4). In contrast, the addition of dicamba (600 g ae ha-1) to clethodim at the high
rate (45 g ai ha-1) only reduced volunteer GR corn control at 2 WAA. These data demonstrate
that dicamba (600 g ae ha-1) caused a decrease in the control of volunteer GR corn even at the
high clethodim application rate; however, the level of antagonism observed decreased as the
season progressed and was overcome at 4 and 8 WAA. Clethodim (30, 37, and 45 g ai ha-1) plus
dicamba (600 g ae ha-1) controlled volunteer GR corn 65, 71 and 77% 2 WAA and 74, 82 and
92% 4 WAA (Table 4). Control of the volunteer GR corn was antagonized by 6 to 15%
depending on clethodim rate and rating timing.
At 6 WAA, clethodim at 30, 37.5 or 45 g ai ha-1 applied POST reduced volunteer GR corn
density by 91, 91 and 94%, respectively (Table 5). The addition of dicamba (300 g ae ha-1)
resulted in poorer volunteer GR corn density management with clethodim at 30 g ai ha-1 while
the higher rate of dicamba (600 g ae ha-1) antagonized the reduction in volunteer GR corn density
with clethodim at both 30 and 37.5 g ai ha-1. The analysis of volunteer GR corn density
measurements demonstrated greater antagonism with the high rate of dicamba which was
consistent with the control ratings.
At 6 WAA, clethodim at 30, 37.5 or 45 g ai ha-1 applied POST reduced volunteer GR corn
biomass by 97-99% (Table 5). The addition of dicamba (300 g ae ha-1) caused less of a reduction
in volunteer GR corn biomass with clethodim at 30 and 45 g ai ha-1 while the higher rate of
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dicamba (600 g ae ha-1) antagonized the reduction in volunteer GR corn biomass with clethodim
at both 30 and 37.5 g ai ha-1.
Volunteer GR corn interference reduced soybean yield 50%. The reduction in weed
interference with clethodim at 30, 37.5 and 45 g ai ha-1 applied POST reduced soybean yield loss
to 7, 7 and 4%, respectively. Deen et al. (2006) reported similar results with an increase in
soybean yield of 3.9-4.3 t ha-1 where clethodim was used for the control of volunteer GR corn.
The addition of dicamba at either rate did not antagonize the yield increase from volunteer GR
corn control with clethodim.

2.4.3 Conclusion
Quizalofop-p-ethyl and clethodim applied POST at the 4-leaf corn stage provide effective
control of volunteer GR corn. Quizalofop-p-ethyl and clethodim provided comparable control;
88 to 96% vs 85 to 95% control was achieved by quizalofop-p-ethyl and clethodim 4 WAA and
the level of control improved as the rate of the graminicide was increased. The addition of
dicamba as a tank-mix partner antagonized volunteer GR corn control with quizalofop-p-ethyl
and clethodim; however, the level of antagonism was greater with the high rate of dicamba.
Additionally, greater antagonism was observed with the lower rates of quizalofop-p-ethyl and
clethodim. For many of the parameters evaluated the antagonistic effects could be overcome by
increasing the rate of the graminicide. Dicamba reduced the effect of the graminicide on the
density of volunteer GR corn for both experiments, although its influence on weed biomass
varied by experiment. Despite having reduced the level of control of volunteer corn provided by
either quizalofop-p-ethyl or clethodim, the addition of dicamba to a graminicide had no negative
effect on soybean yield. The ability to apply dicamba in glyphosate- and dicamba-resistant
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soybean will provide soybean growers with a new tool to manage GR and difficult to control
broadleaf weeds. In addition, adding dicamba to glyphosate will add an additional mode of
action which will reduce the selection intensity for GR broadleaf weeds. Farmers who apply
dicamba plus a Group 1 graminicide in a tank-mix will still be able to achieve effective control
of volunteer GR corn by increasing the rate of the graminicide (Rhodes and Coble 1984).
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Table 2.1. Experiment location, seeding date and herbicide application dates, and soybean and
volunteer GR corn staging and densities.
Studya
Environment Year
Seeding
Herbicide
Soybean Stage Volunteer Corn Leaf
Date
Application Date at Applicationb
no. at Applicationc
1
Ridgetown
2014
04-June
02-July
V3
5
2
V3
5
1
Ridgetown
2015
20-May
25-June
V3
4
2
V3
4
1
Exeter
2014
01-June
27-June
V4
4
2
V3
5
1
Exeter
2015
08-May
24-June
V4
4
2
V4
5
1
Woodstock
2014
05-June
03-July
V3
5
2
V3
5
1
Woodstock
2015
13-May
29-June
V4
4
2
V4
4
a
Study 1 refers to experiments conducted comparing dicamba and quizalofop-p-ethyl;
Study 2 refers to experiments conducted comparing dicamba and clethodim
b
Fully emerged trifoliates
c
Visible leaf tips
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Volunteer Corn
Density m-2
29
25
39
34
21
30
21
33
45
58
35
35

Table 2.2. Effect of POST application of quizalofop-p-ethyl applied alone or in combination with dicamba on observed and
expected control of volunteer GR corn in Study 1.
Treatmenta

Control 1 WAAbc

Rate

Observed
-1

g ai ha
Weed-Free Control

Expectedd

Control 2 WAA
Observed

Expected

Control 4 WAA
Observed

Expected

Control 8 WAA
Observed

Expected

-----------------------------------------------------% ------------------------------------------------------------------100a

100a

100a

100a

Quizalofop-p-ethyl
Quizalofop-p-ethyl

24
30

46cde
56bc

80cd
90b

88c
94bc

87cd
96bc

Quizalofop-p-ethyl

36

57b

92b

96b

96b

Dicamba

300

0f

0f

0e

0g

Dicamba
600
1f
0f
0e
1g
Quizalofop-p-ethyl
+ Dicamba
24 + 300
45de
46
69de
80
76d
88
73ef
87
Quizalofop-p-ethyl
+ Dicamba
30 + 300
51bcd
92bc
95
93bcd
96
56
86bc
90
Quizalofop-p-ethyl
+ Dicamba
36 + 300
54bcd
58
91b
92
97b
96
97ab
96
Quizalofop-p-ethyl
+ Dicamba
24 + 600
37e
47
62e
80
68d
88
59f
87
Quizalofop-p-ethyl
+ Dicamba
30 + 600
49bcd
56
80c
90
87c
95
86de
96
Quizalofop-p-ethyl
+ Dicamba
36 + 600
58b
58
90b
92
94bc
96
94bcd
96
a
-1
All treatments contained 900 g ae ha of glyphosate (Roundup WeatherMax).
b
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
c
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
d
Expected responses are based on Colby’s equation: E=(X+Y)-(X*Y/100)). Values presented in bold represent a significant
difference based on a two-sided t-test between observed and expected values.
50

Table 2.3. Effect of POST application of quizalofop-p-ethyl applied alone or in combination with dicamba on observed and
expected density, dry weight, and yield of volunteer GR corn in Study 1.
Treatmenta

Rate
-1

g ai ha

Volunteer Corn
Densitybcd

Volunteer Corn Dry Weight

Grain Yield

Observed Expectede
-------Plants m-2--------30a
0
3cd
2de
1e
26a
30a

Observed
Expected
------------g m-2----------386a
0
40bc
15c
11c
408a
393a

Observed
Expected
-------------T ha-1------------1.8d
3.0a
2.5bc
2.7abc
2.8abc
1.8d
1.7d

Weedy Control
Weed-Free Control
Quizalofop-p-ethyl
24
Quizalofop-p-ethyl
30
Quizalofop-p-ethyl
36
Dicamba
300
Dicamba
600
Quizalofop-p-ethyl
+ Dicamba
24 + 300
72b
49
2.6bc
2.5
6b
3
Quizalofop-p-ethyl
+ Dicamba
30 + 300
21c
17
2.7abc
2.7
2cde
2
Quizalofop-p-ethyl
+ Dicamba
36 + 300
1e
1
11c
12
2.8ab
2.8
Quizalofop-p-ethyl
+ Dicamba
24 + 600
91b
51
2.5c
2.5
7b
3
Quizalofop-p-ethyl
+ Dicamba
30 + 600
46bc
16
2.7abc
2.6
4bc
2
Quizalofop-p-ethyl
+ Dicamba
36 + 600
20c
11
2.8ab
2.7
2cde
1
a
All treatments contained 900 g ae ha-1 of glyphosate (Roundup WeatherMax).
b
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
c
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
d
Volunteer GR corn densities and dry weights were recorded 6 WAA while yield was collected at harvest.
e
Expected responses are based on Colby’s equation: E=(X+Y)-(X*Y/100)). Values presented in bold represent a significant difference
based on a two-sided t-test between observed and expected values.
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Table 2.4. Effect of POST application of clethodim applied alone or in combination with dicamba on observed and expected
control of volunteer GR corn in Study 2.
Treatmenta

Rate
g ai ha-1

Weed-Free Control

Control 1 WAAbc
Observed Expectedd

Control 2 WAA
Observed

Expected

Control 4 WAA
Observed

Expected

Control 8 WAA
Observed

--------------------------------------------------%----------------------------------------------------------100a

100a

100a

100a

Clethodim

30

42bcd

71bcd

85bcd

89bcde

Clethodim

37.5
45
300

47b
49b
0e

79bc
83b
0e

91bc
95b
0e

93bcd
97ab
0g

Clethodim
Dicamba

Expected

Dicamba
600
0e
0e
0e
0g
Clethodim + Dicamba
30 + 300
37cd
44
64d
71
73d
85
78ef
89
Clethodim + Dicamba
37.5 + 300
42bcd
47
71bcd
79
86bcd
91
86cdef
93
Clethodim + Dicamba
45 + 300
47bc
49
80b
82
91bc
95
94bc
97
Clethodim + Dicamba
30 + 600
35d
44
65cd
71
74d
85
74f
89
Clethodim + Dicamba
37.5 + 600
42bcd
47
71bcd
79
82cd
91
82def
93
Clethodim + Dicamba
45 + 600
44bcd
49
92bc
95
95bc
97
77bcd
82
a
-1
All treatments contained 900 g ae ha of glyphosate (Roundup WeatherMax).
b
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
c
Data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
d
Expected responses are based on Colby’s equation: E=(X+Y)-(X*Y/100)). Values presented in bold represent a significant
difference based on a two-sided t-test between observed and expected values.
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Table 2.5. Effect of POST application of clethodim applied alone or in combination with dicamba on observed and expected
density, dry weight, and yield of volunteer GR corn in Study 2.
Treatmenta
Rate
Densitybcd
Dry Weight
Yield
Observed Expectede
Observed
Expected
Observed
Expected
-2
-2
-1
g ai ha-1
------Plants m -------- ------------g m ---------------------T ha ----------Weed-Free Control
0
0
2.8a
Clethodim
30
3cd
15cdef
2.6a
Clethodim
37.5
3cd
13def
2.6a
Clethodim
45
2d
6f
2.7a
Dicamba
300
34a
511a
1.4b
Dicamba
600
31a
422a
1.5b
Clethodim +
Dicamba
30 + 300
2.5a
2.6
7b
4
41bc
15
Clethodim +
Dicamba
37.5 + 300
4bcd
4
21bcde
13
2.6a
2.7
Clethodim +
Dicamba
45 + 300
3d
2
2.6a
2.7
12def
6
Clethodim +
Dicamba
30 + 600
2.5a
2.7
6bc
4
45b
13
Clethodim +
Dicamba
37.5 + 600
2.5a
2.7
6bc
3
33bcd
12
Clethodim +
Dicamba
45 + 600
3d
2
10ef
6
2.6a
2.8
a
-1
All treatments contained 900 g ae ha of glyphosate (Roundup WeatherMax).
b
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
c
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
d
Volunteer GR corn densities and dry weights were recorded 6 WAA while yield was collected at harvest.
e
Expected responses are based on Colby’s equation: E=(X+Y)-(X*Y/100)). Values presented in bold represent a significant difference
based on a two-sided t-test between observed and expected values.
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3.0 Benefit of tank-mixing dicamba with glyphosate applied post-emergence for weed
control in dicamba plus glyphosate-resistant soybean.

3.1 Abstract
Soybean resistant to both glyphosate and dicamba (Roundup Ready 2 Xtend) has been developed
by Monsanto and is commercially available for the first time in 2016 in Canada. Six field trials
were conducted over a two-year period (2014, 2015) at three locations in southwestern Ontario
to determine whether there is a benefit of including dicamba with a POST application of
glyphosate at two application timings for the control of non-glyphosate-resistant weeds in
Roundup Ready 2 Xtend soybean. There was no difference in the control of grass weed species
between glyphosate applied alone or in combination with dicamba. The tank-mix of glyphosate
and dicamba increased the control of redroot pigweed, common ragweed, common
lambsquarters, and lady’s thumb by as much as 14, 3, 7, and 5%, respectively at 8 weeks after
the late post-emergence application (8 WAAB). In general, broadleaf weed density and biomass,
collected 6 WAAB, was reduced more with dicamba applied alone or together with glyphosate
than when glyphosate was applied alone early in the growing season. Due to the absence of a
grass herbicide, weed interference with dicamba applied alone resulted in 30 to 33% yield loss
while treatments containing glyphosate resulted in only 3 to 7% yield loss. The tank-mix of
glyphosate and dicamba applied POST improved broadleaf weed control, but it should not be
applied alone due to poor control of grass weeds.
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3.2 Introduction
Glyphosate-resistant (GR) crops were introduced to Ontario in 1997 with the release of
Roundup Ready soybean followed by Roundup Ready corn in 2001. There has been rapid
adoption of this technology with 70 and 97% of soybean and corn seeded to GR cultivars/hybrids
in 2015, respectively (Stratus, pers. comm.). Glyphosate is a broad spectrum, systemic herbicide
that provides control of more than 300 weed species (Dill et al. 2010; Franz et al. 1997). The
inclusion of glyphosate in a weed management strategy is desirable because of its low toxicity,
wide margin of crop safety, consistent efficacy, low cost and it has a wide window of application
when applied to GR crops (Franz et al. 1997; Gianessi 2005).
Recently, a new herbicide-resistant soybean was developed with resistance to glyphosate and
dicamba which allows for the application of both herbicides to soybean without causing crop
injury. The technology has received registration in the United States and Canada and was first
available to farmers throughout North America for the 2017 growing season. Dicamba is a
Group 4, synthetic auxin that controls weeds by imitating indole-3-acetic acid, a natural plant
hormone (Kelley and Riechers, 2007). By mimicking this hormone, dicamba causes rapid plant
growth leading to death of the plant (Kelley and Riechers 2007).
Dicamba is a systemic herbicide that provides control of over 40 broadleaf weed species in
Canada (BASF 1995; Heap 2007). It is an effective herbicide for the control of troublesome
broadleaf weeds in soybean, including giant ragweed (Ambrosia trifida L.), common
lambsquarters (Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.), common
ragweed (Ambrosia artemisiifolia L.) and velvetleaf (Abutilon theophrasti Medik.) (OMAFRA
2013).
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In addition to controlling a wide range of broadleaf weeds, dicamba also provides excellent
control of several GR broadleaf weed species. Byker et al. (2013) reported that dicamba (600 g
ae ha-1) applied pre-plant (PP) in a tank-mix with glyphosate (900 g ae ha-1) provided 90 to 100%
control of GR Canada fleabane (Conyza canadensis (L.) Cronq.). Johnson et al. (2010) reported
an increase in the control of GR Canada fleabane as well. When dicamba (280 g ae ha-1) was
included in a tank-mix with glyphosate (840 g ae ha-1) applied POST, the level of control of
Canada fleabane increased from 85 to 98% (Johnson et al. 2010). Vink et al. (2012) reported that
dicamba (600 g ae ha-1) plus glyphosate (900 g ae ha-1) applied PP provided 93 to 100% control
of GR giant ragweed while Spaunhorst et al. (2014) found that the tank-mix of glyphosate (860 g
ae ha-1) with dicamba (560 g ae ha-1) applied early and mid-POST increased the control of GR
giant ragweed following a preplant (PP) application of flumioxazin (70 g ai ha-1) plus dicamba
(560 g ae ha-1) and glyphosate (860 g ae ha-1) when compared to glyphosate applied on its own
following the same PP herbicide application. Excellent control of GR giant ragweed was also
achieved when dicamba was applied at either 300 or 600 g ae ha-1 in sequential PP application
followed by (fb) a POST application (Vink et al. 2012). Dicamba (600 g ae ha-1) plus glyphosate
(900 g ae ha-1) applied PP provided 97% control of GR common ragweed (Van Wely et al. 2015)
with improved control when dicamba (300 or 600 g ae ha-1) was applied sequentially, PP fb
POST (Van Wely et al. 2015). Applying a tank-mix of glyphosate plus dicamba POST has also
demonstrated increased control of several other GR weed species that have not yet been
identified or have been recently identified in Canada. Johnson et al. (2010) found that the tankmix of glyphosate (840 g ae ha-1) and dicamba (280 g ae ha-1) applied POST increased the
control of GR Palmer amaranth (Amaranthus Palmeri S.Wats.) by 40% while the control of GR
waterhemp (Amaranthus rudis J.D.Sauer) increased by 65%. Spaunhorst et al. (2014) also found
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that dicamba (560 g ae ha-1) applied POST in a tank-mixture with glyphosate (860 g ae ha-1)
increased the control of waterhemp by 4 to 17% depending on the time of application. Dicamba
is an effective tool for control of annual, biennial and perennial broadleaf weeds including GR
biotypes.
Dicamba controls several GR broadleaf weed species when present in dicamba-resistant
soybean; however, it is unclear whether the tank-mix of glyphosate and dicamba applied POST
would improve broadleaf weed control in a field of dicamba-resistant soybean in the absence of
GR weed species. Farmers will have the opportunity to apply dicamba POST in soybean in the
2017 growing season and they must know whether tank-mixing glyphosate and dicamba will
benefit their weed control program. The objective of this research is to determine whether the
tank-mixture of glyphosate and dicamba applied POSTwill increase the control of non-GR
broadleaf weeds in glyphosate- and dicamba-resistant soybean.

3.3 Materials and Methods
Six field trials were conducted over a two-year period (2014, 2015) in southwestern Ontario,
Canada, to determine the benefit of adding dicamba to glyphosate applied POST in dicambaresistant soybean. The trials were located near Ridgetown, Exeter, and Woodstock, Ontario. Soil
characteristics and application dates for each site are listed in Table 1.
The experiments were arranged in a randomized complete block design (RCBD) with four
replications. Each replicate included a weedy and weed free control. Glyphosate- and dicambaresistant (Roundup Ready 2 Xtend) soybean was seeded at 400 000 seeds ha-1 in rows spaced
0.75 m apart. Plots were 3.0 m wide with 4 soybean rows spaced 0.75 m apart. Plots were 8 and
10 m long in Ridgetown and Exeter, respectively and were 5.75 and 8 m long at Woodstock in
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2014 and 2015, respectively. Seedbed preparation consisted of moldboard plowing in the fall
followed by one or two passes with a field cultivator with rolling basket harrows prior to seeding
in the spring.
Herbicides were applied using a CO2 pressurized backpack sprayer calibrated to deliver 200 L
ha-1 of spray solution at 210 kPa. A 1.5 m spray boom was used with 4 ultra-low drift ULD 12002 nozzles (Hypro, New Brighton, MN, United States) spaced 0.5 m apart. The weed free
controls were treated with a PRE application of imazethapyr (100 g ai ha-1) and metribuzin (400
g ai ha-1) and maintained weed free throughout the growing season by subsequent hand hoeing as
needed.
The experiment was designed to determine whether there was an increase in broadleaf weed
control when dicamba was applied in a tank-mix with glyphosate compared to glyphosate alone.
Treatments consisted of glyphosate (Roundup WeatherMAX) applied at 900 g ae ha-1, dicamba
(XtendiMax with VaporGrip Technology Herbicide 350 SL formulation) applied at 300 g ae ha-1
and a tank-mix of glyphosate plus dicamba (900 + 300 g ae ha-1) at the V2 (Application A), V4
(Application B) , or at the V2 fb V4 soybean stage (Table 2).
Six weed species, redroot pigweed, common ragweed, common lambsquarters, lady’s thumb
(Persicaria maculosa S.F. Gray), barnyardgrass (Echinochloa crus-galli (L.) P.Beauv.) and
green foxtail (Setaria viridis (L.) P.Beauv.) were evaluated. Control was assessed visually at 2
weeks after application A (WAAA), and 1, 2, 4 and 8 weeks after application B (WAAB) on a
scale of 0 to 100 where a rating of 0 indicated no control and a rating of 100 represented
complete control. Weed densities were determined at 6 WAAB by counting the number of weeds
present within 1 m2; after counting, weeds were cut at ground level and placed in a paper bag.
The weeds were dried at 60° C in a kiln for one week and the dry weight was recorded. Soybean
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seed yield was determined at maturity by harvesting the middle two rows of each plot using a
small plot combine. Yields were adjusted to a moisture content of 13%.
Treatment effects were assessed by analysis of variance (ANOVA) using the PROC MIXED
procedure in SAS Version 9.4 (SAS Institute, Cary, NC). Data collected from all trials were
combined across locations and years. Experimental variances were partitioned into random and
fixed effects. Random effects included environment, block, and treatment by environment while
the fixed effect was herbicide treatment. The significance of random and fixed effects were
determined using the Z- and F-tests with a P-value of P<0.05.
To confirm that the assumptions of the ANOVA were met, the PROC UNIVARIATE
procedure was used and Shapiro-Wilk statistics and studentized residual plots were reviewed.
Contrasts between herbicide treatments regardless of application timing tested the control by
each herbicide on each weed species. All weed control ratings, weed densities, and dry weights
were transformed before analysis using an arcsine square root transformation; weed densities and
dry weights were transformed using a log transformation. Soybean yield did not require
transformation prior to analysis. All transformed means were backtransformed for presentation
purposes and treatment differences were separated using Fisher’s protected LSD at P=0.05.

3.4 Results and Discussion
Statistical analysis indicated that there was no significant trial or year by
locationinteraction, therefore data were pooled for all locations and years.
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3.4.1 Pigweed
At 2 WAAA, glyphosate (900 g ae ha-1) and glyphosate plus dicamba (300 g ae ha-1) provided
better control (96 to 98%) of redroot pigweed than dicamba applied alone (64 to 66%) indicating
that dicamba is a slower acting herbicide (Table 2). These findings are consistent with those of
Spaunhorst and Bradley (2013) who found that the control of waterhemp using dicamba was
delayed when compared to glyphosate plus dicamba. The level of redroot pigweed control with
dicamba increased as the season progressed. At 1, 2, 4 and 8 WAAB, dicamba applied at V2
controlled redroot pigweed 91 to 99%, while glyphosate provided 82 to 91% control. In general,
the control of redroot pigweed with dicamba increased from 2 WAAA to 2 WAAB while the
control with glyphosate decreased from 96% at 2 WAAA to 82% at 4 WAAB.
Early season evaluations indicated a benefit in the level of weed control achieved by applying
both herbicides together in a tank-mix rather than applying glyphosate or dicamba on its own,
however, as the growing season progressed, combinations of glyphosate and dicamba, or
dicamba applied alone demonstrated greater control of redroot pigweed than glyphosate. This
would indicate that dicamba provided residual control of redroot pigweed (Norsworthy et al.
2009).
The same trend of improved control of redroot pigweed with dicamba was observed for the
V4 application timing as the season progressed; however, there was no appreciable decline with
glyphosate, which can be attributed to the fewer weeds emerging after the late application.
At 2, 4 and 8 WAAB, the sequential applications of glyphosate, dicamba and glyphosate plus
dicamba applied at V2 fb V4 provided ≥98% control of redroot pigweed. At 6 WAAB, redroot
pigweed density and dry weight was reduced ≥96% with the sequential applications. The level of
control of redroot pigweed in this study with glyphosate plus dicamba is consistent with the
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results of Wicks (2003) who reported that glyphosate plus dicamba provided 95% control of
annual broadleaf weeds. The lower control of redroot pigweed with glyphosate applied alone at
the V2 soybean stage when evaluated at 4 and 8 WAAB is not surprising since glyphosate does
not provide residual control because it is rapidly adsorbed to soil collids and slowy degraded in
by soil microbes (Duke 2011).
Based on orthogonal contrasts, glyphosate provided better early season control of redroot
pigweed than dicamba alone (2 WAAA and 1WAAB), equivalent control at 2 WAAB, and
dicamba provided better control than glyphosate at 4 and 8 WAAB. Norsworthy et al. (2009)
documented residual activity of dicamba on Canada fleabane (Conyza canadensis (L.) Cronq)
which may be the reason for the improved late season control of redroot pigweed with dicamba.

3.4.2 Common Ragweed
At 2 WAAA, glyphosate alone and glyphosate plus dicamba applied at V2 provided 96 and
98% control of common ragweed, respectively while dicamba alone provided 69 to 75% control
(Table 3). At 1 WAAB, evaluations made on the V4 application timing demonstrated similar
results. The level of control achieved at 1 WAAB by these herbicides was greater when applied at
the V2 rather than the V4 growth stage since both glyphosate and dicamba are regarded as slow
acting herbicides (Baylis 2000; Chang and Vanden Born 1971). By 8 WAAB, all treatments
provided ≥97% control of common ragweed.
At 6 WAAB, glyphosate applied alone at V2, V4 or V2 fb V4 reduced common ragweed
density by 75, 75 and 100%, respectively and reduced common ragweed dry weight by 91, 85
and 100%, respectively. Dicamba and glyphosate plus dicamba applied at the three application
timings reduced common ragweed density (100%) and dry weight (≥98%). These findings are
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similar to the level of control of common ragweed reported by Hellwig et al. (2003) who
reported 85 to 92% control 5 WAA when glyphosate (840 g ae ha-1) was applied pre-plant and
POST, although these results demonstrated much greater control of common ragweed than
Armel et al. (2003) who reported that at 12 WAA, glyphosate applied at 840 g ae ha-1 only
provided 3 to 23% control of common ragweed.
Based on orthogonal contrasts, glyphosate provided greater control of common ragweed than
dicamba at 2 WAAA and 1 WAAB which was likely caused by the slower rate of herbicidal
activity of dicamba relative to glyphosate. However, by 8 WAAB, dicamba provided greater
control of common ragweed than glyphosate (P<0.05). There was no benefit to early season
weed control when dicamba was added to glyphosate, while the tank-mix of glyphosate and
dicamba marginally improved late-season common ragweed control. Applying a tank-mix of
glyphosate and dicamba demonstrated greater control of common ragweed at 2 WAAA and 1 and
2 WAAB compared to dicamba applied alone, though at 4 and 8 WAAB, there was no difference
in control when dicamba was applied alone or together with glyphosate.

3.4.3 Common Lambsquarters
At 2 WAAA, glyphosate applied at V2 controlled common lambsquarters 95 to 98% (Table 4).
These findings were similar to Ateh and Harvey (1999) who found that glyphosate applied at V2
provided 97% control 1 to 4 WAA. At 2 WAAA, dicamba provided only 51 to 57% control while
glyphosate plus dicamba applied at V2 controlled lambsquarters 98%, which was equivalent to
glyphosate.
Beyond 1 WAAB, all herbicide treatments applied at V2 provided 93 to 100% control of
common lambsquarters (Table 4). The level of weed control achieved by the different herbicides
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applied at V4 demonstrated similar trends where common lambsquarters was controlled 45 to
100%. Interestingly, the control of common lambsquarters with glyphosate declined slightly over
time, whereas, control with dicamba increased with time. The differences in control between the
two herbicides later in the growing season may be due to the lack of residual control provided by
glyphosate, while conversely, dicamba is able to provide residual activity in a limited capacity
(Norsworthy et al. 2009). At 2, 4 and 8 WAAB, all treatments applied at V2 fb V4 provided
≥99% control. Hagood (1989) reported greater control of common lambsquarters (93 to 100%)
when dicamba was applied at 420 g ai ha-1 POST, although the level of control reported by
Hagood (1989) was averaged across evaluations taken at 2 and 4 WAA. At 8 WAAB, dicamba
provided ≥99% control, regardless of application timing; this is consistent with the results from
Hagood (1989) and Parks et al. (1995).
Glyphosate reduced the density of common lambsquarters by 83 to 100% over all application
timings. Over the same application timings, dicamba reduced common lambsquarters density by
70 to 100% while the tank-mix reduced common lambsquarters density by 100%. Weed control
is generally greater when a herbicide application is made earlier in the growing season (Gower et
al. 2003; Knezevic et al. 2009), so the delayed application of a slow-acting herbicide may be the
cause of the poorer reduction in common lambsquarters density observed for dicamba applied at
the V4 timing. Herbicide applications reduced common lambsquarters biomass by 83 to 100%;
however, there were no significant differences in biomass reduction amongst herbicide
treatments.
Based on orthogonal contrasts, glyphosate or the tank-mix of glyphosate and dicamba
provided greater control of common lambsquarters early in the growing season. At 2 WAAA, and
1 and 2 WAAB, glyphosate or glyphosate tank-mixed with dicamba provided up to 44, 23, and
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5% greater control than dicamba (Table 4). However, it was evident that the residual activity of
dicamba provided longer lasting control of common lambsquarters. At 8 WAAB, dicamba and
the tank-mix of glyphosate and dicamba provided better control of common lambsquarters than
glyphosate applied alone, although glyphosate still provided at least 97% control.

3.4.4 Lady’s thumb
At 2 WAAA, glyphosate and dicamba applied alone or as a tank-mix at V2 provided an
equivalent level of control of lady’s thumb of 72 to 87% (Table 5). At 1 WAAB, all herbicide
treatments provided 83 to 98% control of lady’s thumb, regardless of application timing. There
was a trend for improved control with the tank-mix although differences were not always
statistically significant. At 2, 4 and 8 WAAB, across all application timings, glyphosate or
dicamba applied alone or in a tank-mix provided ≥91% control of lady’s thumb, respectively.
There was a trend for improved control with the sequential application although differences were
not always statistically significant. At 6 WAAB, glyphosate and dicamba applied alone or in
combination at V2 fb V4 reduced lady’s thumb density and dry weight >94%.
Based on orthogonal contrasts, at 2 WAAA and 1, 2 and 4 WAAB, glyphosate and dicamba
provided equivalent control of lady’s thumb. At 8 WAAB, dicamba provided 2% greater control
of lady’s thumb than glyphosate (P<0.05) (Table 5). At 1, 2 and 8 WAAB, dicamba applied in a
tank-mix with glyphosate improved the control of lady’s thumb, while at 1 WAAB, glyphosate
applied in a tank-mix withdicamba improved lady’s thumb control 12%.
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3.4.5 Barnyardgrass
At 2 WAAA, glyphosate and glyphosate plus dicamba applied at V2 controlled barnyard grass
94 to 96%, while dicamba provided no control (Table 6). Across all evaluation timings,
glyphosate provided 88 to 100%. Dicamba provided no control of barnyardgrass throughout the
growing season regardless of application timing which is to be expected since dicamba does not
provide control of annual or perennial grass species (OMAFRA, 2013). Consequently the tankmix of glyphosate and dicamba did not improve the control of barnyardgrass across all
application timings and evaluations. When evaluated at 1 WAAB, glyphosate and glyphosate plus
dicamba applied at V2 provided better control than those that only received an application at the
V4 soybean stage. The sequential application of glyphosate plus dicamba provided greater
control of barnyardgrass compared to a single application. By 8 WAAB, glyphosate applied at the
V2, V4, or V2 fb V4 timings provided 90, 97, and 94% control of barnyardgrass, respectively.
These findings are similar to those reported by Sikkema et al. (2005) who found that glyphosate
(450 g ae ha-1) applied at the 6-leaf stage of corn controlled barnyardgrass ≥90% at 12 WAA.
Over the same application timings, the tank-mix of glyphosate plus dicamba controlled
barnyardgrass 92 to 98%; there was no improvement in barnyardgrass control by adding dicamba
to glyphosate. Barnyardgrass control was maximized with the V4 or V2 fb V4 applications. At 6
WAAB, glyphosate and glyphosate plus dicamba reduced barnyard grass dry weight ≥92% while
dicamba reduced barnyard grass dry weight <25%.
Based on orthogonal contrasts, across all evaluation timings, glyphosate provided better
control of barnyardgrass than dicamba (P<0.005) (Table 6). Across all evaluation timings there
was no benefit of adding dicamba to glyphosate, however, there always was a benefit of adding
glyphosate to dicamba.

65

3.4.6 Green Foxtail
At 2 WAAA glyphosate and glyphosate plus dicamba applied at V2 provided 95 to 98%
control of green foxtail, while dicamba provided 1% control (Table 7). Across all evaluation
timings, glyphosate applied at V2, V4 and V2 fb V4 provided 90 to 95%, 77 to 99% and 96 to
99% green foxtail control, respectively. There was no improvement in green foxtail control by
adding dicamba to glyphosate. These results are similar to findings by Ateh and Harvey (1999)
who reported 98 to 99% control of giant foxtail (Setaria faberi Herrm.) when glyphosate was
applied at 620 and 840 g ae ha-1; however, these results are greater than those reported by
Hellwig et al. (2003) who found that glyphosate applied PP and POST (840 g ae ha-1) provided
58 to 97% control of giant foxtail 5 WAA. At 8 WAAB, glyphosate and glyphosate plus dicamba
provided 91 to 98% control regardless of application timing. Applications of glyphosate or
glyphosate plus dicamba reduced green foxtail biomass by 97 to 100%, while dicamba reduced
remaining green foxtail biomass by 6%.
Based on orthogonal contrasts, across all evaluation timings, glyphosate provided better
control of green foxtail than dicamba (P<0.005) (Table 7). Across all evaluation timings there
was no benefit of adding dicamba to glyphosate, however, there always was a benefit of adding
glyphosate to dicamba.

3.4.7 Soybean Yield
Weed interference reduced soybean yield by 41%. Soybean yield loss with glyphosate applied
was 4 to 7%, regardless of application timing (Table 8). These results were similar to the
findings reported by Stewart et al. (2011) who found that single or sequential applications of
glyphosate reduced yield loss 0 to 14%. Soybean yield loss with dicamba applied at the V2, V4,
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and V2 fb V4 was 33, 30 and 30%, respectively. Although dicamba provided excellent broadleaf
weed control throughout the growing season, the observed soybean yield loss can be attributed to
the lack of grass control where glyphosate was not applied. The tank-mix of glyphosate plus
dicamba reduced weed interference across all three application timings and resulted in soybean
yield that was equivalent to the weed-free control.
In conclusion, all herbicide treatments provided good to excellent control of the four
broadleaf weed species at the end of the growing season. While dicamba, a slow acting
herbicide, generally provided poorer broadleaf weed control shortly after application, control
improved as the season progressed which can, in part, be attributed to its residual activity.
Control with glyphosate, however, tended to demonstrate greater control initially, but the level of
control declined throughout the season. Glyphosate, because of its faster activity (compared to
dicamba), provided greater early season broadleaf control, which declined as the season
progressed for some species since it does not provide any residual control, so it would not
control any weeds that emerged after application. By combining glyphosate and dicamba,
excellent broadleaf and grass weed control was achieved throughout the whole growing season.
Glyphosate, when applied in a tank-mix with dicamba, provided excellent initial control of
broadleaf weeds while the residual characteristics of dicamba provided full season broadleaf
weed control.
Glyphosate provided excellent annual grass control; however, solo applications of dicamba
provided very little annual grass control. While dicamba will be beneficial in fields with
broadleaf weeds, it would not be necessary if only grass weeds were present. In order to
minimize soybean yield losses due to weed interference with a POST herbicide program, there is
a benefit of adding glyphosate to dicamba. The lack of grass control provided by dicamba,
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combined with its slow activity, would leave the soybean crop susceptible to yield loss caused by
early-season crop-weed competition. While this research focused on the value of including
dicamba in a tank-mix with glyphosate applied POST to Roundup Ready 2 Xtend soybean, it is
important to also consider the potential value of applying dicamba for the control of GR weeds.
Including dicamba in a diversified weed management program with multiple sites-of-action will
help control GR weeds. The tank-mixture of glyphosate and dicamba may also reduce the risk
for further selection of GR broadleaf weeds.
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Table 3.1. Experiment location, seeding and herbicide application dates, and soybean staging.
Environment

Year

Seeding date

Ridgetown

2014

4-Jun

2015

20-May

2014

1-Jun

2015

8-May

2014

5-Jun

2015

13-May

Exeter

Woodstock

Application
timing
V2
V4
V2
V4
V2
V4
V2
V4
V2
V4
V2
V4

Herbicide
application
Date
June 26
July 02
June 18
July 02
June 27
July 05
June 11
June 24
July 11
July 23
June 16
June 24
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Table 3.2. Control, density, and biomass of redroot pigweed in 2014 and 2015 with glyphosate and dicamba applied POST
alone or together in a tank-mix at various application timings.
Application Control 2
Control 1
Control 2
Control 4
Control 8
Weed
TreatmentZY
Rate
Timing
WAAAX
WAAB
WAAB
WAAB
WAAB
DensityV
Biomass
g ae ha-1
---------------------------------------%-------------------------------------plants m-2
g m-2
Weedy Control
4 a
8.0 a
Weed free
Control
100 A
100 A
100 A
100 A
100 A
Glyphosate
900
V2
96 A
91 B
90 B
82 C
85 C
3 ab
4.0 ab
Dicamba
300
V2
66 B
91 B
99 A
99 AB
99 AB
0 cd
1.0 bc
Glyphosate +
Dicamba
900 + 300
V2
98 A
99 A
99 A
97 AB
96 AB
1 bcd
1.2 bc
Glyphosate
900
V4
89 B
98 A
95 B
95 B
2 abc
0.0 abc
Dicamba
300
V4
53 C
85 B
96 AB
99 AB
1 bcd
0.5 bc
Glyphosate +
Dicamba
900 + 300
V4
88 B
99 A
99 AB
98 AB
1 bcd
0.2 c
Glyphosate
900
V2 + V4
96 A
100 A
100 A
99 AB
98 AB
0 cd
0.3 c
Dicamba
300
V2 + V4
64 B
92 B
99 A
100 AB
100 AB
0 d
0.0 c
Glyphosate +
Dicamba
900 + 300
V2 + V4
98 A
100 A
100 A
100 AB
99 AB
0 d
0.2 c
W
Contrasts
Glyphosate vs
Dicamba
96 vs 65** 94 vs 81*
97 vs 96
94 vs 99* 94 vs 100**
1 vs 0
0.8 vs 0.4
Glyphosate vs
tank-mix
96 vs 98
94 vs 98
97 vs 99*
94 vs 99*
94 vs 98*
1 vs 1
0.8 vs 0.5
Dicamba vs
tank-mix
65 vs 98** 81 vs 98** 96 vs 99*
99 vs 99
100 vs 98
0 vs 1
0.4 vs 0.5
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
Z
Treatments containing glyphosate consisted of the 540 SL formulation (Roundup WeatherMax).
Y
Treatments containing dicamba consisted of the 350 SL formulation (XtendiMax with VaporGrip Technology Herbicide).
X
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
W
Treatments were contrasted across all application timings for each herbicide treatment. * represents P<0.05 while ** represents
P<0.0005.
V
Weed density and biomass (dry weight) measurements were recorded at 6 WAAB .
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Table 3.3. Control, density, and biomass of common ragweed in 2014 and 2015 with glyphosate and dicamba applied POST
alone or together in a tank-mix at various application timings.
Application Control 2
Control 1
Control 2
Control 4
Control 8
Weed
TreatmentZY
Rate
Timing
WAAAX
WAAB
WAAB
WAAB
WAAB
DensityV
Biomass
g ae ha-1
-----------------------------------------%-------------------------------------- plants m-2
g m-2
Weedy Control
4 a
8.1 a
Weed Free
Control
100 A
100 A
100 A
100 A
100 A
Glyphosate
900
V2
96 B
96 BC
96 D
94 D
97 C
1 b
0.7 b
Dicamba
300
V2
69 C
93 C
99 ABCD
99 ABC
100 AB
0 c
0.0 b
Glyphosate +
Dicamba
900 + 300
V2
98 AB
99 AB
99 ABCD 100 AB
100 AB
0 c
0.1 b
Glyphosate
900
V4
78 D
97 CD
98 BC
98 BC
1 bc
1.2 b
Dicamba
300
V4
56 E
87 E
97 CD
100 AB
0 c
0.1 b
Glyphosate +
Dicamba
900 + 300
V4
79 D
98 BCD
99 AB
100 A
0 c
0.0 b
Glyphosate
900
V2 + V4
96 B
98 ABC 99 ABC
100 AB
100 AB
0 bc
0.0 b
Dicamba
300
V2 + V4
75 C
96 BC
100 AB
100 A
100 A
0 c
0.0 b
Glyphosate +
Dicamba
900 + 300
V2 + V4
98 AB 100 A
100 A
100 A
100 A
0 c
0.0 b
Contrasts
Glyphosate vs
Dicamba
96 vs 72** 92 vs 85*
98 vs 97
98 vs 99
99 vs 100*
1 vs 0*
0.6 vs 0
Glyphosate vs
tank-mix
96 vs 98
92 vs 96
98 vs 99*
98 vs 100* 99 vs 100**
1 vs 0*
0.6 vs 0
Dicamba vs
tank-mix
72 vs 98** 85 vs 96**
97 vs 99*
99 vs 100
100 vs 100
0 vs 0
0 vs 0
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
Z
Treatments containing glyphosate consisted of the 540 SL formulation (Roundup WeatherMax).
Y
Treatments containing dicamba consisted of the 350 SL formulation (XtendiMax with VaporGrip Technology Herbicide).
X
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
W
Treatments were contrasted across all application timings for each herbicide treatment. * represents P<0.05 while ** represents
P<0.0005.
V
Weed density and biomass (dry weight) measurements were recorded at 6 WAAB.
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Table 3.4. Control, density, and biomass of common lambsquarters in 2014 and 2015 with glyphosate and dicamba applied
POST alone or together in a tank-mix at various application timings.
Application
Control 2
Control 1
Control 2
Control 4
Control 8
Weed
TreatmentZY
Rate
Timing
WAAAX
WAAB
WAAB
WAAB
WAAB
DensityV
Biomass
g ae ha-1
---------------------------------------%-------------------------------------plants m-2
g m-2
Weedy Control
12 a
8.8 a
Weed-free
control
100 A
100 A
100 A
100 A
100 A
Glyphosate
900
V2
97 A
96 BC
96 C
94 C
93 C
2 b
1.0 b
Dicamba
300
V2
51 B
83 D
97 BC
99 AB
100 A
0 c
0.1 b
Glyphosate +
Dicamba
900 + 300
V2
98 A
100 A
100 AB
99 AB
98 AB
0 c
0.1 b
Glyphosate
900
V4
84 D
97 BC
96 BC
95 BC
0 bc
0.3 b
Dicamba
300
V4
45 E
80 D
94 C
99 AB
3 b
1.5 b
Glyphosate +
Dicamba
900 + 300
V4
83 D
98 ABC
100 A
99 A
0 c
0.0 b
Glyphosate
900
V2 + V4
95 A
99 AB 100 A
99 AB
99 AB
0 c
0.1 b
Dicamba
300
V2 + V4
57 B
88 CD
99 ABC
100 A
100 A
0 c
0.0 b
Glyphosate +
Dicamba
900 + 300
V2 + V4
98 A
100 A
100 A
100 A
99 A
0 c
0.1 b
Contrasts
Glyphosate vs
Dicamba
96 vs 54** 94 vs 74** 98 vs 94*
97 vs 98
96 vs 100**
1 vs 1
0.4 vs 0.4
Glyphosate vs
tank-mix
96 vs 98
94 vs 97
98 vs 99
97 vs 99*
96 vs 99*
1 vs 0
0.4 vs 0.1
Dicamba vs
tank-mix
54 vs 98** 74 vs 97** 94 vs 99**
98 vs 99
100 vs 99
1 vs 0
0.4 vs 0.1
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
Z
Treatments containing glyphosate consisted of the 540 SL formulation (Roundup WeatherMax).
Y
Treatments containing dicamba consisted of the 350 SL formulation (XtendiMax with VaporGrip Technology Herbicide).
X
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
W
Treatments were contrasted across all application timings for each herbicide treatment. * represents P<0.05 while ** represents
P<0.0005.
V
Weed density and biomass (dry weight) measurements were recorded at 6 WAAB.
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Table 3.5. Control, density, and biomass of lady's thumb in 2014 and 2015 with glyphosate and dicamba applied POST alone
or together in a tank-mix at various application timings.
Application
Control 2
Control 1
Control 2
Control 4
Control 8
TreatmentZY
Rate
Timing
WAAAX
WAAB
WAAB
WAAB
WAAB
DensityV
g ae ha-1
-----------------------------------------%---------------------------------------- plants m-2
Weedy Control
3 a
Weed-free
control
100 A 100 A
100 A
100 A
100 A
Glyphosate
900
V2
74 B
83 D
93 D
91 E
95 B
1 ab
Dicamba
300
V2
72 B
86 CD
97 BCD 96 CDE
99 A
1 b
Glyphosate +
Dicamba
900 + 300
V2
84 B
94 BC
98 ABC 97 BCDE
99 A
1 ab
Glyphosate
900
V4
48 F
92 D
95 DE
99 AB 2 ab
Dicamba
300
V4
49 EF
95 CD
98 ABCDE
100 A
0 b
Glyphosate +
Dicamba
900 + 300
V4
66 E
97 BCD 99 ABCD
100 A
0 b
Glyphosate
900
V2 + V4
76 B
92 BCD 100 AB
100 ABC
100 A
0 b
Dicamba
300
V2 + V4
74 B
92 BCD 100 AB
99 ABCD
100 A
0 b
Glyphosate +
Dicamba
900 + 300
V2 + V4
87 B
98 AB
100 A
100 AB
100 A
0 b
Contrasts
Glyphosate vs
Dicamba
75 vs 73
76 vs 78
96 vs 98
96 vs 98
98 vs 100*
1 vs 0
Glyphosate vs
tank-mix
75 vs 86
76 vs 90*
96 vs 99*
96 vs 99
98 vs 100*
1 vs 0
Dicamba vs
tank-mix
73 vs 86
78 vs 90*
98 vs 99
98 vs 99
100 vs 100
0 vs 0
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
Z
Treatments containing glyphosate consisted of the 540 SL formulation (Roundup WeatherMax).
Y
Treatments containing dicamba consisted of the 350 SL formulation (XtendiMax with VaporGrip Technology Herbicide).
X
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
W
Treatments were contrasted across all application timings for each herbicide treatment. * represents P<0.05 while ** represents
P<0.0005.
V
Weed density and biomass (dry weight) measurements were recorded at 6 WAAB.
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Weed
Biomass
g m-2
1.7 a

1.1 ab
0.3 ab
1.1 ab
0.8 ab
0.4 ab
0.0 b
0.1 b
0.0 b
0.0 b

0.6 vs 0.2
0.6 vs 0.3
0.2 vs 0.3

Table 3.6. Control, density, and biomass of common barnyardgrass in 2014 and 2015 with glyphosate and dicamba applied
POST alone or together in a tank-mix at various application timings.
Application Control 2
Control 1 Control 2
Control 4
Control 8
TreatmentZY
Rate
Timing
WAAAX
WAAB
WAAB
WAAB
WAAB
DensityV Weed Biomass
g ae ha-1
--------------------------------------%-------------------------------------- plants m-2
g m-2
Weedy Control
29 a
33.9 a
Weed-free
control
100 A
100 A
100 A
100 A
100 A
Glyphosate
900
V2
94 B
94 C
93 D
88 E
90 D
5 cd
2.7 b
Dicamba
300
V2
0 C
0 E
0 F
0 F
0 E
17 ab
25.7 a
Glyphosate +
Dicamba
900 + 300
V2
96 AB
97 BC
96 CD
92 DE
92 CD
6 cd
2.1 b
Glyphosate
900
V4
78 D
99 AB
99 ABC
97 BC
1 d
1.1 b
Dicamba
300
V4
0 E
0 F
0 F
0 E
13 b
16.6 a
Glyphosate +
Dicamba
900 + 300
V4
73 D
98 BC
99 AB
98 AB
5 cd
1.1 b
Glyphosate
900
V2 + V4
95 B
99 AB
99 B
96 CD
94 BCD 5 cd
2.1 b
Dicamba
300
V2 + V4
0 C
1 E
1 E
1 F
0 E
22 ab
18.4 a
Glyphosate +
Dicamba
900 + 300
V2 + V4
96 AB 100 A
99 AB
98 BC
98 AB
4 cd
1.4 b
Contrasts
Glyphosate vs
3 vs
Dicamba
95 vs 0** 93 vs 0** 98 vs 0**
95 vs 0**
94 vs 0**
17***
1.9 vs 19.9***
Glyphosate vs
tank-mix
95 vs 96
93 vs 94
98 vs 98
95 vs 97
94 vs 96
3 vs 5
1.9 vs 1.5
Dicamba vs
17 vs
tank-mix
0 vs 96** 0 vs 94** 0 vs 98**
0 vs 97**
0 vs 96**
5***
19.9 vs 1.5***
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
Z
Treatments containing glyphosate consisted of the 540 SL formulation (Roundup WeatherMax).
Y
Treatments containing dicamba consisted of the 350 SL formulation (XtendiMax with VaporGrip Technology Herbicide).
X
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
W
Treatments were contrasted across all application timings for each herbicide treatment. * represents P<0.05 while ** represents
P<0.0005.
V
Weed density and biomass (dry weight) measurements were recorded at 6 WAAB.
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Table 3.7. Control, density, and biomass of green foxtail in 2014 and 2015 with glyphosate and dicamba applied POST alone
or together in a tank-mix at various application timings.
Application Control 2 Control 1 Control 2 Control 4 Control 8
TreatmentZY
Rate
Timing
WAAAX
WAAB
WAAB
WAAB
WAAB
DensityV
Weed Biomass
-1
-2
g ae ha
-------------------------------------%----------------------------------- plants m
g m-2
Weedy Control
97 a
103.4 a
Weed-free
control
100 A
100 A
100 A
100 A
100 A
Glyphosate
900
V2
95 B
95 B
94 D
90 D
91 C
5 b
2.1 b
Dicamba
300
V2
1 C
0 E
0 F
0 F
0 E
69 a
111.6 a
Glyphosate +
Dicamba
900 + 300
V2
97 B
97 AB
96 CD
94 CD
93 BC
4 b
1.4 bc
Glyphosate
900
V4
77 C
99 AB
99 AB
98 AB
2 cd
0.4 c
Dicamba
300
V4
0 E
0 F
0 F
0 E
98 a
133.2 a
Glyphosate +
Dicamba
900 + 300
V4
76 C
99 BC
99 AB
98 AB
1 d
0.2 c
Glyphosate
900
V2 + V4
96 B
99 AB
99 BC
97 BC
96 BC
3 bc
0.9 bc
Dicamba
300
V2 + V4
1 C
5 D
5 E
5 E
3 D
66 a
96.9 a
Glyphosate +
Dicamba
900 + 300
V2 + V4
98 B
100 A
99 AB
98 B
98 AB
2 cd
0.6 bc
Contrasts
Glyphosate vs
Dicamba
95 vs 1** 93 vs 1** 98 vs 1** 96 vs 1** 95 vs 1** 3 vs 77***
1 vs 112.9***
Glyphosate vs
tank-mix
95 vs 97
93 vs 94
98 vs 98
96 vs 97
95 vs 97
3 vs 2
1 vs 0.7
Dicamba vs
tank-mix
1 vs 97** 1 vs 94** 1 vs 98** 1 vs 97** 1 vs 97** 77 vs 2*** 112.9 vs 0.7***
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
Z
Treatments containing glyphosate consisted of the 540 SL formulation (Roundup WeatherMax).
Y
Treatments containing dicamba consisted of the 350 SL formulation (XtendiMax with VaporGrip Technology Herbicide).
X
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
W
Treatments were contrasted across all application timings for each herbicide treatment. * represencts P<0.05 while ** represents
P<0.0005.
V
Weed density and biomass (dry weight) measurements were recorded at 6 WAAB.
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Table 3.8. Soybean yield for trials conducted in 2014 and 2015 as affected by glyphosate and dicamba applied POST alone or
together in a tank-mix at various application timings.
Soybean
Treatment
Rate
Application Timing
Yield
-1
g ae ha
T ha-1
Weedy Control
1.6 b
Weed Free Control
2.7 a
Glyphosate
900
V2
2.6 a
Dicamba
300
V2
1.8 b
Glyphosate + Dicamba
900 + 300
V2
2.6 a
Glyphosate
900
V4
2.6 a
Dicamba
300
V4
1.9 b
Glyphosate + Dicamba
900 + 300
V4
2.6 a
Glyphosate
900
V2 + V4
2.5 a
Dicamba
300
V2 + V4
1.9 b
Glyphosate + Dicamba
900 + 300
V2 + V4
2.6 a
Means followed by the same letter within a column are not significantly different according to Fischer’s protected LSD test (P<0.05).
Z
Treatments containing glyphosate consisted of the 540 SL formulation (Roundup WeatherMax).
Y
Treatments containing dicamba consisted of the 350 SL formulation (XtendiMax with VaporGrip Technology Herbicide).
X
Application timing A is at soybean stage V2, and Application B is at V4.
ZY
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4.0 Weed control, environmental impact, and net revenue of two-pass weed management
strategies in dicamba-resistant soybean.

4.1 Abstract
Six field trials were conducted over a two-year period (2014, 2015) at two locations in
southwestern Ontario to compare the level of weed control provided by dicamba applied alone
and in combination with dimethenamid-p applied preemergence (PRE) in glyphosate/dicambaresistant soybean to current industry standards when used in a two-pass weed management
program. Crop injury, weed control, soybean seed yield, environmental impact (EI), and
profitability were evaluated in this study. No significant injury was documented. Several PRE
herbicides provided excellent early season grass and broadleaved weed control, though early
season weed control of those weed species was not acceptable with glyphosate applied alone or
in combination with dicamba, dicamba plus dimethenamid-p, 2,4-D, or saflufenacil applied PRE.
At 8 weeks after application, the sequential application of a PRE herbicide followed by
glyphosate applied postemergence (POST) provided ≥86% control of weed species evaluated in
this study. Weed interference with no herbicide treatments caused a soybean seed yield loss of
64%. The sequential application of glyphosate had the lowest EI value. The addition of
chlorimuron plus metribuzin or chlorimuron plus imazethapyr did not increase the EI
substantially, but did improve the level of weed control and reduced weed density and biomass.
The inclusion of a PRE herbicide in a weed management program also has several stewardship
benefits and may reduce the selection for herbicide-resistant weeds.
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4.2 Introduction
Soybean (Glycine max (L.) Merr.) is one of the most important grain crops produced in
Ontario, Canada. In 2015, soybean was grown on 1.2 x 106 ha across Ontario producing over 3.6
million tonnes of soybean valued at nearly $1.6 x 109 (Kulasekera, 2016). Weed management is
a critical component of successful soybean production in the province.
To maximize soybean yield the crop must be maintained weed free during the critical weed
free period (CWFP). The CWFP varies depending on the relative time of weed and crop
emergence, weed species composition and density, soybean row spacing, and soybean seeding
rate. Assuming that a yield loss of 5% is acceptable, the CWFP in soybean begins at V1 and ends
at V4 (Knezevic et al. 2003; Mulugeta and Boerboom, 2000). Failure to control weeds during the
CWFP can reduce soybean yield by as much as 80% (Halford et al. 2001).
Because glyphosate does not provide residual weed control, sequential applications of
glyphosate in GR soybean may be required during the CWFP to achieve acceptable weed control
(Gonzini et al. 1999; Nurse et al. 2006; Stewart et al. 2011). The repeated use of a herbicide with
a single mode-of-action may select for herbicide-resistant (HR) weed biotypes and is therefore
not recommended (Nurse et al. 2006). Two-pass weed management strategies of an effective
herbicide(s) applied pre-plant (PP) or preemergence (PRE) with residual activity, followed by an
in-crop postemergence (POST) herbicide, frequently results in excellent full-season weed control
(Gonzini et al. 1999; Soltani et al. 2012). Full season control minimizes soybean yield loss due to
weed interference and reduces selection pressure for HR weed biotypes.
Dicamba- and glyphosate-resistant (DR) soybean was available for commercial use in Canada
for the first time in 2017. Dicamba is a systemic herbicide that is active on many broadleaved
weed species including several GR weed species found in Canada including Canada fleabane
(Conyza canadensis (L.) Cronq.), giant ragweed (Ambrosia trifida L.), common ragweed
(Ambrosia artemisiifolia L.) and waterhemp (Amaranthus rudis J.D.Sauer). In addition, dicamba
provides control of GR weed species not currently found in Canada including Palmer amaranth
(Amaranthus palmeri S.Wats.) (Johnson et al. 2010; Spaunhorst et al. 2014). The addition of the
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dicamba resistance gene in soybean will allow for an additional herbicide option for broadleaved
weed control. Dicamba can be applied PP, PRE, or POST in DR soybean, making it attractive to
use in a two-pass weed management program. There is little information on the efficacy of twopass weed management in dicamba-resistant soybean.
Environmental impact (EI) should be considered when developing weed management
programs (Gianessi, 2005; Brookes and Barfoot, 2015). One way to measure the environmental
impact of a herbicide program is to determine the environmental impact quotient (EIQ). The EIQ
has been used successfully in the past to compare the potential environmental risk of weed
management programs (Brimner et al. 2005; Fernandez-Cornejo et al. 1998; Stewart et al. 2011;
Soltani et al. 2012).The risk is calculated based on toxicological and physiochemical factors
among three main environmental components: the farmworker, consumer, and ecosystem
(Kovach et al. 1992; Fernandez-Cornejo et al. 1998). Each component is then subdivided to
reflect all facets that may be affected by the application of one or several active ingredients.
Higher EI values identify chemicals that may have a greater risk of negatively impacting the
environment. To our knowledge, no study has evaluated the environmental impact and
profitability of two-pass weed management systems in no-till dicamba-resistant soybean.
The objectives of this study were to evaluate the crop injury, weed control, soybean yield,
profitability, and EI of various two-pass weed management systems in no-till dicambaresistant soybean.

4.3 Materials and Methods
Six field experiments were conducted over a two-year period (2014, 2015) in southwestern
Ontario at two sites, the University of Guelph – Ridgetown Campus, Ridgetown, Ontario; and
the Woodstock Research Station, Woodstock, Ontario. Data including seeding date, herbicide
application dates, soybean growth stage, and weed densities and stages are presented in Table 1.
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Experiments were conducted using a randomized complete block design with four
replications. Each replicate included a weedy (untreated) and weed-free control. The weed-free
plots were maintained weed-free throughout the growing season by applying a tank-mix of
glyphosate (900 g ae ha-1) plus imazethapyr (100 g ai ha-1) plus metribuzin (400 g ai ha-1) PRE,
followed by glyphosate (900 g ae ha-1) applied POST if required. A DR soybean cultivar was
seeded at 400 000 seeds ha-1 in 4-row plots where the rows were spaced 0.76 m apart. Plots were
5.75 and 8 m long in Woodstock in 2014 and 2015, respectively, and 8 m long in Ridgetown.
Herbicides were applied with a CO2 pressurized backpack sprayer calibrated to apply 200 L
ha-1 of aqueous solution at 210 kPa using a 1.5 m spray boom equipped with four ultra-low drift
(ULD) 120-02nozzles (Hypro, New Brighton, MN, USA) spaced 0.5 m apart. Glyphosate
(Roundup WeatherMAX, Monsanto, St. Louis, MO, USA) applied at 900 g ae ha-1was added to
all the PRE herbicides for the control of emerged weeds. A POST application of glyphosate (900
g ae ha-1) was also made at the V4 soybean growth stage and represented the second herbicide
application timing in the two-pass weed control programs evaluated.
The study was designed to compare the level of weed control provided by dicamba
(XtendiMax with VaporGrip Technolog Herbicide 350 SL formulation, Monsanto) applied PRE
on its own (600 g ae ha-1) or in a tank-mix at 300 g ae ha-1 with dimethenamid-p (544 g ai ha-1) to
DR soybean in a two-pass weed management system grown in a no-tillage environment to
several current industry standards (Table 2).
Soybean injury was assessed visually at 2 and 3 weeks after emergence (WAE) on a scale of 0
(no injury) to 100 (complete soybean death). Weed control was assessed visually on a scale of 0
(no control) to 100 (complete control) at 3 WAE, prior to the in-crop application of glyphosate,
and 4 and 8 weeks after the POST application of glyphosate (WAAB). The species assessed
included velvetleaf (Abutilon theophrasti Medik.), common ragweed (Ambrosia artemisiifolia
L.), redroot pigweed (Amaranthus retroflexus L.), common lambsquarters (Chenopodium
album L.), barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.), and green foxtail (Setaria
viridis (L.) P. Beauv.). At 3 WAE, weed density and dry weight were determined by counting the
number of weeds present within a 1 m2 quadrat randomly placed within each plot. After
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counting, the weeds were cut at ground level, separated by species, and placed in paper bags and
dried in a kiln at 60° C for one week and dry weights were recorded for each species. Soybean
yield data were collected by harvesting the middle two rows of the four-row plots using a small
plot combine. All yield data were adjusted to 13% moisture prior to analysis.
All data were subjected to ANOVA using the PROC MIXED procedure in SAS Version 9.4
(SAS Institute, Cary, NC). No significant interactions between environment and treatment were
detected (P>0.05) so data from all experiments were combined across years and locations.
Variances were separated into fixed and random effects. Fixed effects included herbicide treatment
while random variances were chosen to include environment (year and location), block nested within
environment, and treatment by environment interaction so any treatment inferences made would be more
broadly applicable than to just the six environments examined (Yang 2010). A P-value of P<0.05 was

used to determine the significance of the random and fixed effects using a Z- and F-test,
respectively. To confirm the assumptions of the ANOVA were met, PROC UNIVARIATE
procedure was applied and confirmed using residual plots and a Shapiro-Wilk test for normality.
All weed control data required an arcsine square root transformation, weed density and dry
weight were transformed using a log transformation, and yield data did not require a
transformation. All data were back-transformed to their original scale for presentation purposes
and treatments were separated using Fisher’s Protected LSD at P<0.05.
The EI of each herbicide program was determined using EIQ values from Kovach et al. (1992,
2012). To calculate the EI for each herbicide treatment, the EIQ for each active ingredient (ai)
was multiplied by the amount of ai applied, in kg ai/ae ha-1. All treatments included multiple
herbicide applications and many included multiple herbicide active ingredients. In the case of
glyphosate, the EI was multiplied by two to account for the two herbicide applications, PRE and
POST. The EI for each herbicide program is presented in Table 7.
A partial profit analysis was also conducted to determine the profitability of each herbicide
program (Table 7). Gross profit was determined by multiplying plot yield by the average
soybean price in Ontario for the month of October of each year (Blair Andrews, personal
communication, 2016). Herbicide costs were calculated based on herbicide prices for each year
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reported by AGRIS (AGRIS Co-operative Ltd., 2015). Application costs were based on data
reported by Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) in their annual
Field Crop Budgets – Publication 60 annual publication (OMAFRA, 2016a). For products that
weren’t available for sale in 2014, the 2015 herbicide price was used; products that are not yet
available on the market were excluded from the profit analysis. Data were analyzed using the
PROC MIXED procedure mentioned above. A square root transformation was used on the data
to satisfy the assumptions of the ANOVA.

4.4 Results and Discussion
4.4.1 Soybean Injury
No significant visible soybean injury (< 5%) was observed in this study (data not presented).

4.4.2 Weed Control
At 3 WAE, glyphosate (900 g ae ha-1) applied PRE provided 32 to 54% and 14 to 15%
broadleaved and grass control, respectively, prior to the in-crop application of glyphosate (Table
2). At 3 WAE, glyphosate (900 g ae ha-1) plus saflufenacil (25 g ai ha-1), dicamba (600 g ae ha-1),
dicamba (300 g ae ha-1) plus dimethenamid-p (544 g ai ha-1), or 2,4-D (500 g ae ha-1) controlled
broadleaves and grasses 58 to 79% and 13 to 69% respectively. Contrasting results were reported
by Fausey and Renner (2001) who reported that dicamba provided 72% to 95% broadleaved
weed control 8 WAA in corn (Zea mays L.). Norsworthy et al. (2009) found that dicamba
provided limited residual control of Canada fleabane. Budd et al. (2016) found that an additional
herbicide had to be added to saflufenacil (25 g ai ha-1) for full season control of Canada fleabane.
The lower weed control with 2,4-D, dicamba, and saflufenacil at the time of the POST
application is likely due to the limited residual activity of these herbicides. A number of other
studies have concluded that a PRE residual herbicide applied with a POST application of
glyphosate provide effective control of late-emerging weeds (Gonzini et al. 1999; Payne and
Oliver 2000; Nurse et al. 2006).
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At 3 WAE, several herbicides provided excellent broadleaved and grass control. Seven of the
PP herbicide combinations evaluated provided greater than 70% control of all broadleaved
species, and of those, three herbicide combinations provided over 81% control of all grass weed
species (Table 2). The two most efficacious herbicide combinations were tank-mixes of: 1)
glyphosate (900 g ae ha-1) plus chlorimuron (9 g ai ha-1) plus imazethapyr (75 g ai ha-1), and 2)
glyphosate (900 g ae ha-1) plus imazethapyr (77 g ai ha-1) plus metribuzin (413 g ai ha-1) plus
flumioxazin (96 g ai ha-1). Both of these mixtures provided >80% control of all the weeds
evaluated in this study. In other studies, Stewart et al. (2011) reported 4 to 47% control of
velvetleaf, 17 to 27% control of common ragweed, 47 to 62% control of redroot pigweed and 3749% control of foxtail with PRE herbicides including imazethapyr, s-metolachlor/benoxacor plus
metribuzin and flumetsulam/s-metolachlor followed by glyphosate.

4.4.3 Density and Dry Weight
At 3 WAE, several PRE herbicides reduced weed density and biomass of both broadleaved
and grass weed species (Table 3 and 4). The weed density and biomass values closely reflected
the weed control assessments at 3 WAE (Table 2). Based on weed density and dry weight, the
two most efficacious soil-applied herbicides for the six weeds evaluated in this study were tankmixes of glyphosate (900 g ae ha-1) plus chlorimuron (9 g ai ha-1) plus imazethapyr (75 g ai ha-1),
and glyphosate (900 g ae ha-1) plus imazethapyr (77 g ai ha-1) plus metribuzin (413 g ai ha-1) plus
flumioxazin (96 g ai ha-1).
The most difficult weed to control in this study was common ragweed. Several studies have
demonstrated similar findings where the early season control of common ragweed was 57% to
68%, while in contrast the control of common lambsquarters and redroot pigweed was 80% to
88% and 82% to 93%, respectively (Soltani et al. 2012, 2014; Stewart et al. 2011).
At 4 weeks after the POST application of glyphosate (900 g ae ha-1), broadleaved and grass
control was 91 to 100 and 78 to 97%, respectively (Table 5). The PP application of saflufenacil
(25 g ai ha-1), imazethapyr/saflufenacil (100 g ai ha-1), imazethapyr (75 g ai ha-1) plus metribuzin
(425 g ai ha-1), chlorimuron (9 g ai ha-1), chlorimuron (9 g ai ha-1) plus metribuzin (412 g ai ha-1),
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chlorimuron (9 g ai ha-1) plus imazethapyr (75 g ai ha-1), or metribuzin (413 g ai ha-1) plus
imazethapyr (77 g ai ha-1) plus flumioxazin (96 g ai ha-1) followed by glyphosate (900 g ae ha-1)
applied POST all provided greater than 95% control of the broadleaved weeds evaluated in this
study. The PP herbicide that provided the lowest numeric control of velvetleaf was 2,4-D (500 g
ae ha-1), of redroot pigweed was dicamba (600 g ae ha-1), of common ragweed was
pyroxasulfone (100 g ai ha-1) plus sulfentrazone (100 g ai ha-1), and of lambsquarters was
dicamba (300 g ae ha-1) plus dimethenamid-p (544 g ai ha-1). All of the two-pass weed control
programs provided greater than 90% control of barnyard grass and green foxtail with the
exception of saflufenacil (25 g ai ha-1) and dicamba (600 g ae ha-1). Glyphosate is a broad
spectrum herbicide, and its use following a PP herbicide resulted in excellent control of all the
weed species evaluated in this study, which is consistent with other studies (Soltani et al. 2012;
OMAFRA, 2016b).
At 8 weeks after the POST application of glyphosate (900 g ae ha-1), broadleaved and grass
control was 86 to 100 and 88 to 99%, respectively (Table 6). The PP application of saflufenacil
(25 g ai ha-1), imazethapyr/saflufenacil (100 g ai ha-1), imazethapyr (75 g ai ha-1) plus metribuzin
(425 g ai ha-1), chlorimuron (9 g ai ha-1), chlorimuron (9 g ai ha-1) plus metribuzin (412 g ai ha-1),
chlorimuron (9 g ai ha-1) plus imazethapyr (75 g ai ha-1), or metribuzin (413 g ai ha-1) plus
imazethapyr (77 g ai ha-1) plus flumioxazin (96 g ai ha-1) followed by glyphosate (900 g ae ha-1)
applied POST all provided greater than 95% control of the broadleaved weeds evaluated in this
study. The PP herbicide that provided the lowest numeric control of velvetleaf was 2,4-D (500 g
ae ha-1), of redroot pigweed was dicamba (600 g ae ha-1), of common ragweed was
pyroxasulfone (100 g ai ha-1) plus sulfentrazone (100 g ai ha-1), and of lambsquarters was
dimethenamid-p (544 g ai ha-1) plus dicamba (300 g ae ha-1). All of the two-pass weed control
programs provided greater than 90% control of barnyard grass and green foxtail with the
exception of chlorimuron (9 g ai ha-1) plus metribuzin (412 g ai ha-1) and dicamba (600 g ae ha1

), dimethenamid-p (544 g ai ha-1) plus dicamba (300 g ae ha-1), s-metolachlor/metribuzin (1443

g ai ha-1) and pyroxasulfone/flumioxazin (160 g ai ha-1). It is important to note, however, that
differences in weed control amongst herbicide programs were still measurable. At 8 WAA,
treatments consisting of glyphosate (900 g ae ha-1) plus chlorimuron (9 g ai ha-1) plus and
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imazethapyr (75 g ai ha-1) and glyphosate (900 g ae ha-1) plus imazethapyr (77 g ai ha-1) plus
metribuzin (413 g ai ha-1) plus flumioxazin (96 g ai ha-1) provided up to 8, 9, 11, and 5% greater
control of velvetleaf, redroot pigweed, common ragweed, and common lambsquarters,
respectively, compared to other treatments evaluated. The differences in weed control amongst
grass weed species were less apparent where the greatest difference among herbicide programs
evaluated of barnyard grass was 3% and green foxtail was 7%.

4.4.4 Soybean Yield
Where weeds were controlled using dicamba (600 g ae ha-1) or dicamba (300 g ae ha-1) plus
dimethenamid-p (544 g ai ha-1), soybean yields increased over 139% compared to the weedy
control (Table7). Several weed control programs resulted in soybean yield that was similar to the
weed-free control; these included imazethapyr/saflufenacil (100 g ai ha-1), imazethapyr (75 g ai
ha-1) plus metribuzin (425 g ai ha-1), chlorimuron (9 g ai ha-1), chlorimuron (9 g ai ha-1) plus
imazethapyr (75 g ai ha-1), dimethenamid-p (544 g ai ha-1) plus dicamba (300 g ae ha-1),
or metribuzin (413 g ai ha-1) plus imazethapyr (77 g ai ha-1) plus flumioxazin (96 g ai ha-1)
followed by glyphosate (900 g ae ha-1) applied POST. In other studies, Soltani et (2014) found
lower yield than untreated control with two-pass application of glyphosate with chlorimuron or
pyroxasulfone/flumioxazin PRE followed by glyphosate POST in conventional glyphosateresistant soybean. Nurse et al. (2006) also found that corn yield increased when a PRE herbicide
(flufenacet plus metribuzin) was followed by glyphosate compared to glyphosatealone.
The soybean yields across the evaluated two-pass weed control programs varied from 86 to
97% of the weed-free control. While some herbicide programs resulted in similar soybean seed
yields to the weed-free control, it will be important for farmers to choose a herbicide program
that will result in the highest profitability, considering the costs of the herbicide program and
weed interference on soybean seed yield. For example, while reduced weed interference with
chlorimuron (9 g ai ha-1) resulted in soybean yield that was similar to the weed-free control, it
still yielded 14% less or a decrease of 301 kg ha-1. If averaged across the average provincial
soybean price in October of 2014 and 2015, the difference in yield between the weed-free control
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and the treatment consisting of chlorimuron (9 g ai ha-1) would result in $128.57 ha-1 in lost
revenue (Grain Farmers of Ontario, 2016).

4.4.5 Profit Analysis
Net revenue among the herbicide programs evaluated varied by $180.13 ha-1 (Table 7). The
following two pass-programs resulted in the greatest and similar net returns: glyphosate plus
imazethapyr/saflufenacil (100 g ai ha-1), imazethapyr (75 g ai ha-1) plus metribuzin (425 g ai ha1

), chlorimuron (9 g ai ha-1), chlorimuron (9 g ai ha-1) plus metribuzin (412 g ai ha-1),

chlorimuron (9 g ai ha-1) plus imazethapyr (75 g ai ha-1), dicamba (600 g ae ha-1) or 2,4-D (500 g
ae ha-1) applied PRE followed by glyphosate (900 g ae ha-1) applied POST. The least profitable
two-pass herbicide program was the PP application of glyphosate (900 g ae ha-1) plus smetolachlor/metribuzin (1443 g ai ha-1) followed by glyphosate (900 g ae ha-1) applied
POST Because of the low cost of glyphosate, sequential applications of glyphosate applied alone
have been an attractive herbicide program for many years. While it may provide farmers with a
simple and cost effective herbicide program in the short term, it will greatly increase the risk of
selection for GR weed biotypes and should be avoided.

4.4.6 Environmental Impact
The EI values of the herbicide programs evaluated ranged from 27.5 to 43.4 (Table 7), which
would be classified as medium to high risk (Stewart et al. 2011; Beckie et al. 2014). While the EI
for all treatments appear to be quite high, much of the EI for each treatment can be accounted for
by the sequential applicationsof glyphosate. This doesn’t mean that the EI values should be
dismissed. If a weed management practitioner planned to use a sequential application of
glyphosate, there wouldn’t be a substantial increase in EI if chlorimuron (9 g ai ha-1) and
metribuzin (412 g ai ha-1) or chlorimuron (9 g ai ha-1) and imazethapyr (75 g ai ha-1) were added
to the weed management program. By doing so, there would be a modest increase in net revenue,
a significant improvement in weed control, a reduction in the selection of GR weed biotypes, and
a slight increase in EI.
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In conclusion, there are several herbicide options available that provide excellent control of a
wide range of broadleaved and grass weed species in no-till dicamba-resistant soybean. Weed
management programs that provided excellent early season weed control generally resulted in
the highest soybean yield. Despite having the highest soybean yield, these herbicide programs
did not always result in the highest net returns due to the cost of the herbicides. The weed control
programs that provided the greatest control also had the highest EI. It is attractive for producers
to choose herbicide programs that provide higher net returns and are simple to manage, such as
sequential applications of glyphosate, but weed management practitioners must be aware of the
risks of utilizing only one mode-of-action. The use of multiple modes-of-action is recommended
to reduce the selection intensity for HR weeds. Dicamba provided early season suppression of
many broadleaved weeds and was similar to current industry standards in respect to soybean
yield and net revenue. As GR weeds spread across Ontario, dicamba-resistant soybean and the
concomitant use of dicamba will be a valuable weed management tool in the future.
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Table 4.1. Experiment location, seeding and herbicide application dates, and soybean staging.
Seeding Application
Herbicide
Environment Year
Date
timing
application Date
Ridgetown 1 2014
June 01 PP
May 20
POST
July 02
2015
May 08 PP
May 01
POST
June 25
Ridgetown 2 2014
June 01 PP
May 30
POST
July 05
2015
May 08 PP
May 07
POST
June 19
Woodstock
2014
June 05 PP
June 01
POST
July 04
2015
May 13 PP
May 06
POST
June 16
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Table 4.2. Control of velvetleaf, redroot pigweed, common ragweed, common lambsquarters, common barnyardgrass, and
green foxtail 3 weeks after soybean emergence in response to a preplant (PP) herbicides in no-till soybean averaged across
three locations in Ontario over 2014 and 2015.
TreatmentZY
Rate
ABUTHW AMARE AMBEL CHEAL ECHCG SETVI
g ai ha-1 ---------------------------------------%---------------------------------Weed-free Control
100a
100a
100a
100a
100a
100a
Glyphosate
900
32e
47e
54e
47c
14e
15f
X
Saflufenacil
25
79cd
79cd
58e
76b
15e
13f
Imazethapyr/saflufenacil
100
99ab
98ab
70bcde
98a
74bc
74cd
Imazethapyr
75
95abc
96abc
72bcde
97a
88bc
81bc
Metribuzin
425
Chlorimuron
9
95abc
99ab
80bcd
98a
74bc
63d
Chlorimuron
9
93abc
99a
85b
98a
74bc
64d
Metribuzin
412
Chlorimuron
9
99ab
100a
85bc
98a
82bc
81bc
Imazethapyr
75
Pyroxasulfone
100
69d
85bcd
58e
94a
87bc
71cd
Sulfentrazone
100
Dicamba
600
61de
63de
69cde
73b
46d
38e
dimethenamid-p
544
68d
71de
60e
62bc
69cd
62d
Dicamba
300
2,4-D
500
57de
69de
62e
65bc
49d
36e
Metribuzin
413
99ab
100a
80bcd
99a
90b
87b
Imazethapyr
77
Flumioxazin
96
s-metolachlor/metribuzin
1443
64d
80cd
64de
65bc
85bc
68cd
Pyroxasulfone/flumioxazin 160
84bcd
93abc
70bcde
78b
85bc
69cd
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P<0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
Merge (non-ionic surfactant) was included in the tank at 1 L ha-1.
W
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 4.3. Density of velvetleaf, redroot pigweed, common ragweed, common lambsquarters, common barnyardgrass, and
green foxtail evaluated 3 weeks after soybean emergence (WAE) in response to a preemerge (PRE) herbicide application to notill soybean ground averaged across three locations over 2014 and 2015.
ABUTHW AMARE AMBEL CHEAL ECHCG SETVI
TreatmentZY
Rate
---------------------------------------%---------------------------------g ai ha-1
12a
8abcd
35a
33ab
6ab
312a
Weedy Control
9ab
29a
14b
36ab
16a
209abc
Glyphosate
900
4abcde
6cde
10bc
14bc
9ab
298ab
SaflufenacilX
25
1e
1ef
9bc
4def
4ab
133abcde
Imazethapyr/saflufenacil
100
Imazethapyr
75
2cde
1def
12b
4def
10ab
71ef
Metribuzin
425
3bcde
1ef
9bc
1ef
10ab
142abcde
Chlorimuron
9
Chlorimuron
9
1de
0f
6c
1ef
7ab
128bcde
Metribuzin
412
Chlorimuron
9
1de
0ef
11bc
1f
7ab
45f
Imazethapyr
75
Pyroxasulfone
100
6abcd
7bcd
14b
4de
3b
78def
Sulfentrazone
100
12a
27a
7bc
24ab
7ab
147abcde
Dicamba
600
dimethenamid-p
544
4abcde
28a
11bc
43a
8ab
91cdef
Dicamba
300
8ab
20abc
13b
46a
5ab
183abcd
2,4-D
500
Metribuzin
413
1e
0f
7bc
1ef
2b
62ef
Imazethapyr
77
Flumioxazin
96
6abc
22ab
10bc
33ab
4b
78def
s-metolachlor/metribuzin
1443
4abcde
3def
10bc
8cd
3b
47f
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P<0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation)
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage
X
Merge (non-ionic surfactant) was included in the tank at 1 L ha-1
W
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
90

Table 4.4. Dry weight of velvetleaf, redroot pigweed, common ragweed, common lambsquarters, common barnyardgrass, and
green foxtail evaluated 3 weeks after soybean emergence (WAE) in response to a preemerge (PRE) herbicide application to notill soybean ground averaged across three locations over 2014 and 2015.
ABUTHW AMARE AMBEL CHEAL ECHCG SETVI
TreatmentZY
Rate
---------------------------------------%---------------------------------g ai ha-1
1.3ab
1.0cdef
11.9a
10.7a
1.3bc
41.0a
Weedy Control
1.4a
3.4ab
3.6bc
4.8b
5.9a
30.8ab
Glyphosate
900
X
0.4bcd
0.8def
2.9bcd
1.8cde
3.6ab
49.8a
Saflufenacil
25
0.1cd
0.1f
3.6bc
0.7ef
1.4bc
10.1defg
Imazethapyr/saflufenacil
100
Imazethapyr
75
0.2cd
0.1f
3.7bc
0.3ef
2.4abc
6.5fg
Metribuzin
425
0.3cd
0.1f
1.7bcd
0.1f
2.2bc
14.7cde
Chlorimuron
9
Chlorimuron
9
0.1cd
0f
1.3d
0.1f
2.0bc 15.4bcde
Metribuzin
412
Chlorimuron
9
0.2cd
0.1f
2.2bcd
0f
0.9c
4.6g
Imazethapyr
75
Pyroxasulfone
100
0.9abc
1.2bcdef
4.1b
0.7ef
0.9c
10.5defg
Sulfentrazone
100
1.3a
2.9abc
1.6cd
2.0bcde 2.6abc
19.9bcd
Dicamba
600
dimethenamid-p
544
0.7abcd
2.5abcd
3.3bcd
3.5bcd
2.2bc
14.5cde
Dicamba
300
1.4a
3.6a
3.0bcd
4.0bc
2.1bc
26.7abc
2,4-D
500
Metribuzin
413
0.1d
0f
2.5bcd
0.1f
0.8c
5.4fg
Imazethapyr
77
Flumioxazin
96
1.2ab
1.8abcde
3.9bc
2.9bcd
1.3bc
12.2def
s-metolachlor/metribuzin
1443
0.5abcd
0.3ef
3.6bc
1.2def
1.2bc
9.2efg
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P<0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
Merge (non-ionic surfactant) was included in the tank at 1 L ha-1.
W
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 4.5. Control of velvetleaf, redroot pigweed, common ragweed, common lambsquarters, common barnyardgrass, and
green foxtail evaluated 4 weeks after the POST application (WAA) in response to a preplant (PP) herbicide application to notill soybean ground followed by a POST application of glyphosate averaged across three locations over 2014 and 2015.
ABUTHW AMARE AMBEL CHEAL ECHCG SETVI
TreatmentZY
Rate
g ai ha-1

--------------------------------------%---------------------------------------100a
100a
100a
100a
100a
100a
Weed-free Control
91e
93de
94def
96c
84bc
85c
Glyphosate
900
X
96cde
96bcd
96cde
95c
93bc
88bc
Saflufenacil
25
100a
99ab
96cde
99ab
94abc
94bc
Imazethapyr/saflufenacil
100
Imazethapyr
75
100abc
99ab
95cde
99ab
96abc
94bc
Metribuzin
425
98abcd
100a
97bcd
99ab
97ab
93bc
Chlorimuron
9
Chlorimuron
9
100a
100a
99b
100a
97ab
93bc
Metribuzin
412
Chlorimuron
9
100a
100a
98bc
100a
97ab
96ab
Imazethapyr
75
Pyroxasulfone
100
97bcde
99abc
91f
99ab
97ab
95bc
Sulfentrazone
100
94de
89e
98bc
94c
78c
87bc
Dicamba
600
dimethenamid-p
544
94de
91de
93ef
93c
91abc
89bc
Dicamba
300
92e
90de
95cde
94c
90bc
91bc
2,4-D
500
Metribuzin
413
100ab
100a
97bcd
99ab
97ab
96ab
Imazethapyr
77
Flumioxazin
96
94de
95cde
94def
95c
97ab
94bc
s-metolachlor/metribuzin
1443
97bcde
99abc
94def
97bc
95abc
94bc
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P<0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation)
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage
X
Merge (non-ionic surfactant) was included in the tank at 1 L ha-1
W
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 4.6. Control of velvetleaf, redroot pigweed, common ragweed, common lambsquarters, common barnyardgrass, and
green foxtail evaluated 8 weeks after the POST application (WAA) in response to a preplant (PP) herbicide application to notill soybean ground followed by a POST application of glyphosate averaged across three locations over 2014 and 2015.
ABUTHW AMARE AMBEL CHEAL ECHCG SETVI
TreatmentZY
Rate
g ai ha-1

--------------------------------------%---------------------------------------100a
100a
100a
100a
100a
100a
Weed-free Control
95de
96de
91de
97bc
98bc
90b
Glyphosate
900
X
97bcde
98cd
92cde
96c
99ab
93b
Saflufenacil
25
100ab
99abc
96bcd
99ab
98bc
93b
Imazethapyr/saflufenacil
100
Imazethapyr
75
100ab
99ab
95bcd
99ab
98bc
95b
Metribuzin
425
100ab
100a
97bc
100a
98bc
91b
Chlorimuron
9
Chlorimuron
9
100ab
100a
98b
100a
97bc
89b
Metribuzin
412
Chlorimuron
9
100ab
100a
97b
100a
98bc
92b
Imazethapyr
75
Pyroxasulfone
100
94de
98d
86e
100a
99bc
90b
Sulfentrazone
100
96cde
91f
95bcd
96c
97bc
92b
Dicamba
600
dimethenamid-p
544
93de
92ef
89de
95c
98bc
88b
Dicamba
300
92e
94ef
92bcde
97c
96c
93b
2,4-D
500
Metribuzin
413
100abc
100a
95bcd
100a
97bc
91b
Imazethapyr
77
Flumioxazin
96
96cde
95ef
94bcd
96c
99bc
88b
s-metolachlor/metribuzin
1443
98abcd
98bcd
90de
97bc
99bc
89b
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P<0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation)
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage
X
Merge (non-ionic surfactant) was included in the tank at 1 L ha-1
W
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 4.7. Soybean seed yield, environmental impact (EI) and net revenue of two-pass weed management strategies used in
dicamba- and glyphosate-resistant soybean in 2014 and 2015 in southwestern Ontario.
TreatmentZY
Rate
Yield
EI
Net Revenue
-1
-1
g ai ha
t ha
$ ha-1
0.90d
Weedy Control
2.51a
Weed Free Control
2.15bc
27.5
737.59ab
Glyphosate
900
2.05c
28.1
683.27bc
SaflufenacilX
25
2.19abc
29.0
718.44abc
Imazethapyr/saflufenacil
100
Imazethapyr
75
2.44ab
41.1
801.61a
Metribuzin
425
2.16abc
27.3
722.18ab
Chlorimuron
9
Chlorimuron
9
2.13bc
39.8
739.59ab
Metribuzin
412
Chlorimuron
9
2.22abc
29.2
758.49ab
Imazethapyr
75
Pyroxasulfone
100
2.00c
29.9
Sulfentrazone
100
2.15bc
43.3
716.74abc
Dicamba
600
dimethenamid-p
544
2.18abc
42.0
697.38bc
Dicamba
300
2.05c
35.2
741.07ab
2,4-D
500
Metribuzin
413
2.18abc
43.4
688.69bc
Imazethapyr
77
Flumioxazin
96
1.93c
30.8
621.48c
s-metolachlor/metribuzin
1443
2.08c
31.7
657.56bc
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P<0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
Merge (non-ionic surfactant) was included in the tank at 1 L ha-1.
W
All data have been pooled for all locations and years. Data presented in the table have been backtransformed to the original scale.
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5.0 Weed control, environmental impact, and net-profit of two-pass weed management
strategies in dicamba-resistant soybean (Glycine max) using conventional tillage

5.1 Abstract
Traditional two-pass weed management strategies need to be compared with new strategies in
glyphosate and dicamba-resistant soybean. Weed control, soybean yield, partial profitability and
environmental impact (EI) were evaluated in dicamba- and glyphosate-resistant soybean using
dicamba applied alone or in a tank-mix with dimethenamid-p applied preemergence (PRE).Trials
were carried out at three locations during 2014 and 2015. Several PRE herbicides provided
excellent control of broadleaf and grass weeds. Dicamba provided >91% control of broadleaf
weeds, and the addition of dimethenamid-p improved grass control. All weed species at the trial
locations were controlled > 94% following a postemergence (POST) application of glyphosate.
Weed interference reduced soybean seed yield 33% where no herbicide was applied. A single
POST application of glyphosate had the lowest EI. Several treatments improved early-season
weed control and reduced early-season weed density and biomass compared to glyphosate but
had similar EI values. In this study, there was no benefit to yield or partial profit by including a
PRE herbicide for weed management; however, the inclusion of multiple modes-of-action in a
herbicide program may reduce the selection for herbicide-resistant weeds.
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5.2 Introduction
Soybean has been grown in Ontario, Canada since 1881 (Shurtleff & Aoyagi, 2010) and
it is currently the largest and most valuable cash crop in the province. In 2015, soybean was
seeded on 1.2 million hectares, and produced over 3.6 million tonnes, which was worth close to
$1.6 billion (Kulasekera, 2016). Weed control is an important component of soybean production,
especially early in the growing season (DeVore et al. 2013). Weed interference can reduce
soybean yield by as much as 80% (Halford et al. 2001). Soybean is most susceptible to yield loss
during the critical weed-free period (CWFP) that begins at V1 and ends at V4 (Knezevic et al.
2003; Mulugeta & Boerboom, 2000; Van Acker et al. 1993), which is why herbicide applications
are typically made beginning prior to soybean emergence through the end of the vegetative
growth period prior to flowering.
Weed control was greatly simplified when glyphosate-resistant (GR) soybean was
commercialized in Ontario in 1997. Glyphosate is a Group 9, non-selective herbicide that
controls over 300 weed species (Dill et al. 2010; Franz et al. 1997). It has a wide margin of crop
safety, low toxicity, and a flexible application window (Krausz et al. 2001; Mulugeta &
Boerboom, 2000; Soltani et al. 2014); these factors contributed to the high adoption rate of GR
soybean. In 2015, 63% of Ontario soybean was produced from GR cultivars (Statistics Canada,
2016). While glyphosate applied alone may be a simple and effective weed management
strategy, its lack of residual control often requires glyphosate to be applied multiple times in a
growing season to obtain full-season weed control (Gonzini et al. 1999; Stewart et al. 2011;
Nurse et al. 2006). Furthermore, the sequential application of a single herbicide with one modeof-action selects for herbicide-resistant (HR) weed biotypes; for this reason, the repeated use of a
single mode-of-action is strongly discouraged (Nurse et al. 2006). The growing concern of
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selecting HR weed biotypes has prompted research for weed management solutions that can fill
the agronomic gaps left by using only glyphosate.
Two-pass weed management strategies including a pre-plant (PP) or preemergence (PRE)
residual herbicide followed by a postemergence (POST) herbicide often results in full-season
weed control using multiple modes-of-action (Gonzini et al. 1999; Soltani et al. 2012). The
addition of multiple modes-of-action and including multiple application timings can improve
weed control, minimize soybean yield loss caused by weed interference, and reduce selection
pressure for HR weed biotypes (Beckie, 2006; Green & Owen, 2011; Nurse et al. 2006).
Soybean resistant to both dicamba and glyphosate (DR soybean) was commercially
available for the 2017 growing season. Dicamba is a Group 4, systemic, broadleaf herbicide that
controls over 40 broadleaf weed species (BASF, 1995; Heap, 2007) and provides short-term
residual weed control (Norsworthy et al. 2009). Dicamba provides excellent control of many
troublesome weeds such as common and giant ragweed (Ambrosia artemisiifolia L., Ambrosia
trifida L.), common lambsquarters (Chenopodium album L.), and redroot pigweed (Amaranthus
retroflexus L.) (OMAFRA, 2016a). In addition, dicamba controls several GR broadleaf weed
species found in Canada and the United States. Dicamba (600 g ae ha-1) applied PP or POST
controls GR Canada fleabane (Conyza Canadensis (L.) Cronq.), common ragweed, giant
ragweed, waterhemp (Amaranthus rudis J.D. Sauer) and Palmer amaranth (Amaranthus palmeri
S.Wats.) (Byker et al. 2013; Johnson et al. 2010; Spaunhorst et al. 2014; Vink et al. 2012).
It is important to design effective weed management strategies for controlling weeds,
with minimal impact on the environment. Brookes & Barfoot, (2015) and Gianessi (2005) noted
that the agricultural industry is being pressured to reduce the environmental impact (EI) of
production practices. Thus, producers should consider the EI of their herbicide program in
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addition to effective weed control. The EI can be reduced by reducing herbicide rates or applying
herbicides that have a lower EI; the environmental impact quotient (EIQ) can help determine the
relative risk of various herbicide programs. The EIQ is a calculated potential risk based on
physiochemical and toxicological properties of a herbicide (Brimner et al. 2005; FernandezCornejo, 1998; Soltani et al. 2012; Stewart et al. 2011). Toxicological data are gathered on the
potential risk to the farm worker, consumer, and ecosystem, and include variables such as acute
and chronic toxicity, toxicity to birds, aquatic species, and beneficial insects, as well as soil halflife, leaching potential, and the half-life of the chemical within the plant (Kovach et al. 1992).
The EIQ is then multiplied by the application rate to determine the EI. Pesticides with higher EI
values are deemed to pose a greater environmental risk.
Farmers must ensure they are producing an economically sustainable crop in addition to
herbicide efficacy, herbicide cost, crop safety, and EI. The commercial release of DR soybean
provides additional weed control strategies that need to be compared with traditional two-pass
weed management strategies in soybean. The objective of this study was to evaluate herbicide
programs for their crop safety, weed control efficacy, profitability, and EI in DR soybean
produced with conventional tillage.
5.3 Materials and Methods
Six field trials were conducted over a two-year period (2014, 2015) at three sites in
southwestern Ontario, Canada. The experiments were located at the University of Guelph –
Ridgetown Campus, Ridgetown, Ontario; the Huron Research Station, Exeter, Ontario; and the
Woodstock Research Station, Woodstock, Ontario. Location, year, seeding date, and herbicide
application dates are presented in Table 1. Seedbed preparation for all sites included moldboard
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plowing in the fall, followed by two passes with a field cultivator with rolling basket harrows in
the spring.
The trials were established in a randomized complete block design (RCBD) with four
replications. Treatments included a weedy (non-treated) and weed-free controls. Weed-free plots
were maintained weed-free by applying a tank-mix of imazethapyr (100 g ai ha-1) plus
metribuzin (400 g ai ha-1) PRE and additional POST applications of glyphosate (900 g ae ha-1)
were made as required. Dicamba-resistant soybean (Roundup Ready 2 Xtend) was seeded at 400
000 seeds ha-1 in plots that were 3.0 m wide (4 rows spaced 0.75 m apart) and 8 and 10 m long in
Ridgetown and Exeter, respectively, and 5.75 and 8 m long in Woodstock in 2014 and 2015,
respectively.
Herbicides were applied with a CO2-pressurized backpack sprayer calibrated to deliver
200 L ha-1 of spray solution at 210 kPa. A 1.5 m spray boom was used equipped with 4 ultra-low
drift nozzles (Hypro ULD 120-02, New Brighton, MN, United States) spaced 0.5 m apart.
Glyphosate (900 g ae ha-1) was applied POST at the V4 soybean growth stage. This application
represented the second herbicide application timing in the two-pass weed control programs
evaluated.
Visual assessments of crop injury were made at 2 and 3 weeks after soybean emergence
(WAE) using a scale from 0 to 100, where 0 represented no injury and 100 indicated soybean
death. Six weed species were evaluated including redroot pigweed, common ragweed, common
lambsquarters, lady’s thumb (Persicaria maculosa S.F. Gray), barnyardgrass (Echinochloa crusgalli (L.) P.Beauv.) and green foxtail (Setaria viridis (L.) P.Beauv.). Weed control was rated
visually 3 WAE and before the in-crop POST application of glyphosate; ratings were also
conducted at 4 and 8 weeks after POST application (WAA). Weed control was rated on a scale
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of 0 (no control) to 100 (complete weed control). Weed density and aboveground dry weight
were determined for each plot at 3 WAE within a randomly selected 1 m2 area. Weeds were
placed in paper bags and dried at 60°C for 7 days and dry weight was recorded. Soybean seed
yield and harvest moisture was determined by harvesting the centre two rows of each plot with a
small plot combine; yields were adjusted to 13% moisture.
Treatment effects were assessed by ANOVA using the PROC MIXED procedure in SAS
Version 9.4 (SAS Institute, Cary, NC). Data from each experiment were combined across
environment and year because no significant interactions between environment and treatment
were detected (P>0.05). Random effects included environment, block, and treatment by
environment; the fixed effect was the herbicide treatment. The significance of variable and fixed
effects were confirmed using the Z- and F-test at a P-value of P=0.05. The assumptions of the
ANOVA were confirmed by applying the PROC UNIVARIATE procedure and using the
Shapiro-Wilk test for normality together with studentized residual plots. Weed control data were
transformed before analysis using an arcsine square root transformation while weed density and
dry weight received a log transformation. Yield data were not transformed. Means from
transformed data were back-transformed for presentation purposes. Treatment means were
separated using Fisher’s protected LSD at P=0.05.
The EI of each herbicide program was calculated using EIQ values from Kovach et al.
(1992, 2002) and Eshanaur (personal communication, 2016). The EI was determined by
multiplying the EIQ of each active ingredient (ai) by the rate of the ai applied, in kg ha-1. To
calculate the EIQ of herbicide tank-mixes, the EI of each ai was summed to determine the EI of
the herbicide program.
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A partial profit analysis compared the profitability of the herbicide treatments. The
profitability of each treatment was determined by subtracting the costs of the herbicide and
herbicide application from the gross economic return. Gross returns were determined by
multiplying the plot yield by the average Ontario soybean price for the month of October in 2014
and 2015 (Blair Andrews, personal communication, 2016). Annual herbicide costs were
calculated based on the herbicide retail prices provided by AGRIS (AGRIS Co-operative Ltd.,
2015), and the cost of the herbicide application was based on the Ontario Field Crop Budgets
(OMAFRA, 2016b). Retail prices for some herbicide programs included in this study were not
available, so those products were excluded from the profit analysis. Profitability data were
transformed using a square root transformation before analysis.

5.4 Results and Discussion
5.4.1 Soybean Injury
There was minimal soybean injury (<5%) observed in this study (data not shown).

5.4.2 Weed Control
There were six dominant weed species in this study including redroot pigweed, common
ragweed, common lambsquarters, lady’s thumb, barnyardgrass, and green foxtail. Barnyardgrass
emerged later in the season so no data are presented for the 3 WAE evaluation timing. There
were no weeds at the time of soybean seeding because of secondary tillage before seeding. The
glyphosate-only treatment received a POST application of glyphosate (900 g a.e. ha-1);
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consequently, the level of weed control was equal to the weedy control prior to the POST
application.
Several herbicides applied PRE alone or in-combination with others provided good to
excellent early season weed control prior to the POST application of glyphosate. At 3 WAE,
saflufenacil/dimethenamid-p (245 g ai ha-1) provided the lowest numeric control at 3 WAE and
controlled redroot pigweed, common ragweed, common lambsquarters, lady’s thumb and green
foxtail 82, 57, 65, 76 and 57%, respectively (Table 2). Imazethapyr/saflufenacil (100 g ai ha-1)
controlled redroot pigweed, lambsquarters and lady’s-thumb >85%, but provided only 77 and
69% control of common ragweed and green foxtail, respectively. Soltani et al. (2014) reported
similar results where imazethapyr/saflufenacil (100 g ai ha-1) applied PRE controlled redroot
pigweed (98%) and common lambsquarters (95%), but had lower control of common ragweed
(78%) and green foxtail (76%).
Seven herbicide programs provided >80% control of all broadleaf weed species at the
trial locations, and six programs provided >80% of broadleaf and grass weed species 3 WAE,
which is similar to the results reported in previous studies evaluating PRE or PP herbicide
applications in soybean (Gonzini et al. 1999; Nurse et al. 2006; Soltani et al. 2014; Stewart et al.
2011)(Table 2). At 3 WAE, the tank-mix of metribuzin (413 g ai ha-1) plus imazethapyr (77 g ai
ha-1) plus flumioxazin (96 g ai ha-1) applied PRE controlled annual broadleaf weeds >98% and
green foxtail 95%. Imazethapyr (75 g ai ha-1) plus metribuzin (425 g ai ha-1) and dicamba (600 g
ae ha-1) applied PRE controlled >91% of broadleaf weeds. The results in this study are similar to
Soltani et al. (2014) who reported imazethapyr (75 g ai ha-1) plus metribuzin (425 g ai ha-1)
controlled common ragweed, redroot pigweed and common lambsquarters 78, 96 and 99%,
respectively (Soltani et al. 2014). However, the tank-mix of imazethapyr (75 g ai ha-1) plus
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metribuzin (425 g ai ha-1) controlled green foxtail 91% and dicamba (600 g ae ha-1) applied alone
provided only 20% control. The tank-mix of dicamba (300 g ae ha-1) plus dimethenamid-p (544 g
ai ha-1) provided less control of three broadleaf species than the three-way mix of imazethapyr
plus metribuzin plus flumioxazin. The tank-mix of dicamba (300 g ae ha-1) plus dimethenamid-p
(544 g ai ha-1) controlled green foxtail 90% compared to 20% for dicamba applied alone.
5.4.3 Density and Dry Weight
Several herbicide tank-mixes applied PRE reduced broadleaf and grass weed density and
biomass 3 WAE (Tables 3 and 4). The application of one or more herbicides reduced the plant
density of redroot pigweed, common ragweed, common lambsquarters, lady’s thumb,
barnyardgrass, and green foxtail by 92 to 100%, 25 to 88%, 70 to 100%, 67 to 100%, 27 to 77%,
and 59 to 98%, respectively (Table 3). Similar trends in weed biomass reduction were also
observed (Table 4). A tank-mix of metribuzin (413 g ai ha-1), imazethapyr (77 g ai ha-1) and
flumioxazin (96 g ai ha-1), applied PRE reduced broadleaf weed density and dry weight by 88 to
100% and 95 to 100%, respectively, and reduced grass weed density and dry weight by 59 to
96% and 71 to 96%, respectively. Pyroxasulfone/flumioxazin (160 g ai ha-1), and imazethapyr
(75 g ai ha-1) plus metribuzin (425 g ai ha-1) reduced weed density and dry weight similar to the
previously mentioned three-way tank-mix. Dicamba (600 g ae ha-1) reduced broadleaf weed
biomass and densities 67 to 92% and 75 to 96%, respectively (Tables 3 and 4). The addition of
dimethenamid-p (544 g ai ha-1) to dicamba (300 g ae ha-1) improved the control of grass weeds
and maintained control of broadleaf weeds.
All PRE weed management programs provided >95% weed control 4 WAA where
glyphosate (900 g ae ha-1) was applied POST in V4 soybean (Table 5). The tank-mix of
metribuzin (413 g ai ha-1), imazethapyr (77 g ai ha-1) and flumioxazin (96 g ai ha-1) PRE
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followed by (fb) glyphosate POST provided 100% control of broadleaf weed species; several
herbicide programs provided 99 to 100% control of broadleaf species following the POST
application of glyphosate (900 g ae ha-1). Glyphosate is a broad spectrum, systemic herbicide that
provided excellent control of all weed species evaluated in this study. Several studies reported
that a two-pass weed control program of a PRE residual herbicide fb glyphosate POST provided
>88% full-season weed control (Nurse et al. 2007; Soltani et al. 2012, 2014; Stewart et al. 2011).
The two-pass weed control programs controlled annual broadleaf and grass weeds
similarly at 4 and 8 WAA. Across all treatments, the control of broadleaf and grass was 95 to
100% and 94 to 99%, respectively (Table 6). Although glyphosate does not provide residual
weed control (Nurse et al. 2006; Payne & Oliver, 2000), it controlled emerged weeds at the time
of application, after which the soybean crop canopied over creating an unsuitable environment
for weed growth and development (Bertram & Pederson, 2004; Fedoruk et al. 2011; Norsworthy
& Oliveira, 2004).
5.4.4 Soybean Yield
Weed interference in the weedy control reduced soybean yield 33% compared to the
weed-free control (Table 7). Dicamba (600 g ae ha-1) or dicamba (300 g ae ha-1) plus
dimethenamid-p (544 g ai ha-1) increased soybean seed yield 46-48% compared to the weedy
control. Soybean yields were similar across weed management programs (P>0.05; Table 7); seed
yields were 95 to 100% of the weed-free control. These findings are consistent with those
reported by Soltani et al. (2014), Stewart et al. (2011), and Vangessel et al. (2001) who found
similar soybean yields across two-pass weed control programs of a PP or PRE herbicide fb
glyphosate POST.
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5.4.5 Partial Profit Analysis
There was no difference in partial profit among herbicide programs. All herbicide
treatments produced similar partial profits. Glyphosate was the lowest cost weed management
program and was 33% of the cost of the second lowest cost weed management program. The low
cost of glyphosate combined with only one application cost contributes to why this treatment
demonstrated the highest partial profit in this study. It is important to note, however, that if a
single POST application of glyphosate was not applied in a timely matter, soybean would be
exposed to a longer period of early-season weed interference, potentially causing greater yield
losses which may result in lower partial profits. Additionally, in fields where higher weed
pressures exist, or where one or more difficult-to-control or GR weeds are present, glyphosate
may not adequately control the weed population, which could also contribute to greater yield
losses and lower partial profits. The development of glyphosate resistant weeds is a topic of
concern; from a stewardship perspective, a herbicide program consisting only of glyphosate
should be avoided to reduce the risk of selecting for GR weed biotypes. Since there were no
differences in partial profits between the glyphosate-only herbicide program and other two-pass
weed control programs with multiple modes-of-action, it is recommended that a two-pass weed
control program be employed.
5.4.6 Environmental Impact
The environmental impact of the herbicide programs included in this study ranged from
13.8 to 29.6 (Table 7). These EI values fall in the range of low or medium environmental risk
(Beckie et al. 2014; Stewart et al. 2011). Several herbicides that included multiple active
ingredients or modes-of-action had only a slightly higher EI than glyphosate applied alone (900 g
ae ha-1); glyphosate (900 g ae ha-1) applied POST had an EI of 13.8 while the
105

imazethapyr/saflufenacil (100 g ai ha-1) premix PRE fb glyphosate (900 g ae ha-1) POST had an
EI of 15.2, chlorimuron (9 g ai ha-1) plus imazethapyr (75 g ai ha-1) fb glyphosate (900 g ae ha-1)
POST had an EI of 15.4, and imazethapyr (100 g ai ha-1) fb glyphosate (900 g ae ha-1) POST had
an EI of 15.7. Although a single application of glyphosate had the lowest EI, there is not a
substantial increase in the EI with the two-pass weed management programs. By including
multiple herbicides and application timings, the diversity of weeds controlled could be increased,
the level of weed control early in the growing season could be improved, and the selection of GR
weed biotypes could be reduced.
5.4.7 Conclusions
Several two-pass weed control programs provided excellent grass and broadleaf weed
control and controlled weeds early in the growing season during the CWFP. Although there were
differences in early-season weed control among the herbicide treatments, weeds were controlled
by the follow-up POST application of glyphosate. Although past research demonstrates the
importance of early weed control during the CWFP, differences in soybean seed yield were not
detected. Partial profits were similar among the herbicide treatments. Because of the similarities
in yield and partial profit among the treatments, soybean producers may find it attractive to use a
single application of glyphosate as their weed control program of choice; however, there are
several risks of utilizing a single mode-of-action. Dicamba provided excellent broadleaf weed
control, and when combined with a grass herbicide, grass weeds were also controlled. Herbicide
programs that contained dicamba resulted in soybean yields and partial profits similar to current
industry standards. The use of dicamba in DR soybean will provide control of troublesome
broadleaf weeds in soybean, and its importance as a soybean herbicide will increase as the
presence of glyphosate-resistant broadleaf weeds increases across Ontario.
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Table 5.1. Experiment environment, seeding and herbicide application dates, and soybean staging.
Environment

Year

Ridgetown

2014
2015

Exeter

2014
2015

Woodstock

2014
2015

Seeding Application
Herbicide
Date
timingZ
application Date
PP
June 04
June 04
POST
July 02
PP
May 21
May 20
POST
June 25
PP
June 05
June 01
POST
July 05
PP
May 09
May 08
POST
June 19
PP
June 06
June 05
POST
July 04
PP
May 14
May 13
POST
June 16

Z

PP application timing represents Pre-Plant and POST represents Post-Emergence.
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Table 5.2. Control of redroot pigweed, common ragweed, common lambsquarters, lady's thumb, and green foxtail 3 weeks
after soybean emergence (WAE) in response to a preemerge (PRE) herbicide application to conventional till soybean ground
followed by a POST application of glyphosate averaged across three locations in 2014 and 2015.
TreatmentZY
Rate
AMAREX AMBEL CHEAL POLPE SETVI
g ai ha-1 -------------------------------%----------------------------100a
100a
100a
100a
100a
Weed-Free Control
900
0e
0g
0e
0f
0h
Glyphosate
100
96c
79de
90bc
99abc
79cde
Imazethapyr
100
97abc
77de
86cd
98abcd
69ef
Imazethapyr/saflufenacil
82d
57f
65d
76e
57f
245
Saflufenacil/dimethenamid-p
75
Imazethapyr
99abc
91bcd
97abc
99ab
91b
425
Metribuzin
9
Chlorimuron
98abc
91bcd
94abc
76e
76de
412
Metribuzin
9
Chlorimuron
98abc
87cd
93bc
99ab
90bc
75
Imazethapyr
100
Pyroxasulfone
98abc
67ef
95abc 98abcd 87bcd
100
Sulfentrazone
600
97bc
99ab
92bc
99ab
20g
Dicamba
544
d-methenamid-p
98abc
89cd
88c
85e
90bc
300
Dicamba
413
Metribuzin
77
100ab
98ab
99ab
99ab
95b
Imazethapyr
96
Flumioxazin
1443
97bc
82cde
89c
90cde
95b
s-metolachlor/metribuzin
160
100abc
94bc
94abc
88de
92b
Pyroxasulfone/flumioxazin
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P=0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
All data have been pooled across locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 5.3. Density of redroot pigweed, common ragweed, common lambsquarters, lady's thumb, common barnyardgrass, and
green foxtail evaluated 3 weeks after soybean emergence (WAE) in response to a preemerge (PRE) herbicide application to
conventional till soybean ground averaged across three locations across 2014 and 2015.
TreatmentZY
Rate
AMAREX AMBEL CHEAL POLPE ECHCG SETVI
g ai ha-1 -------------------------------plants m-2------------------------------12a
8a
26a
6a
17a
56a
Weedy Control
10a
8ab
16ab
6a
19a
34ab
Glyphosate
900
1b
6abc
4cde
1bcd
16a
5defg
Imazethapyr
100
0bcd
4cd
3def
1cd
13abc
7def
Imazethapyr/saflufenacil
100
1bc
4cd
8bc
2b
9abcd
11cd
Saflufenacil/dimethenamid-p
245
Imazethapyr
75
0bcd
3cde
1fgh
0d
11abc
4efgh
Metribuzin
425
Chlorimuron
9
0bcd
2de
2efgh
1bcd
14ab
9cde
Metribuzin
412
Chlorimuron
9
0bcd
5abcd
4cde
0d
10abc
5defg
Imazethapyr
75
Pyroxasulfone
100
0bcd
5abcd
1gh
2bc
6cde
4efgh
Sulfentrazone
100
1b
1ef
3defg
2b
19a
23bc
Dicamba
600
d-methenamid-p
544
1bcd
4bcd
6cd
2bc
4de
3fgh
Dicamba
300
Metribuzin
413
0cd
1f
0h
0d
7bcde
2gh
Imazethapyr
77
Flumioxazin
96
1bcd
5abcd
3def
1bcd
4e
1h
s-metolachlor/metribuzin
1443
0d
1f
1gh
1cd
4de
2gh
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P=0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
All data have been pooled across locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 5.4. Dry weight of redroot pigweed, common ragweed, common lambsquarters, lady's thumb, common barnyardgrass,
and green foxtail evaluated 3 weeks after soybean emergence (WAE) in response to a preemerge (PRE) herbicide application
to conventional till soybean ground averaged across three locations over 2014 and 2015.
TreatmentZY
Rate
AMAREX AMBEL CHEAL POLPE ECHCG SETVI
g ai ha-1 ------------------------------------g m-2---------------------------------2.0a
2.1a
2.5a
1.2a
3.5a
5.2a
Weedy Control
2.0a
2.1a
2.4a
1.0ab
3.8a
5.2a
Glyphosate
900
0.3b
1.3ab
0.8bc
0.2def
1.9b
0.9cde
Imazethapyr
100
0.1b
0.8bcde
0.8bc
0.2def
1.4bcd
0.9cd
Imazethapyr/saflufenacil
100
0.4b
1.0bcd
1.9ab
0.7abc
1.9b
1.3c
Saflufenacil/dimethenamid-p
245
Imazethapyr
75
0.1b
0.6bcdef
0.2cd
0.1f
1.2bcd
0.5def
Metribuzin
425
Chlorimuron
9
0.8cde
0.2b
0.4def
0.4cd
0.2def
1.6bc
f
Metribuzin
412
Chlorimuron
9
0.7cde
0.1b
0.8bcde
0.6cd
0.1f
1.2bcd
f
Imazethapyr
75
Pyroxasulfone
100
0.7cde
0.1b
1.0bcd
0.2cd
0.5bcd
1.3bcd
f
Sulfentrazone
100
0.1b
0.2ef
0.1cd
0.3cdef
3.8a
2.8b
Dicamba
600
d-methenamid-p
544
0.1b
0.5cdef
0.5cd
0.5bcde
0.7d
0.4def
Dicamba
300
Metribuzin
413
0b
0.1f
0d
0f
1.0bcd
0.2f
Imazethapyr
77
Flumioxazin
96
0.1b
1.0bc
0.8bc
0.2cdef
0.7d
0.3ef
s-metolachlor/metribuzin
1443
0b
0.1f
0.3cd
0.1ef
0.8cd
0.3def
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P=0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
All data have been pooled across locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 5.5. Control of redroot pigweed, common ragweed, common lambsquarters, lady's thumb, common barnyardgrass, and
green foxtail evaluated 4 weeks after the POST application (WAA) in response to a preemerge (PRE) herbicide application to
conventional till soybean ground followed by a POST application of glyphosate averaged across three locations over 2014 and
2015.
TreatmentZY
Rate
AMAREX AMBEL CHEAL POLPE ECHCG SETVI
g ai ha-1
plants m-2
100a
100a
100a
100a
100a
100a
Weed-Free Control
96d
97e
96e
96bcd
97de
97de
Glyphosate
900
99abc
98de
99abcd
100ab
97cde
98bcd
Imazethapyr
100
99abc
99cde
99abcd 99abcd
98bcd
99bc
Imazethapyr/saflufenacil
100
98bcd
98de
98de
96bcd
96de
98cde
Saflufenacil/dimethenamid-p
245
Imazethapyr
75
100ab
99abc
100ab
100ab
97cde 98bcde
Metribuzin
425
Chlorimuron
9
100ab
99bc
100ab
99abcd 98bcde 98bcde
Metribuzin
412
Chlorimuron
9
100ab
99bcd
100abc
100a
97cde
99bcd
Imazethapyr
75
Pyroxasulfone
100
100ab
99bcd
100ab
95d
99abc
99b
Sulfentrazone
100
96cd
99bcd
98de
98abcd
95e
97e
Dicamba
600
d-methenamid-p
544
98bcd
99bcd
98cde
95cd
97de
98bcde
Dicamba
300
Metribuzin
413
100a
100ab
100a
100a
97de
98bcde
Imazethapyr
77
Flumioxazin
96
99abcd
99cde
98bcde 98abcd
100ab
99b
s-metolachlor/metribuzin
1443
100ab
100abc
100ab
99abc
98bcde
99bc
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P=0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
All data have been pooled across locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 5.6. Control of redroot pigweed, common ragweed, common lambsquarters, lady's thumb, common barnyardgrass, and
green foxtail evaluated 8 weeks after the POST application (WAA) in response to a preemerge (PRE) herbicide application to
conventional till soybean ground followed by a POST application of glyphosate averaged across three locations over 2014 and
2015.
TreatmentZY
Rate
AMAREX AMBEL CHEAL POLPE ECHCG SETVI
g ai ha-1
plants m-2
100a
100a
100a
100a
100a
100a
Weed-Free Control
96d
97e
96e
96bcd
97de
97de
Glyphosate
900
99abc
98de
99abcd
100ab
97cde
98bcd
Imazethapyr
100
99abc
99cde
99abcd 99abcd
98bcd
99bc
Imazethapyr/saflufenacil
100
98bcd
98de
98de
96bcd
96de
98cde
Saflufenacil/dimethenamid-p
245
Imazethapyr
75
100ab
99abc
100ab
100ab
97cde 98bcde
Metribuzin
425
Chlorimuron
9
100ab
99bc
100ab
99abcd 98bcde 98bcde
Metribuzin
412
Chlorimuron
9
100ab
99bcd
100abc
100a
97cde
99bcd
Imazethapyr
75
Pyroxasulfone
100
100ab
99bcd
100ab
95d
99abc
99b
Sulfentrazone
100
96cd
99bcd
98de
98abcd
95e
97e
Dicamba
600
d-methenamid-p
544
98bcd
99bcd
98cde
95cd
97de
98bcde
Dicamba
300
Metribuzin
413
100a
100ab
100a
100a
97de
98bcde
Imazethapyr
77
Flumioxazin
96
99abcd
99cde
98bcde 98abcd
100ab
99b
s-metolachlor/metribuzin
1443
100ab
100abc
100ab
99abc
98bcde
99bc
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P=0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
All data have been pooled across locations and years. Data presented in the table have been backtransformed to the original scale.
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Table 5.7. Soybean seed yield, environmental impact (EI) and partial profit of two-pass weed management strategies used in
dicamba- and glyphosate-resistant soybean in 2014 and 2015 in southwestern Ontario.
TreatmentZY
Rate
YieldX EI
Partial Profit
-1
-1
g ai ha
t ha
$ ha-1
1.82b
Weed-Free Control
2.73a
Weedy Control
2.58a
13.8
983a
Glyphosate
900
2.67a
15.7
944a
Imazethapyr
100
2.60a
15.2
925a
Imazethapyr/saflufenacil
100
2.66a
17.0
959a
Saflufenacil/dimethenamid-p
245
Imazethapyr
75
2.77a
27.3
969a
Metribuzin
425
Chlorimuron
9
2.73a
25.6
969a
Metribuzin
412
Chlorimuron
9
2.63a
15.4
932a
Imazethapyr
75
Pyroxasulfone
100
2.75a
16.2
Sulfentrazone
100
2.66a
29.6
949a
Dicamba
600
d-methenamid-p
544
2.70a
28.2
949a
Dicamba
300
Metribuzin
413
2.68a
29.6
923a
Imazethapyr
77
Flumioxazin
96
2.73a
17.0
960a
s-metolachlor/metribuzin
1443
2.65a
18.0
956a
Pyroxasulfone/flumioxazin
160
Means followed by the same letter within a column are not significantly different according to Fisher’s protected LSD test (P=0.05).
Z
All PP applications included 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation).
Y
All treatments received a POST application of 900 g ae ha-1 of glyphosate (Roundup Weathermax 540SL formulation) at the V4
soybean growth stage.
X
All data have been pooled across locations and years. Data presented in the table have been backtransformed to the original scale.
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6.0 General Discussion
6.1 Contributions
This was the first research to evaluate the value, from a weed management standpoint,
that dicamba- and glyphosate-resistant (DR) soybean would provide for Ontario agriculture. At
the initiation of this research, DR soybean was not commercially available anywhere in the
world, and several knowledge gaps existed in respect to weed control, application timing, and
tank-mix compatibility. Among these knowledge gaps, it was unknown what role DR soybean
would have in the Ontario soybean industry. The objective of this research was to evaluate the
potential benefits of DR soybean for Ontario agriculture, through four research projects
completed over a two-year period (2014 and 2015) at three locations in southwestern Ontario.
The commercial release of DR soybean will provide soybean producers with additional
weed control opportunities by allowing producers the option to apply dicamba POST for
difficult-to-control and glyphosate-resistant (GR) weeds. This research also shows that when a
graminicide (Group 1 herbicide) is tank-mixed with dicamba applied POST, the control of
volunteer corn is reduced. Control of volunteer corn was reduced when two Group 1 herbicides,
clethodim and quizalofop-p-ethyl, belonging to two different chemical families, were tank-mixed
with dicamba; the level of antagonism was greater when these herbicides were tank-mixed with
the higher rate of dicamba. The antagonistic effect of dicamba can be overcome by increasing the
rate of the graminicide from the low to high label rate for up to 95% control of volunteer corn.
Dicamba, applied POST at V2 or V4, in DR soybean provided good to excellent control
of annual broadleaf weeds. At 1 week after application (WAA), broadleaf control with dicamba
was lower than glyphosate or glyphosate plus dicamba, but, dicamba applied alone or in a tankmix with glyphosate provided greater mid- and late-season control of broadleaf weeds, and
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reduced weed density 6 WAA. The improved weed control with dicamba would result in reduced
weed seed return and improved harvestability of the soybean crop. Single and sequential
applications of dicamba provided 96 to 100% broadleaf control 8 WAA, which was equivalent
to, or better than glyphosate, or tank-mixes of glyphosate plus dicamba. In summary, glyphosate
plus dicamba applied POST provided full season control of grass and broadleaf weed species,
minimized soybean yield loss due to weed interference, and reduced the selection intensity for
herbicide-resistant biotypes by using multiple mode of action.
Several pre-plant (PP) and preemergence (PRE) herbicide programs followed by
glyphosate POST provided excellent full season control of grass and broadleaf weeds in no-till
and conventional till management systems. The tank-mix of imazethapyr (77 g ai ha-1) plus
metribuzin (413 g ai ha-1) plus flumioxazin (96 g ai ha-1) was the most efficacious and consistent
of the herbicide programs evaluated; imazethapyr (75 g ai ha-1) plus metribuzin (425 g ai ha-1),
chlorimuron (9 g ai ha-1) plus metribuzin (412 g ai ha-1), and chlorimuron (9 g ai ha-1) plus
imazethapyr (75 g ai ha-1), also provided excellent weed control, increased net profit, and
resulted in a relatively low environmental impact. Dicamba provided excellent control of
broadleaf weeds in the conventional tillage study; however, due to heavy residue cover and a
short residual activity, dicamba only suppressed broadleaf weed species in the no-till study.
Despite lower weed control in the no-till study with dicamba, reduced weed interference with
dimethenamid-p (544 g ai ha-1) plus dicamba (300 g ae ha-1) or dicamba (600 g ae ha-1) resulted
in equivalent soybean yields to herbicide programs that provided greater weed control
throughout the growing season.
Dicamba- and glyphosate-resistant soybean combined with the application of dicamba
will provide soybean producers with an additional weed management strategy for broadleaf weed
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control. Overall, the use of glyphosate plus dicamba will provide control of several difficult-tocontrol and GR weed species and will reduce the selection for HR weeds. This new technology
should be a valuable weed management option for Ontario soybean producers.

6.2 Limitations
Several pre-emergence (PRE) herbicides suppressed grass and broadleaf weeds in the notill study while providing good to excellent control of the same species in the conventional
tillage study. The amount of residue present on the soil surface at the Ridgetown no-till
experiment sites may have reduced the efficacy of some herbicides. The data that were collected
may provide soybean producers with weed control information where high amounts of residue
are present on the soil surface. However, it may discourage some no-till producers from using
certain herbicides because of reduced efficacy.
Dicamba has been registered for application PP, PRE, or post-emergence (POST),
although it is strongly recommended from a stewardship standpoint that the application timing be
targeted for the PP or PRE timing. As a result of this stewardship recommendation, all dicamba
applications made in the two-pass weed management research were applied either PP or PRE.
While it is anticipated that a PP or PRE timing will be used for most of the DR soybean hectares,
there will be some hectares with dicamba applied POST. For this reason, it would be valuable to
know the weed control efficacy of a two-pass weed management program where a PP or PRE
residual herbicide program was applied early in the season followed by dicamba applied POST.
Monsanto is not the only company that has developed a low-volatility dicamba
formulation (Xtendimax) in recent years. BASF has also recently developed low-volatility
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dicamba formulation (Engenia); it is similar to Xtendimax, but is a BAPMA salt, which is
different from Xtendimax's DGA salt formulation. It is not likely that the results of the two-pass
and POST weed control trials would have varied with the use of Engenia instead of Xtendimax;
however, provided that tank-mixes of Engenia and Group 1 graminicides will be registered, it
may plausible to test the effect of Engenia in antagonism trials with Group 1 herbicides.
The final two limitations mentioned above certainly would have been beneficial for
providing farmers and the agricultural community with additional information about the use of
dicamba in DR soybean, although I do not believe it impacted the research that was conducted,
nor the results that were collected in any way. While this information would have been, and still
is valuable, the inclusion of additional treatments to fulfil the extra objectives may have come at
the cost of trial quality and consistency, which should not be sacrificed.

6.3 Future Research
The most intriguing portion of my research was the research that I conducted on
evaluating the level of antagonism between Group 1 graminicides and dicamba. Antagonism
with graminicides and other herbicides had been previously documented, as has antagonism
between dicamba and other herbicides, but little was known about the interaction between
dicamba and graminicides, mainly because there had been no opportunity to apply both products
in a crop without causing crop injury.
Although severe antagonism was documented, it is unknown what mechanism of
antagonism causes the antagonistic effect. For this reason, future research into the mechanism of
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antagonism would provide valuable information about the specific type of antagonistic
interaction that has been observed.
As mentioned in the limitations, applications of dicamba were evaluated in a two-pass
weed management program, followed by a POST application of glyphosate, although PP or PRE
applications of dicamba followed by a POST application of dicamba were not evaluated.
Similarly, PP or PRE applications of several residual herbicides were included in the two-pass
weed management studies to allow for weed control comparisons with dicamba and several
industry standards, but tank-mixes of the industry standards with dicamba were not evaluated.
Greater investigation into sequential PP or PRE dicamba applications followed by a POST
application of dicamba would provide producers with data for additional two-pass weed control
options. By including treatments containing dicamba tank-mixed with other residual herbicides
applied PP or PRE, greater knowledge would be available to soybean producers looking to
achieve excellent control of difficult-to-control and HR weed species.

118

7.0 Literature Cited
Abusteit, E.O. 1993. Weed competition in soybeans (Glycine max). J. Agronomy & Crop
Science. 171:96-101.
Aguero-Alvardo, R., Appleby, A.P., and Armstrong, D.J. 1991. Antagonism of haloxyfop
activity in tall fescue (Festuca arundinacea) by dicamba and bentazon. Weed Science. 39:1-5.
Al-Khatib, K., and Peterson, D. 1999. Soybean (Glycine max) response to simulated drift from
selected sulfonylurea herbicides, dicamba, glyphosate, and glufosinate. Weed Technology.
13:264-270.
Amrhein, N., B. Deus, P. Gehrke, and H. C. Steinrücken. 1980. The site of the inhibition of the
shikimate pathway by glyphosate: II. Interference of glyphosate with chorismate formation in
vivo and in vitro. Plant Physiology. 66:830.
Anderson, S.M., Clay, S.A., Wrage, L.J., and Matthees, D. 2004. Soybean foliage residures of
dicamba and 2,4-D and correlations to application rates and yield. Agronomy Journal. 96:750760.
Anderson, J.A., and Kolmer, J.A. 2005. Rust control in glyphosate tolerant wheat following
application of the herbicide glyphosate. Plant Disease. 89:1136-1142.
Anderson, R.N., Ford, J.H., and Lueshen, W.E. 1982. Controlling volunteer corn (Zea mays) in
soybeans (Glycine max) with diclofop and glyphosate. Weed Science 30:132-136.
Armel, G.R., Wilson, H.P., Richardson, R.J., and Hines, T.E. 2003. Mesotrione combinations in
no-till corn (Zea mays). Weed Technology. 17:111-116.
Ateh, C.M., and Harvey, R.G. 1999. Annual weed control by glyphosate in glyphosate-resistant
soybean (Glycine max). Weed Technology. 13:394-398.
Barnes, J.W., and Oliver, L.R. 2004. Chloransulam antagonizes annual grass control with
aryloxyphenoxypropionate graminicides but not cyclohexanediones. Weed Technology. 18:763772.
Barnwell, P., and Cobb, A.H. 1994. Graminicide antagonism by broadleaf weed herbicides.
Pesticide Science. 41:77-85.
BASF Canada Inc. 2014. Safety Data Sheet – Banvel II. Mississauga: BASF Canada Inc.
BASF Canada Inc. 1995. Product Label – Banvel II. Mississauga: BASF Canada Inc.
BASF Corporation. 2010. Product Label – Clarity. Research Triangle Park: BASF Corporation.
Baylis, A.D. 2000. Why glyphosate is a global herbicide: strengths, weaknesses and prospects.
Plant Management Science. 56:299-308.
Beckie, H.J. 2006. Herbicide-resistant weeds: Management tactics and practices. Weed
Technology. 20:793-814.
119

Beckie, H.J., Harker, K.N., Hall, L.M., Warwick, S.I., Légère, A., Sikkema, P.H., Clayton, G.W.,
Thomas, A.G., Leeson, J.Y., Séguin-Swartz, G., and Simard, M.-J. 2006. A decade of herbicideresistant crops in Canada. Canadian Journal of Plant Science. 86:1243-1264.
Beckie, H. J., K. N. Harker, L. M. Hall, F. A. Holm, and R. H. Gulden. 2011. Risk Assessment
of Glyphosate Resistance in Western Canada. Weed Technology. 25:159-164.
Beckie, H.J., and Hall, L.M. 2014. Genetically-modified herbicide-resistant (GMHR) crops a
two-edged sword? An Americas perspective on development and effect on weed management.
Crop Protection. 66:40-45.
Beckie, H.J., Sikkema, P.H. Soltani, N., Blackshaw, R.E., and Johnson, E.N. 2014.
Environmental impact of glyphosate-resistant weeds in Canada. Weed Science. 62:385-392.
Bernards, M. L., K. D. Thelen, D. Penner, R. B. Muthukumaran, and J. L. McCracken. 2005.
Glyphosate interaction with manganese in tank mixtures and its effect on glyphosate absorption
and translocation. Weed Science. 53:787-794.
Bertram, M.G., and Pedersen, P. 2004. Adjusting management practices using glyphosateresistant soybean cultivars. Agronomy Journal. 96:462-468.
Blackman, G. E. 1948. Recent developments in the control of weeds. Journal of Royal
Horticultural Science. 73:134-144.
Blackshaw, R.E., Harker, K.N., Clayton, G.E., and O’Donovan, J.T. 2006. Broadleaf herbicide
effects on clethodim and quizalofop-p efficacy on volunteer wheat (Triticum aestivum). Weed
Technology. 20:221-226.
Brimner, T.A., Gallivan, G.J., and Stephenson, G.R. 2005. Influence of herbicide-resistant
canola on the environmental impact of weed management. Pest management Science. 61:47-52.
British Crop Protection Council. 1971. Pesticide manual. 2nd Ed. Page 555 in Kearney, P.C., and
Kaufman, D.D. 1969. Herbicides – chemistry, degradation, and mode of action. 2nd Ed. New
York. Marcel Dekker Inc.
Bromilow, R.H., and Chamberlain, K. 1991. Pathways and mechanisms of transport of
herbicides in plants. In: Kirkwood, R.C. (ed.) Target Sites for Herbicide Action. Pages 245 –
284. New York. Plenum Publishing Corporation.
Bromilow, R. H., K. Chamberlain, A. J. Tench, and R. H. Williams. 1993. Phloem translocation
of strong acids-Glyphosate, substituted phosphonic and sulfonic acids- in Ricinus communis L.
Pesticide Science. 37:39-47.
Bromilow, R. H. and K. Chamberlain. 2000. The herbicide glyphosate and related molecules:
physicochemical and structural factors determining their mobility in phloem. Pest Management
Science. 56:368-373.

120

Brookes, G., and Barfoot, P. 2015. Global income and production impacts of using GM crop
technology 1996-2013. GM Crops and Food. 6:13-46.
Budd, C.M., Soltani, N., Robinson, D.E., Hooker, D.C., Miller, R.T., and Sikkema, P.H. 2016.
Glyphosate-resistant horseweed (Conyza canadensis) dose response to saflufenacil, saflufenacil
plus glyphosate, and metribuzin plus saflufenacil plus glyphosate in soybean. Weed Science.
64:727-734.
Burke, I.C., Askew, S.D., Corbett, J.L., and Wilcut, J.W. 2005. Glufosinate antagonizes
clethodim control of goosegrass (Eleusine indica). Weed Technology. 19:664-668.
Burnside, O.C., and Lavy, T.L. 1966. Dissipation of dicamba. Weed Science. 14(3):211-214.
Burton, J.D., Gronwald, J.W., Somers, D.A., Connelly, J.A., Gengenbach, B.G., and Wyse, D.L.
1987. Inhibition of plant acetyl-coenzyme A carboxylase be the herbicides sethoxydim and
haloxyfop. Biochemical and Biophysical Res Comm 148:1039-1044.
Byker, H.P., Soltani, N., Robinson, D.E., Tardif, F.J., Lawton, M.B., Sikkema, P.H. 2013.
Control of glyphosate-resistant horseweed (Conyza canadensis) with dicamba applied preplant
and postemergence in dicamba-resistant soybean. Weed Technology. 27(3): 492-496.
CaJacob, C.A., Feng, P.C.C., Reiser, S.E., and Padgette, S.R. 2007. Genetically modified
herbicide resistant crops. In Kramer, W., and Schirmer, U. Modern Crop Protection Compounds.
Weinheim, Germany. Wiley-VCH. 283-316.
Canadian Council of Ministers of the Environment. 1991. Appendix IX—A protocol for the
derivation of water quality guidelines for the protection of aquatic life (April 1991). In: Canadian
water quality guidelines, Canadian Council of Resource and Environment Ministers. 1987.
Prepared by the Task Force on Water Quality Guidelines. [Updated and reprinted with minor
revisions and editorial changes in Canadian environmental quality guidelines, Chapter 4,
Canadian Council of Ministers of the Environment, 1999, Winnipeg.].
Castle, L.A., Siehl, D.L., Gorton, R., Patten, P.A., Chen, Y.H., Bertain, S., Cho, H., Duck, N.,
Wong, J., Liu, D., Lassner, M.W. 2013. Discovery and directed evolution of a glyphosate
tolerance gene. Science. 304:1151-1154.
Chahal, G.S., and Johnson, W.G. 2012. Influence of glyphosate or glufosinate combinations with
growth regulator herbicides and other agrochemicals in controlling glyphosate-resistant weeds.
Weed Technology. 26:638-643.
Chahal, P.S., Krueger, G., Blanco, H., and Jhala, A.J. 2014. Efficacy of pre-emergence and postemergence soybean herbicides for control of glufosinate-, glyphosate-, and imidazolinoneresistant volunteer corn. Journal of Agricultural Science. 6:131-140.
Chandler, K., Shrestha, A., & Swanton, C.J. 2001. Weed seed return as influenced by the critical
weed-free period and row spacing of no-till glyphosate-resistant soybean. Canadian Journal of
Plant Science. 81:855-880.
121

Chang, F.Y., and Vanden Born, W.H. 1971. Translocation and metabolism of dicamba in Tartary
buckwheat. Weed Science. 34:107-112.
Chen, L.G., Switzer, C.M., and Fletcher, R.A. 1972. Nucleic acid and protein changes induced
by auxin-like herbicides. Weed Science. 35:53-55.
Clark, G.H., & Fletcher, J. 1909. Farm weeds of Canada. 2nd Ed. Government Printing Bur.,
Ottawa. 192 pp.
COGEM. 2011. Import of genetically modified soybean MON87708 with a new herbicide
tolerance trait. [Online] http://www.cogem.net/index.cfm/en/publications/publicatie/import-ofgenetically-modified-soybean-mon87708-with-a-new-herbicide-tolerance-trait Accessed on June
10, 2015.
Colby, S.R. 1967. Calculating synergistic and antagonistic responses for herbicide combinations.
Weeds. 15:20-22.
Cole, D. J. 1985. Mode of action of glyphosate – A literature analysis. Pages 48-74 in E.
Grossbard and D. Atkinson, The Herbicide Glyphosate. London. Butterworth & Co.
Corkern, C.B., Reynolds, D.B., Vidrine, P.R., Griffin, J.L., and Jordan, D.L. 1997. Influence of
herbicide rates on annual grass control with Buctril-graminicide combinations. Proceedings of
the Southern Weed Science Society. 50:52.
Culpepper, A.S., Your, A.C., Jordan, D.L., Corbin, F.T., and Sheldon, Y.S. 1999A. Basis for
antagonism mixtures of bromoxynil plus quizalofop-p applied to yellow foxtail (Setaria glauca).
Weed Technology. 13:515-519.
Culpepper, A.S., York, A.C., and Brownie, C. 1999B. Influence of bromoxynil on annual grass
control by graminicides. Weed Science. 47:123-128.
Darrow, R.A., and Haas, R.H. 1961. Use of granular herbicides for rangeland woody plant
control in Texas. Proceedings of the Southern Weed Conference. 14:202-207
Deen, W., Hamill, A., Shropshire, C., Soltani, N., and Sikkema, P.H. 2006. Control of volunteer
glyphosate-resistant corn (Zea mays) in glyphosate-resistant soybean (Glycine max). Weed
Technology. 20:261-266.
Devine, M.D., Duke, S.O., and Fedtke, C. 1993. Herbicide translocation. Pages 67-94 in
Physiology of Herbicide Action. New Jersey. Prentice-Hall.
Devine, M.D., Duke, S.O., and Fedtke, C. 1993. Herbicides with auxin activity. Pages 295-309
in Physiology of Herbicide Action. New Jersey. Prentice-Hall.
Devine, M.D., and A. Shukla. 2000. Altered target sites as a mechanism of herbicide resistance.
Crop Protection. 19: 881-889.

122

DeVore, J.D., Norsworthy, J.K., Brye, K.R. 2013. Influence of deep tillage, a rye cover crop, and
various soybean production systems on Palmer amaranth emergence in soybean. Weed
Technology. 27:263-270.
Dill, G.M. 2005. Glyphosate-resistant crops: history, status, and future. Pest Management
Science. 61:219-224.
Dill, G.M., CaJacob, C.A., Padgette, S.R. 2008. Glyphosate-resistant crops; adoption, use and
future considerations. Pest Management Science. 64:326-331.
Dill, G. M., R. D. Sammons, P. C. C. Feng, F. Kohn, K. Kretzmer, A. Mehrsheikh, M. Bleeke, J.
L. Honegger, D. Farmer, and D. Wright. 2010. Glyphosate: Discovery, development,
applications, and properties. Pages 1-33 in V. K. Nandula, ed. Glyphosate Resistance in Crops
and Weeds: History, Development, and Management. Hoboken, NJ: John Wiley & Sons.
Duke, S. O. and S.B. Powles. 2008. Glyphosate: a once-in-a-century herbicide. Pest Management
Sciece. 64:319-325.
Duke, S. O. 2011. Glyphosate degradation in glyphosate-resistant and-susceptible crops and
weeds. J. Agric. Food Chem. 59:5835:5841.
Eichers, T.R., Andrilenas, P.A., and Anderson, T.W. 1978. Farmers’ use of pesticides in 1976.
U.S. Department of Agriculture Economic Research Service. AER 131:37.
Environmental Protection Agency. 2013. Chemicals evaluated for carcinogenic potential. Office
of Pesticide Programs – U.S. Environmental Protection Agency. [Online] Accessed December
10, 2014. http://npic.orst.edu/chemicals_evaluated.pdf
Eshenaur, B., Grant, J., Kovach, J., Petzoldt, C., Degni, J., and Tette, J. 2016. Environmental
Impact Quotient: “A Method to Measure the Environmental Impact of Pesticides.” New York
State Integrated Pest Management Program, Cornell Cooperative Extension, Cornell University.
1992 – 2015. Online. Website: www.nysipm.cornell.edu/publications/EIQ.
Eshanaur, B. 2016. Personal Communication.
Fausey, J.C., and Renner, K.A. 2001. Broadleaf weed control in corn (Zea mays) and soybean
(Glycine max) with CGA-248757 and flumiclorac alone and in tank mixtures. Weed
Technology. 15:399-407.
Fedoruk, L.K., Johnson, E.N., and Shirtliffe, S.J. 2011. The critical period of weed control for
lentil in western Canada. Weed Science. 59:517-526.
Fedtke, C. 1982. Herbicides with auxin activity. Pages 159-176 in Biochemistry and Physiology
of Herbicide Action. Berlin. Springer-Verlag.
Feng, P.C.C., Clark, C., Andrade, G.C., Balbi, M.C., and Caldwell, P. 2008. The control of Asian
rust by glyphosate in glyphosate-resistant soybeans. Pest Management Science. 64:353-359.

123

Feng, P.C.C., CaJacob, C.A., Martino-Catt, S.J., Cerny, R.E., Elmore, G.A., Heck, G.R., Huang,
J., Kruger, W.M., Malven, M., Miklos, J.A., and Padgette, S.R. 2010. Glyphosate-resistant crops:
developing the next generation products, In Nandula, V.K. 2010. Glyphosate resistance in crops
and weeds; history, development, and management. John Wiley and Sons. New Jersey. pp 45-65.
Fernandez-Cornejo, J. 1997. Environmental and economic consequences of technology adoption:
IPM in viticulture. Agricultural Economics. 18:145-155.
Fernandez-Cornejo, J. 1998. Environmental and economic consequences of technology adoption:
IPM in viticulture. Agricultural Economics. 18:145–155.
Fernandez-Cornejo, J., Nehring, R., Osteen, C, Wechsler, S.J., Martin, A., and Vialou, A. 2014.
Pesticide use in U.S.A. agriculture: 21 selected crops, 1960-2008. U.S. Department of
Agriculture Economic Research Service. EIB 124:11-16.
Fickett, N.D., Boerboom, C.M., & Stolenberg, D.E. 2013. Soybean yield loss potential
associated with early-season weed competition across 64 site-years. Weed Science. 61:500-507.
Fletcher, W.W., and Kirkwood, R.C. 1982. Herbicides and plant growth regulators. 28. London.
Granada Publishing.
Forlani, G., A. Mangiagalli, E. Nielsen, and C. M. Suardi. 1999. Degredation of the phosphonate
herbicide glyphosate in soil: evidence for a possible involvement of unculturable
microorganisms. Soil Biology and Biochemistry. 31:991-997.
Franz, J. E., J. A. Sikorski and M. K. Mao. 1997. Glyphosate: A Unique Global Herbicide.
Washington, DC: American Chemical Society.
Franz, J. E. 1985 Discovery, development, and chemistry of glyphosate. Pages 3-17 in E.
Grossbard and D. Atkinson, The Herbicide Glyphosate. London. Butterworth & Co.
Frick, B., & Thomas, A.G. 1992. Weed surveys in different tillage systems in southwestern
Ontario field crops. Canadian Journal of Plant Science. 72:1337-1347.
Friesen, H.A., and Dew, D.A. 1967. The effect of two herbicides, bromoxynil and dicamba, on
the transpiration of tartary buckwheat and barley. Canadian Journal of Plant Science. 47:533537.
Gadd, P.A. 1777. Weeds in our Swedish fields and how they can be best eradicated, Chap. 14, p.
162–187. In Systematic Introduction on Swedish Land Husbandry. 3. Swedish Acadamy of
Science, Stockholm.
Gianessi, L. P. 2005. Economic and herbicide use impacts of glyphosate-resistant crops. Pest
Management Science. 61:241-245.
Gonzini, L., Hart, S., & Max, L. 1999. Herbicide combinations for weed management in
glyphosate-resistant soybean (Glycine max). Weed Technology. 13:354-360.

124

Gougler, J. A. and D. R. Geiger. 1981. Uptake and distribution of N-phosphonomethylglycine in
sugar-beet plants. Plant Physiology. 68:668-672.
Grain Farmers of Ontario. 2016. Historical soybean prices: July 2011 to December 2016. Online.
Website: http://www.gfo.ca/Marketing/Average-Commodity-Prices/Soybeans
Green, J.M. 1989. Herbicide antagonism at the whole plant level. Weed Technology. 3:217-226.
Green, J.M. 2007. Review of glyphosate and ALS-inhibiting herbicide crop resistance and
resistant weed management. Weed Technology. 21:547-558.
Green, J.M. 2009. Evolution of glyphosate-resistant crop technology. Weed Science. 57:108117.
Green, J.M., and Owen, M.D.K. 2011. Herbicide-resistant crops: utilities and limitations for
herbicide-resistant weed management. Journal of Agricultural and Food Chemistry. 59:58195829.
Green, J.M. 2012. The benefits of herbicide-resistant crops. Pest Management Science. 68:13231331.
Green, J.M. 2014. Current state of herbicides in herbicide-resistant crops. Pest Management
Science. 70:1351-1357.
Groh, H. 1922. A survey of weed control and investigation in Canada. Agricultural Sciences.
3:415-420
Grossmann, K. 2000. The mode of action of auxinic herbicides: a new ending to a long, drawn
out story. Trends in Plant Science. 5:506-508.
Grover, R. 1988. Environmental Chemistry of Herbicides. 71-72. Boca Raton. CRC Press Inc.
Gower, S.A., Loux, M.M., Cardina, J., Harrison, S.K., Sprankle, P.L., Probst, N.J., Bauman,
T.T., Bugg, W., Curran, W.S., Currie, R.S., Harvey, R.G., Johnson, W.G., Kells, J.J., Owen,
M.D.K., Regehr, D.L., Slack, C.H., Spaur, M., Sprague, C.L., Vangessel, M., and Young, B.G.
2003. Effect of postemergence glyphosate application timing on weed control and grain yield in
glyphosate-resistant corn: results of a 2-Yr multistate study. Weed Technology. 17:821-828.
Guilfoyle, T.J., Lin, C.Y., Chen, Y.M., Nagao, R.T., and Key, J.L. 1975. Enhancement of
soybean RNA polymerase I by auxin. Proceedings of the National Academy of Science. U.S.A.
72:69-72.
Hagood, E.S. 1989. Control of triazine-resistant smooth pigweed (Amaranthus hybridus) and
common lambsquarters (Chenopodium album) in no-till corn (Zea mays). Weed Technology.
3:136-142.
Halford, C., Hamill, A.S., Zhang, J., & Doucet, C. 2001. Critical period of weed control in no-till
soybean (Glycine max) and corn (Zea mays). Weed Technology. 15:737-744.
125

Hall, J.C., Edgington, L.V., and Switzer, C.M. 1982. Translocation of different 2,4-D, bentazon,
diclofop, or diclofop-methyl combinations in oat (Avena sativa) and soybean (Glycine max).
Weed Science. 30:725-729.
Hanson, J.B., and Slife, F.W. 1969. Role of RNA metabolism in the action of auxin-herbicides.
Residues of pesticides and other foreign chemicals in foods and feeds. 25:59-67.
Heap, I. 2007. The international survey of herbicide resistant weeds. Online:
www.weedscience.com Accessed December 2, 2014
Heap, I. 2015. The international survey of herbicide resistant weeds. [Online]
www.weedscience.org . Accessed on July 02, 2015.
Hellwig, K.B., Johnson, W.G., and Massey, R.E. 2003. Weed management and economic returns
in no-tillage herbicide-resistant corn (Zea mays). Weed Technology. 17:239-248.
Hertel, R. 1983. The mechanism of auxin transport as a model for auxin action. International
Journal of Plant Physiology. 112:53-67.
Hester, K. 2015. Personal Communication.
Hildebrand, E.M. 1946. War on weeds. Science. 103:465–468, 492.
Hunter, C., and McGee, W.G. 1999. Survey of Pesticide Use in Ontario, 1998. Economics
Information. Guelph: Policy Analysis Branch, Ontario Ministry of Agriculture, Food and Rural
Affairs.
James, C. 2014. Global status of commercialized biotech/GM crops: 2014. ISAAA Briefs No.
49. Ithica, NY: ISAAA, http://www.isaaa.org/.
Jasieniuk, M., Brule-Babel, A., & Morrison, I. 1996. The evolution and genetics of herbicide
resistance in weeds. Weed Science. 44:176-193.
Jawkorski, E. G. 1972. Mode of action of N-phosphomethylglycine: Inhibition of aromatic acid
biosynthesis. Journal of Agricultural Food Chemistry. 20:1195-1198.
Jeschke, M.R., Stoltenberg, D.E., Kegode, G.O., Sprague, C.L., Knezevic, S.Z., Hock, S.M., &
Johnson, G.A. 2011. Predicted soybean yield loss as affected by emergence time of mixedspecies weed communities. Weed Science. 59:416-423.
Johnson, B., Young, B., Matthews, J., Marquardt, P., Slack, C., Bradley, K., York, A.,
Culpepper, S., Hager, A., Al-Khatib, K., Steckel, L., Moechnig, M., Loux, M., Bernards, M., and
Smeda, R. 2010. Weed control in dicamba-resistant soybeans. Crop Management. 9:00.
Kaethner, T.M. 1977. Conformational change theory for auxin structure-activity relationships.
Nature. 267:19-23.
Kelley, K.B., and Riechers, D.E. 2007. Recent developments in auxin biology and new
opportunities for auxinic herbicide research. Pesticide Biochemistry and Physiology. 89:1-11.
126

Kellogg, S.T., Chatterjee, D.K., and Chakrabarty, A.M. 1981. Plasmid-assisted molecular
breeding: New techniques for enhanced biodegradation of persistent toxic chemicals. Science.
214: 1133-1135.
Knezevic, S.Z., Evans, S.P., Blankenship, E.E., Van Acker, R.C., & Lindquist, J.L. 2002.
Critical period for weed control: the concept and data analysis. Weed Science. 50:773-786.
Knezevic, S.Z., Evans, S.P., & Mainz, M. 2003. Row spacing incluences critical timing for weed
removal in soybean (Glycine max). Weed Technology. 17:666-673.
Knezevic, S.Z., Evans, S.P., & Mainz, M. 2003. Yield penalty due to delayed weed control in
corn and soybean. Online. Crop Management doi:10.1094/CM-2003-0219-01-RS.
Knezevic, S.Z., Datta, A., Scott, J., Klein, R.N., and Golus, J. 2009. Problem weed control in
glyphosate-resistant soybean with glyphosate tank mixes and soil-applied herbicides. Weed
Technol. 23:507-512.
Kovach, J., Petzoldt, C., Degnil, J., and Tette, J. 1992. A method to measure the environmental
impact of pesticides. New York’s Life and Food Sciences Bulletins. 139:139-146.
Krausz, R.F., Young, B.G., Kapusta, G., and Matthew, J.L. 2001. Influence of weed competition
and herbicides on glyphosate-resistant soybean (Glycine max). Weed Technol. 15:530-534.
Krueger, J.P., Butz, R.G., Atallah, Y.H., and Cork, D.J. 1989. Isolation and identification of
microorganisms for the degradation of dicamba. Journal of Agricultural and Food Chemistry. 37:
534-538.
Krueger, J.P., Butz, R.G., and Cork, D.J. 1991. Use of dicamba-degradig microorganisms to
protect dicamba susceptible plant species. Journal of Agricultural and Food Chemistry. 39:10001003.
Kruger, G.R., Davis, V.M., Weller, S.C., and Johnson, W.G. 2010. Control of horseweed
(Conyza canadensis) with growth regulator herbicides. Weed Technology. 24:425-429.
Kukorelli, G., Reisinger, P., and Pinke, G. 2013. ACCase inhibitor herbicides – selectivity, weed
resistance and fitness cost: a review. International Journal of Pest Management. 59:165-173.
Kulasekera, K. 2015. Estimated Area, Yield, Production and Farm Value of Specified Field
Crops, Ontario, 2011 - 2015 (Imperial and Metric Units).
http://www.omafra.gov.on.ca/english/stats/crops/estimate_new.htm. Accessed Dec 11, 2015.
Kulasekera, K. 2016. Estimated area, yield, production, and farm value of specified field crops,
Ontario, 2012-2016. Online. Ontario Ministry of Agriculture, Food and Rural Affairs.
Website: http://www.omafra.gov.on.ca/english/stats/crops/estimate_new.htm.
Lemieux, C., Cloutier, D.C., & Leroux, G.D. 1993. Distribution and survival of quackgrass
(Elytrigia repens) rhizome buds. Weed Science. 41:600–606.
127

Lyon, B.R., Llewellyn, D.J., Huppatz, J.L., Dennis, E.S., and Peacock, W.J. 1989. Expression of
a bacterial gene in transgenic tobacco plants confers resistance to the herbicide 2,4dichlorophenoxybenzoic acid. Plant Molecular Biology. 13:533-540.
McGee, W.G. 1984. Survey of Pesticide Use in Ontario, 1983. Economics Information. Ontario
Ministry of Agriculture and Food. Toronto: Queen’s Printer for Ontario.
McGee, W.G., Berges, H., and Beaton, D. 2010. Survey of pesticide use in Ontario, 2008.
Ministry of Agriculture, Food and Rural Affairs. Toronto: Queen’s Printer for Ontario.
Melnikov, N.N. 1971. Chemistry of Pesticides. New York: Springer-Verlag.
Minton, B.W., Kurtz, M.E., and Shaw, D.R. 1989. Barnyardgrass (Echinochloa crus-galli)
control with grass and broadleaf weed herbicide combinations. Weed Science. 37:223-227.
Monsanto Company. 2002. Glyphosate and Standard Toxicology Studies. St. Louis: Monsanto
Company.
Monsanto Company. 2005. 2005 Technology Use Guide. St. Louis: Monsanto Company.
Mueller, T.C., Barrett, M., and Witt, W.W. 1990. A Basis for the Antagonistic Effect of 2,4-D on
Haloxyfop-Methyl Toxicity to Johnsongrass (Sorghum halepense). Weed Science. 38:103-107.
Mulugeta, D., & Boerboom, C.M. 2000. Critical time of weed removal in glyphosate-resistant
Glycine max. Weed Science. 48:35-42.
Nandula, V.K. 2010. Glyphosate resistant crops and weeds: history, development, and
management. John Wiley & Sons. Hoboken, NJ., USA. 58-59.
Nandula, V.K. 2010. Glyphosate resistant crops and weeds: history, development, and
management. John Wiley & Sons. Hoboken, NJ., USA. 81-82.
Nelson, K.A., Renner, K.A., and Penner, D. 1998. Weed control in soybean (Glycine max) with
imazamox and imazethapyr. Weed Science. 46:587-594.
Nilsson, G. Interactions between glyphosate and metals essential for plant growth. Pages 35-47
in E. Grossbard and D. Atkinson, The Herbicide Glyphosate. London. Butterworth & Co.
Norsworthy, J.K., and Oliviera, M.J. 2004. Comparison of the critical period for weed control in
wide- and narrow-row corn. Weed Science. 52:802-807.
Norsworthy, J.K., McClelland, M., and Griffith, G.M. 2009. Conyza canadensis (L.) Cronquist
response to pre-plant application of residual herbicides in cotton (Gossypium hirsutum L.). Crop
Protection. 28:62-67.
Nurse, R., Hamill, A., Swanton, C.J, Tardif, F., Deen, W., & Sikkema, P. 2007. Is the application
of a residual herbicide required prior to glyphosate application in no-till glyphosate-tolerant
soybean (Glycine max)? Crop Protection. 26:484-489.

128

Nurse, R., Swanton, C., Tardif, F., & Sikkema, P. 2006. Weed control and yield are improved
when glyphosate is preceded by a residual herbicide in glyphosate-tolerant maize (Zea mays).
Crop Protection. 25:1174-1179.
Oehler, D.D., and Ivie, G.W. 1980. Metabolic fate of the herbicide dicamba in a lactating cow.
Journal of Agricultural and Food Chemistry. 28(4):685-689.
Olson, W., and Nalewaja, J.D. Effect of MCPA on 14C-diclofop uptake and translocation. Weed
Science. 30:59-63.
Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA). 2009. Agronomy guide for
field crops. Publication 811. Toronto, ON. 189-191 pp.
Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA). 2013. Guide to weed
control. Publication 75. Toronto, ON. 191 pp.
Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA). 2013. Guide to Weed
Control. Publication No. 75. Toronto, ON. 128 pp.
Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA). 2016a. Field Crop
Budgets. Toronto, ON: OMAFRA Publ. 60. Online. Ontario Ministry of Agriculture, Food and
Rural Affairs. Website: http://www.omafra.gov.on.ca/english/busdev/facts/pub60.pdf
Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA). 2016b. Guide to Weed
Control. Toronto, ON: OMAFRA Publ. 75. 220-222.
Owen, M.D.K., and Zelaya, I.A. 2005. Herbicide-resistant crops and weed resistance to
herbicides. Pest Management Science. 61:301-311.
Padgette, S.R., Kolacz, K.H., Delannay, X., Re, D.B., Lavallee, B.J., Tinius, C.N., Rhodes,
W.K., Otero, Y.I., Barry, G.F., Eichholtz, D.A., Peschke, V.M., Nida, D.L., Taylor, N.B., and
Kishore, G.M. 1995. Development, identification, and characterization of a glyphosate-tolerant
soybean line. Crop Science. 35:1451-1461.
Parks, R.J., Curran, W.S., Roth, G.W., Hartwig, N.L., and Calvin, D.D. 1995. Common
lambsquarters (Chenopodium album) control in corn (Zea mays) with postemergence herbicides
and cultivation. Weed Technology. 9:728-735.
Paul, C., Feng, C., Malven, M., and Flasinski, S. 2010. Chloroplast transit peptides for efficient
targeting of DMO and uses thereof – Patent US 7838729 B2. Google Patents. [Online]. Accessed
5/26/2015.
Payne, S., & Oliver, L. 2000. Weed control programs in drilled glyphosate-resistant soybean.
Weed Technology. 14:413-422.
Ramsdale, B. K., C. G. Messersmithm, and J. D. Nalewaja. 2003. Spray volume formulation,
ammonium sulfate and nozzle effects on glyphosate efficacy. Weed Technology. 17:589-598.

129

Rebelo, T. S. C. R., C. M. Pereira, M. G. F. Sales, J. P. Noronha, J. Costa-Rodrigues, F. Silva,
and M. H. Fernandes. 2014. Sarcosine oxidase composite screen-printed electrode for sarcosine
determination in biological samples. Analytica Chimica Acta. Unpublished.
Rhodes, G.N., and Coble, H.D. 1984A. Influence of application variables on antagonism
between sethoxydim and bentazon. Weed Science. 32:436-441.
Rhodes, G.N., and Coble, H.D. 1984B. Influence of bentazon on absorption and translocation of
sethoxydim in goose grass (Eleusine indica). Weed Science. 32:595-597.
Roller, N.F. 1979. Survey of Pesticide Use in Ontario, 1978. Economics Information. Ontario
Ministry of Agriculture and Food. Toronto: Queen’s Printer for Ontario.
Schimming, W.K., & Messersmith, C.G. 1988. Freezing resistance of overwintering buds of four
perennial weeds. Weed Science. 36:568-573.
Shurtleff, W., and Aoyagi, A. 2010. History of soybeans and soyfoods in Canada (1831-2010):
Extensively annotated bibliography and sourcebook. Online. Soyinfo Centre. Website:
http://www.soyinfocenter.com/pdf/137/Cana.pdf
Sikkema, P.H., Shropshire, C., Hamill, A.S., Weaver, S.E., and Cavers, P.B. 2005. Response of
barnyardgrass (Echinochloa crus-galli) to glyphosate application timing and rate in glyphosateresistant corn (Zea mays). 2005. Weed Technology. 19:830-837.
Sikorski, J. A. and K. J. Gruys. 1997. Understanding glyphosate’s molecular mode of action with
EPSP synthase: evidence favoring an allosteric inhibitor model. Accounts of Chemical Research.
30:2-8.
Simanic, C., Rusiecki, J., Dosemeci, M., Hou, L., Hoppin, J.A., Sandler, D.P., Lubin, J., Blair,
A., and Alavanja, M.C. 2006. Cancer incidence among pesticide applicators exposed to dicamba
in the agricultural health study. Environmental Health Perspectives. 114(10):1521-1526.
Smith, A.E., and Cullimore, D.R. 1975. Microbiological degradation of the herbicide dicamba in
moist soils at different temperatures. Weed Research. 15:59-62.
Soltani, N., Shropshire, C., and Sikkema, P.H. 2006. Control of volunteer glyphosate-tolerant
maize (Zea mays) in glyphosate-tolerant soybean (Glycine max). Crop Protection. 25:178-181.
Soltani, N., Stewart, C.L., Nurse, R.E., Van Eerd, L.L., Vyn, R.J., and Sikkema, P.H. 2012.
Weed control, environmental impact, and profitability of weed management strategies in
glyphosate-resistant corn. American Journal of Plance Science. 3:1594-1607.
Soltani, N., Nurse, R.E., and Sikkema, P.H. 2014. Two-pass weed management with
preemergence and postemergence herbicides in glyphosate-resistant soybean. Agricultural
Science. 5:504-512.

130

Soltani, N., Shropshire, C., and Sikkema, P.H. 2015. Control of volunteer corn with the AAD-1
(aryloxyalkanoate dioxygenase-1) transgene in soybean. Weed Technol. 29:374-379.
Spaunhorst, D.J., and Bradley, K.W. 2013. Influence of dicamba and dicamba plus glyphosate
combinations on the control of glyphosate-resistant waterhemp (Amaranthus rudis). Weed
Technology. 27:675-681.
Spaunhorst, D.J. Siefert-Higgins, S., and Bradley, K.W. 2014. Glyphosate-resistant giant
ragweed (Ambrosia trifida) and waterhemp (Amaranthus rudis) management in dicambaresistant soybean (Glycine max). Weed Technology. 28:131-141.
Sprankle, P., W. F. Meggitt, and Penner, D. 1975. Absorption, action, and translocation of
glyphosate. Weed Science. 23: 235-240.
Stalker, D.M., McBride, K.E., and Malyj, L.D. 1988. Herbicide resistance in transgenic plants
expression a bacterial detoxification gene. Science. 242:419-423.
Stanier, R.Y., Palleroni, N.J., and Doudoroff, M. 1966. The aerobic pseudomonads: A
taxononomic study. Journal of General Microbiology. 43: 159-271. Staswick, P.E., Serban, B.,
Rowe, M., Tiryaki, I, Maldonado, M.T., Maldonado, M.C., and Suza, W. 2005. Characterization
of Arabidopsis enzyme family that conjugates amino acids into indole-3-acetic acid. Plant Cell.
17:616-627.
Statistics Canada. 2006. Census of Agriculture, 1976-2006. [Online]
http://www.statcan.gc.ca/pub/96-325-x/2007000/t/6000054-eng.htm. Accessed on April 28,
2015.
Statistics Canada. 2015. Field crop reporting series – CANSIM 001-0010. [Online]
http://www.statcan.gc.ca/tables-tableaux/sum-som/l01/cst01/prim11a-eng.htm. Accessed on
April 28, 2015.
Steinrücken, H. C. and N. Amrhein. 1980. The herbicide glyphosate is a potent inhibitor of 5enolpyruvylshikimic acid-3-phosphate synthase. Biochemical and Biophysical Resarch
Communications. 94:1207-1212.
Sterling, T.M., and Hall, J.C. 1997. Mechanism of action of natural auxins and auxinic
herbicides. Pages 111-141 in Herbicide Activity: Toxicology, Biochemistry and Molecular
Biology. R.M. Roe, J.D. Burton, and R.J. Kuhr. Amsterdam. IOS Press.
Stewart, C., Nurse, R., Van Eerd, L., Vyn, R., & Sikkema, P. 2011. Weed control, environmental
impact, and economics of weed management strategies in glyphosate-resistant soybean. Weed
Technology. 25:535-541.
Stratus Ag. Research. 2015. Personal Communication.
Subramanian, M.V., Tuckey, J., Patel, B., and Jensen, P.J. 1997. Engineering dicamba selectivity
in crops: a search for appropriate degradative enzymes. Journal of Industrial Microbiology and
Biotechnology. 19:344-349.
131

Swanton, C.J., Shrestha, A., Chandler, K., and Deen, W. 2000. An economic assessment of weed
control strategies in no-till glyphosate-resistant soybean (Glycine max). Weed Technology.
14:755-763.
Thelen, K. D., E. P. Jackson, and D. Penner. 1995. The basis for the hard-water antagonism of
glyphosate activity. Weed Science. 43:541-54
Thimman, K.V. 1977. Hormone action in the whole life of plants. Page 207. Amherst. University
of Massachusetts Press.
Timmons, F.L. 1970. A history of weed control in the United States and Canada. Weed Science.
18:294-307.
Tomlin, C.D.S. 2009.The pesticide manual, a world compendium, 15th ed.; Bristish Crop
Protection Council: Surrey, UK; pp 323-325.
Tye, R., and Engel, D. 1967. Distribution and excretion of dicamba by rats as determined by
radiotracer technique. Journal of Agricultural and Food Chemistry. 15(5):258-263.
United States National Library of Medicine. 2011. Dicamba. National Institutes of Health,
Health & Human Services. [Online]. Accessed December 5, 2014. http://toxnet.nlm.nih.gov/cgibin/sis/search2/f?./temp/~haugfQ:3
Van Acker, R.C., Swanton, C.J., & Weise, S.F. 1993. The critical period of weed control in
soybean [Glycine max (L.) Merr.]. Weed Science. 41:194-200.
Vangessel, M., Ayeni, A., & Majek, B. 2000. Optimum glyphosate timing with or without
residual herbicides in glyphosate-resistant soybean (Glycine max) under full season conventional
tillage. Weed Technology. 14:140-149.
Vangessel, M.J., Ayeni, A.O., and Majek, B.A. 2001. Glyphosate in fluu-season no-till
glyphosate-resistant soybean: role of preplant applications and residual herbicides. Weed
Technol. 15:714-724.
Van Wely, A.C., Soltani, N., Robinson, D.E., Hooker, D.C., Lawton, M.B., Sikkema, P.H. 2015.
Glyphosate-resistant common ragweed (Ambrosia artemisiifolia) control with postemergence
herbicides and glyphosate dose response in soybean in Ontario. Weed Technology. 29:380-389.
Velsicol Chemical Co. 1966. Dicamba D. General bulletin 521-2. In Kearney, P.C., and
Kaufman, D.D. 1969. Herbicides – Chemistry, Degradation, and Mode of Action. 2nd Ed. New
York. Marcel Dekker Inc.
Vidrine, P.R., Reynolds, D.B., and Blouin, D.C. 1995. Grass control in soybean (Glycine max)
with graminicides applied alone and in mixtures. Weed Technology. 9:68-72.
Vink, J.P., Soltani, N., Robinson, D.E., Tardif, F.J., Lawton, M.B., Sikkema, P.H. 2012.
Glyphosate-resistant giant ragweed (Ambrosia trifida L.) control in dicamba-tolerant soybean.
Weed Technology. 26:422-428.
132

Vollmann, J., Wagentristl, H., and Hartl, W. 2010. The effects of simulated weed pressure on
early maturity soybeans. European Journal of Agronomy. 32:243-248.
Wang, X.Z., Li, B., Herman, P.L., and Weeks, D.P. 1997. A three-component enzyme system
catalyzes the o demethylation o the herbicide dicamba in Pseudomonas maltophilia DI-6.
Applied and Environmental Microbiology. 63:1623-1626.
Weed Science Society of America. 1970. Dicamba. Pages 136-139 in Herbicide handbook of the
Weed Science Society of America. New York. W.F. Humphrey Press.
Wenzel, G. 2006. Molecular plant breeding: achievements in green biotechnology and future
perspectives. Applied Microbiology and Biotechnology. 70:642-650.
Wheeler, W.B. 2002. Pesticides in agriculture and the environment. Page 72. Basel. Marcel
Dekker.
Wicks, G.A., Popken, D.H., Mahnken, G.W., Hanson, G.E., and Lyon, D.J. 2003. Survey of
winter wheat (Triticum aestivum) stubble fields sprayed with herbicides in 1998: weed control.
Weed Technology. 17:475-484.
Widholm, J.M., Chinnala, A.R., Ryu, J.H., Song, H.S., Egett, T., and Brotherton, J.E. 2001.
Glyphosate selection of gene amplification in suspension cultures of three plant species. Plant
Physiology. 112:540-545.
Wilson, R., Sandell, L.D., Klein, R., and Bernards, M. 2010. Volunteer corn control. Proceedings
of 2010 Crop Production Clinics. Lincoln, NE: University of Nebraska-Lincoln Extension. 212215 pp.
Yang, R.C. 2010. Towards understanding and use of mixed-model analysis of agricultural
experiments. Canadian Journal of Plant Scienc. 90:605-627.
Young, B.G. 2006. Changes in herbicide use patterns and production practices resulting from
glyphosate-resistant crops. Weed Technology. 20:301-307
Zhang, J., Hamill, A.S., and Weaver, S.E. 1995. Antagonism and synergism between herbicides:
trends from previous studies. Weed Technology. 9:86-90.
Zimdahl, R.L. 1993. Inhibitors of plant growth. Pages 238-245 in Fundamentals of Weed
Science. San Diego. Academic Press Inc.

133

